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PREFACE 


A joint conference for the second straight year, cosponsored by 
APCA's TP-6, TP-7, and ITF-2 technical committees and the Environ
mental Monitoring Systems Laboratory of the U.S. Environmental Pro
tection Agency was held in Research Triangle Park, North Carolina, May 
3-6, 1987. The technical program consisted of 124 presentations, held in 
13 separate sessions, on recent advances in the measurement and moni
toring of toxic and related pollutants found in ambient and source 
atmospheres. Covering a wide range of measurement topics and sup
ported by 33 exhibitors of instrumentation and consulting services, the 
symposium was enthusiastically received by more than 650 attendees from 
the United States and other countries. This volume contains the papers 
presented. The keynote address to the symposium is also included. 

Measurement and monitoring research efforts are designed to antici
pate potential environmental problems, to support regulatory actions by 
developing an in-depth understanding of the nature and processes that 
impact health and the ecology, to provide innovative means of monitor
ing compliance with regulations and to evaluate the effectiveness of health 
and environmental protection efforts through the monitoring of long-term 
trends. EPA's Environmental Monitoring Systems Laboratory, Research 
Triangle Park, North Carolina, is responsible for research and develop
ment of new methods, techniques, and systems for detection, identifica
tion, and characterization of pollutants in emission sources and in indoor 
and ambient environments; implementation of a national quality assur
ance program for air pollution measurement systems; and supplying of 
technical support to Agency regulatory programs. 

This conference, the seventh in a series arranged each year by the 
EPA/RTP, but the second as a jointly sponsored conference by EPA and 
APCA, was arranged with the following primary objective: to provide a 
forum for the exchange of ideas on the recent advances for the acceptably 
reliable and accurate measurement and monitoring of toxic and related 
pollutants found in ambient and source atmospheres. The growing num
ber of responses to this symposium represents an encouraging step in the 
enhancement of our current measurement and monitoring capabilities. 

R. K. M. Jayanty and 
Seymour Hochheiser 
Technical Program Chairmen 
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THE ROLE Or TOTAL EXPOSURE MEASUREMENT IN RISK MAN~GEMENT 

KE '/NOTE ADDRESS 

Vaun A. Newi 1 l 

Asslstant Administrator 


Office of Research and Development 


I am p1eased to open the 1967 Sympos~um on Medsurement of Toxics and 
Related Afr Po1lutants sponsored by the Environmefltal Protection 11.gericy 
ano tne Air Po))otion Control Association. 1 looked over the subjects you 
wi 11 be discussing over the next few days, and was impressed oy the 
breadth of coverage and the diversity of topics on measurement systems and 
approaches, including techniques for ambient air, indoor air, acidic de?
osition, and source monitoring, 

I beneve that measurement serves a crltica) role in environmental 
protection. If we view the dynamtcs of the regulatory process as a sys
tem, then measurement of environmental conditions is one important "feed
back mechanism" by which we can judge the effectiveness of these programs 
in reducing the concentrations of pollutants that may come into contact 
with man and the environment. Viewed in this way, the data from measure
ment systems help tell us how much progress we are making in our efforts 
to control en\'ironmental po1 lution, and thus provide guidance for us in 
modifying our approaches to make them more effective. In addition, as we 
face some new chemicals of i:oncernt measurements of po1 lutant concentra
tions help us to identify the sources that need to be controlled. 

Let me repeat a meteaphor that 1 have heard from monitoring special
ists: one with which I feel particularly comfortable. The process is 
much like a patient visiting a physician when he suspects he 1s 1'1. The 
physician collects data essential i~ helping him d1agnose the prob)em and 
recommendihg a course of treatment. rn environmental regulation. we make 
s1mf 7ar measurements to characterize prob1ems. Base upon this characteri 
zation, we develop a control approach. Finally, we use environmental mea
surements to monitor our progress in correcting these problems. Clearly,
environmental measurements are part of the entlre regulatory process. 

Existing environmental programs articulate as their goal the protec
tion of public ht!a1th and welfare. Pub~ic health clearly refers to htiman 
populations, while public weifare has been interpreted as referring to the 
nonhuman component of the environment, for examp1e, biota and materials. 
If we consider the human component of environmental protection, ttien we 
need to consider both the concentrations and the manner by which pol1u
tants actually reach peop)e. Questions that are fundamental to estimat1ng
the risk of pollutants to the general public are: "How many peop'e are 
exposed to the pollutant?" "What are tne sources of these exposures?" 
"What are the effects Of these exposures?" Often we have amp'e informa
tion about sources but do not really know the degree to which peop1e were 



exposed to the contam\nants released by these sources. Even if the ef
fects of a pollutant at a given concentration were known, \'le c.ou1d not 
determine the risk to public healtn, t>ecause we could not determine how 
many people were exposed or to what concentrations. In essence, our lack 
of adequate exposure data prevents us from completing the risk equation. 

For the criteria air pollutants, extensive monitoring programs are 
mainta,nerl to measure pollutant concentrations outdoors. These data have 
been useful for guiding existing regulatory programs, but is understood 
that the data collected by these networks reflect only outdoor ambient 
condit,ons that may be quite different from the actual concentrations to 
which people are exposed. In the lg7Q's, for example, a number of sma11
scale personal exposure studies showed that pedestrians walking on down
town streets. bicyclists, and others were exposed to concentrations very 
different from the 1eve1s reported by official monitoring stat ions. EYen 
poorer correspondence was observed for toKic chemicals between outdoor 
measurements and personal exposures. These findings helped raised the 
question: "What do fixed monftorin9 stat ion data mean in terms of the 
actua1 exposures of people? 11 

In the l98G's, we have begun to make important progress toward find
ing the missing exposure data needed to complete the risk equation and 
answer tnese quest ions. If per:.onal monitors can be used to measure the 
exposures of pedestrians walking along downtown streets, then ~Y couldn't 
the same monitors be cleployed to estimate the exposures of the entire 
popu1ation of a city? To medsure the exposures of everyone in a city of 3 
m\ll1on µersons wou1d be expensive, so a simpler approach had to be found. 
This search for a better method gave birth to the idea of combining pro
babi 1ity sampling with environmental monitoring. If one could measure the 
exposures of a representative probability sample of the population. say 
500 persons. then we then should be able to maKe inferences about the ex
posures of the entire populatfon. That was our initial reasoning. 

A second requirement was a persona1 monitor that wou1d be carried 
easily be e11ery partkipant. Moreover, we wanted a "smart'' monitor -- one 
that could distinguish between microenvironments such as commuting. home, 
and worL !'<. year or t>No iJf hard work by ORU scientists designing a com
oined monitor and manually operated data logger and averaging device 1ed 
to the successful construction of the desired instrument. 

These concepts. 1ed t<J the carbon monoxide personal eKposure monitol"
ing field studies conducted in the winter of 1982-83. In these studies. a 
screening telephone sur11ey first ~as con~ucted of 5,000 members of a re
presentat i11e random sample of the population of each city. Then, from 
this first stage sample, a second stage probability sample was selected. 
Ultimately, EPA collected 712 24-hour CO exposure profiles in Washington, 
OC, and 900 24-hour CO exposure profiles in Oenver, Colorado. Because the 
2·lb. persona1 monitor measured concentrations on a continuous basis and 
because each person carried a diary. it was possible to relate each per
son's exposures to their activities and the locations they visited. Since 
the ultimate goal of the CO standard is to keep 1110st people's b1ood levels 
under 2% COHb (carboxyhemoglobin}, every participdnt supplied a breath 
sample to provide a direct indicatton of CO body burden. Extensive sta
tistical analyses and publicatioris have resulted from these studies, with 
numerous findings of 1mportance to the 11.gency and the fie1d of risk as~ 
sessment. 

The Denver-Washington, DC, carbon monoxide exposure field studies are 
illustrat,11e of what is ca.Heel tne "direct apprnat'n" 'in the newiy emerg1r.g 
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field of total human exposure assessment. These two field studies on CO 
also demonstrated the Total Exposure Assessment Methodology, or TEAM 
approach. In a TEN-1 study, one measures directly a set of target pollu
tants that come into contact with the individual, regardless of whether 
they arrive by air, water, food, or skin. For CO, the only route of ex
posure is by air, so air alone is monitored. For some toxic pollutants, 
such as chloroform, the exposure routes include air, water, and bever
ages. 

There are four basic ingredients of a TEAM study: (1) a representa
tive probability sample of the population of concern, (2) direct measure
ment of the po 11 ut ant concent rat i ans reaching these people through a11 
relevant media including air, food, water, and skin, (3) direct measure
ment of body burden, and (4) direct recording of each person's daily 
activities through diaries. 

All components seek to determine, with known accuracy, the frequency 
distribution of exposures of an urban population. At the present time, 
the TEAM studies have collected data on the exposures of the population to 
important toxic pollutants in four states, representing 700,000 persons in 
seven cities. Additional studies now underway in Baltimore covering vola
tile organic compounds and in Jacksonville covering pesticides will extend 
this knowledge data base further. A major TEAM study of particles and 
toxic metals has been mandated by Congress, and wi 11 be underway in FY 
1987. 

Direct measurement of personal exposure presents serious technical 
challenges to the measurement community. Personal exposure monitors must 
be small and unobtrusive, light-weight, quiet, rugged and insensitive to 
vi brat ion, ab1e to operate reliably in untrained hands for long periods 
without external power, capable of generating observations of known accu
racy, and, ideally, capable of pro11iding continuous data. The technical 
and scientific difficulties in meeting such demanding criteria will be a 
serious challenge to environmental measurement specialists. Oespite the 
many formidable technical obstacles to developing personal monitors, a 
number of successful monitors already ha11e been de11eloped and field 
tested. Even though some problems remain, notable successes have been 
achieved in measuring carbon monoxide, 11olatne organic compounds, and 
pesticides by personal monitoring. These successes not with standing, 
additional methods de11elopment research is needed to develop continuous 
monitors for nitrogen dioxide, passive carbon monoxide monitors, inhaled 
(respirable) particles, active and passive monitors for formaldehyde, 
volatile organic compounds, pesticides, and polyaromatic hydrocarbons and 
related compounds. 

Although the direct measurement approach is invaluable for determin
ing, with known accuracy, the exposures of populations and the sources of 
these exposures, an alternative approach -- the indirect approach -- can 
be used to estimate exposures without large-scale field studies. To apply 
the indirect approach, one needs data on the microenvironments people 
ordinarily visit and the times people spend there. A microenvironment is 
a location of statistically homogeneous pollutant concentration, such as 
CO concentrations in a parking garage. By combining microenvironmental 
concentrations with human activity patterns, it is possible to ca1culate 
exposures. A human activity pattern-exposure model has been developed for 
CO and has been used successfully to predict the exposure distribution of 
the population of Denver. Despite success with this one model, no vali~ 
dated exposurewactivity pattern models yet exist for any of the other 
pollutants. Additional research is needed to develop, test, and validate 
exposure models for to~ic chemicals. This cou\d yield the data needed for 
making reliable risk estimates. 
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Both the direct approach and the 1ndirect approach have the same 
goal: to predict the frequency distribution of exposures of the target 
popu1ation. Wlth such a frequency distrfoution, it is possible to state 
the proportion of the population above any concentration range. Using 
these data, for example, a regulatory program cari be destgned wtth the 
goal of maintaining some finite percentage of the population below some 
target concentration. The data also have important policy implications. 
because they show that reducing exposures by strategies previously not 
considered often can he more effective 1n reducing risk than are conven~ 
tional regulatory strategies. These studies are showing the greater im~ 
portance of indoor air and human activities in the exposure equation. For 
example, recent exposure studies indicate that reducing human exposures to 
tetrachloroethylene can be achieved more effective1y by reducing the con
tact peop1e have with freshly dry cleaned clothes than by controlling 
industrial point sources. Similarly, human exposures to benzene may ti€ 
reduced by reducing the contact that people have with cigarette smoke and 
gasoline vapors. 

These and many more discover,es are emerging from the new data that 
we have been able to cal lect as a resu1ts of our total human exposure 
research methodology. For the first time, human exposure to being exam
ined as one integrated whole, considering the relative contributions by 
air pollutants, water pollutants, food, and dermal contact. As the mea
surement methods have progressed, we have been able to quantify exposure 
-- all the sources responsible for exposure -- with a precision previously 
never thought possible. That quantification process gets extremely close 
to the individua1 person whose health we are charged with protecting, Let 
me illustrate this precision with an example. The new TEN>l study of par
ticles currently being p1anned seeks to measure the frequency distribution 
of tne population to inhaled particles. Thus, it should be possible to 
determine the fraction of a city's IJOpulation subjected to an exposure 
exceeding 100 g/m3 concentration of inhalable particulate as a 24-hour 
average during a season. These values can be compared with existing l!X)ni~ 
taring station readings and with existing standards. Activity pattern-ex
posure irodels, when they are developed 1 can be used to extrapolate these 
findings to other seasons and other cities. Ultimately, using these 
models we may be able to estimate the fraction of the U.S. population 
whose 24-hour average exposure exceed 100 g/m3 for any 8 a.m. to 8 a.m. 
period during the year. Such quantitative goals give us a clearer target 
of the regulatory programs required to protect pub14c hea1tn . 

. A~1 of the total exposure field studies conducted thus far have been 
al1ke in _one.respect: they would not have been possible unless the neces
sary n:ion1toring .sys~ems and techniques were available. Thus, de11elopment
of su~table monit.or1ng metho_ds must receive priority, since developments 
tn tn1s area provide the bas1c tools needed for all field surveys. 

ln c~osing, l ~ope I have been able to stress the importance of mea
surement in the environmental protection process. I have used the example 
of total human .exposure measurement. since the technical demands placed on 
measuremer.t science are perhaps more demanding here than in other areas. 
A~though. such measurements are extre~ely d.iffic.ult_ technically, they proM 
v1de environmental. health programs w1t~ critical missing data required for 
assessment of .env1.ronmental health risk. Indeed, f'1 ling the exposure 
knowledge gap is likely to have the greatest benefit of any of the compo
nents of the o~eran risk equation in reducing our overall uncertainty 
a~out ovexa.11 nsk an~ the sources _of human risk to environmental pollu
tion. If we are to 1mplern~nt a risk-cased em1ironmental management ap
proach, then we must estabhsh a stronger link between sources of pollu
tants and the exposures and effects caused by these pollutants. Environ
mental and exposure measurements wil 1 play a critlcal role in helping us 
to established this link. 
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SEPARATION SAMPLING FOR AEROSOL 
AND GASEOUS SEMI-VOLATILE ORGANICS 
AN OVERVIEW and EXAMPLE 

Donald F. Adams, Consultant 
SW 600 Crestview #2 
Pullman, WA 99163 

INTRODUCTION. Semi-volatile organic compounds (SVOCs) may be pres
ent in the atmosphere as vapors and adsorbed on suspended particulate mat
ter. Junge (1) suggeste~4 that most organic compounds in clean air with 
vapor pressures below 10 tor.a exist in the vapor phase and compounds 
with vapor pressure~ above 10 torr exist in th~4 particJ§ phase. The 
SVOs generally fall in the vapor pressure range of 10 to 10 torr. 

The vapor/particle (V/P) partitioning is associated with the vapor 
pressures of the SVOs, the size and surface area of the suspended particu
late matter, and the chemical composition of the suspended particulate mat
ter, i.e. organic or inorganic, and the ambient temperature. The ap?arent 
V/P is defined by the adsorbent-retained to filter-retained ratio (A/F). 

How closely A/F represents V/P is not known. Many investigators 
believe that A/F overestimates V/P due to the loss of SVOs from the filter
collected particles to the sampled air stream. It is also possible that 
some of the collected particles may adsorb some vapor from the air samples. 

SAMPLING. Even the most sensitive analytical techniques and instru
mentation suitable for the low levels of SVO concentrations generally 
encountered in ambient air samples require preconcentrat ion from the bulk 
air matrix prior to detection and quantification, Thus it is essential to 
consider problems associated with 'available preconcentration techniques 
before any sampling program is undertaken. 

Sampling includes the collection of representative samples from a bulk 
rnatri:)l as well as the sample preparation, handling, and storage prior to 
the actual analytical measurement. Sampling errors are often large 
(!Ompal"ed with the errors of the measu-rement process. A valuable rule, 
suggested by Youden, is: "once the measurement step uncertainty is reduced 
to a thil"d or less of the sampling uncertainty, further reduction in the 
measurement uncertainty is of little value 11 (2). 
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The significance of this is illustrated by the diminishing return 
error model in which reducing errors in the most precise error source 
yields a diminishing improvement in the overall error, Table r. 

Table 1 

Diminishing Return Error Model 


E /E 	 E s m 	 0 

l 	 1.40 x E 
1.5 l.2.0 x Es 

8
2 l.12 x E
3 1.0S x Es 
4 	 1.02 x Es 
7 	 1.01 x E

s 
, 

f ' s 'bwhere: E "' total error in the tnal result, E ~ errors contr1 uted by 
the measJ>rement step, and E = errors contributed '"ty the sampling steps.

8 

The question of sample integrity is still of major concern in the 
determination of atmospberic constituents. The accuracy of the reported 
data lllBY be limited by the sample, despite significant analytical advances. 

The organic components of an air sample may be concentrated by: (a) 
scrubbing in a gas impinger, (b) cryoeampling, and (c) adsorption on a 
solid or liquid-coated solid. 

High-volume filtradon has been widely \lSed sine~ abo\it \911. How
ever, filter-derived samples will not provide a true representation of 
particle/SVO loadings due to adsorption on collected puticles and Hlter
catch volatilization problems. Thus, high volume sampler systems usually 
con11ist of a filter for collecting aerosols, followed by an adsorbent bed 
or polyurethane (PDF) plug to collect vapors as described below. 

In 1967, the use of porous polymer beads such as Porapak Q or S was 
suggested for the room temperature concentration of volatile halocarbons 
(3). T'nis l'!liminated the need for cryotrapping for many hydrocarbons and 
provided for on-column gas chromatographic (GC) injection. Frankel and 
Black substituted Tenax GC for Porapak Q in 197& because of its stability 
at 375°C, ease of decontamination as compared with Porapak Q, and its 
rejection of water vapor from the sampled air (4). 

PUF plugs were recommended in 1974 for the collection of SVOs (5). 
Unfortunately, the polyester form of PUF is not inert and dissolves in 
dilute base. Thus, certain classes of compounds may resc t with the PUF, be 
altered, or irretrievably bound (6). PUF plug cleanup prior to sampling is 
tedious, especially when electron capture detector/gas chromatographic 
analysis is used. PUF plugs may be used over a wide unge of sample flow 
t'ates, permitting selection from a range of sampling times and flow rates 
to obtain samples of the minimum size required for satisfactory analysis. 

Important factors in the selection of adsorbents for sampling include~ 
(a) collection selectivity, (b) collection efficiency, (c) recovery 
efficiency, (d} sample storage stability, (e} analyte breakthrough volumes, 
( f) temperature stability, (g) chemically inert toward analytes (art ifact 
formation), (h) inidal cleanup procedure required, and (i) the influence 
of pretreatments and ai-r matrix components on the adsorption, desorption, 
and decomposition properties of the adsorbent, 

Several criteria for the evaluation of solid sorbents for the collec
tion of gaseous organic pollutants include the field-spiking of duplicate 
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sorbent tubes, sample blanks, and spiked tubes given identical sampling and 
analytical treatment to show contamination and recovery factors (7). 

Filter samplers suffer from a variable loss of SVOs from the collected 
particulate matter. Sample losses vary with the ambient temperature and 
the sampling time following an elevated fumigation episode during an eight
or 24-hour sampling period because of the continuous and variable loss of 
the collected SVOs to the sample air stream during the remainder of the sam
pling period. The temperature effect is very important, since the vapor 
pressures of SVOs nearly double with each 5°C increase. Whether sample 
losses or gains predominate depends on how and when these variables change 
during a sampling period as well as how the vapor concentrations vary 
during each ·sampling period. Even with a backup vapor collector, the 
derived analytical data will not realistically reflect the airborne distri 
butions, although tandem sample collection may efficiently retain both 
particle and vapor phases. 

Unfortunately, practical sampling methods have not yet been devised 
which eliminate the carry through of vapor initially adsorbed on the filter
collected particles to the backup vapor collector or which eliminate arti 
fact formation during the sampling and sample storage steps. 

SEPARATION SAMPLING FOR AEROSOL AND GASEOUS SVOs. Prior to about 
1970, separation sampling devices were infrequently used. Aerosols are col
lected by several methods including filtration, centrifugation, electro
static precipitation, and impaction. All these techniques suffer from the 
the above-noted errors. 

A recent separation technique uses a adsorbent-coated annular tube or 
tubes followed by a filter and backup adsorbent cartridge or PUF plug (8). 

A FIELD STUDY -- SEPARATION OF AEROSOL AND VAPOR 2,4-D HOMOLOGUES. 
The following discussion describes a practical situation in which separa
tion sampling is an essential aspect to understanding and reducing the seri 
ous economic impact associated with aerosol/vapor 2,4-D herbicide trans
port from the area of application to nearby and distant, off-target, sensi
tive crops. To date, this nearly 30-year old problem in south central 
Washington has not yet been definitively solved despite the numerous field 
and modeling studies conducted by at least four research groups between 
1963 and the present time. It is widely recognized that significant, 
damaging quantities of aerially-applied herbicide formulations can drift 
away from the target areas. Lesser quantities of off-target drift results 
from ground applications. Studies as early as 1972 showed that spray drift 
losses of 2,4-D from the target area may range from 40 to 75% (9). 

Although the direct determination of the vapor/particle (V /P) ratios 
is not yet possible, some estimates of V/P ratios of 2,4-D homologues have 
been reported using a low volume rotating disk impactor (RDl) followed by a 
midget impinger (10), or an XAD-2 cartridge (11), 

A wide variety of 2,4-D homologues have been used to control weeds in 
wheat. In the early 1960' s, high volatile (RV) isopropyl and butyl 2,4-D 
esters were commonly used in eastern Washington and Oregon wheat growing 
areas. As 2, 4-D injury to off-target crops was documented, HV ester use 
was banned in Washington state. Low volatile (LV) isooctyl, propylene 
glycol, and butyl ether 2,4-D esters and non-volatile (NV) acids, salts, 
and amines of 2,4-D were substituted. However, in south central Washing
ton 2 4-D inJ'ury to the highly sensitive grape crop continues to be docu

' I ' 
mented as recently as 1986 despite the use of LV and NV 2,4-D formulations 
and changes in commercial application techniques. 
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HV 2,4-D esters are characterized by fewer than six carbon atoms on 
the side chain (isopropyl and butyl esters). LV 2,4-D compounds have six 
more carbon atoms on the side chain ( isooctyl esters and .!zi.gher i:oo_1trcular 
weight esters). The LV 2,4-D esters are within the 10 to 10 torr 
vapor pressure range representative of the SVOs. 

Today, there is still ·a need to determine the physical and chemical 
forms of the 2,4-D compounds arriving at off-tu:get, sensitive crops, to 
provide formulation selection and application measures and constraints to 
eliminate 2 ,4-D damage to sensitive crops, and to permit continued use of 
2,4-D formulations to control weeds in the surrounding wheat fields. 

The 1962 and 1963 field studies of the total airborne 2,4-D-type 
herbicide compounds in the south central Washington grape vineyards raised 
many questions concerning the mode(s) of herbicide drift or transport from 
the surrounding wheat fields to the grape vineyards: 

• 	 Is the alleged 2,4-D injury to grapes primarily related to 
"over-the- fence" drift of aerosol spray droplets from nearby 
wheat fields? 

• 	 Are the 2,4-D aerosol droplets volatilizing inunediately after 
release from the spray nozzles and then being transported to 
adjacent or distant, off-target receptor sites in the vapor form? 

• 	 Is the herbicide subsequently volatilized from the treated crops 
and field surfaces and then dispersed into the atmosphere as the 
ambient temperature increases from its minimum during the early 
morning application hours to the afternoon maximum temperature? 

• 	 Is some of the 2,4-D arriving via long distance transport of 
vapor from distant application sites more than ten miles from the 
receptor vineyards? 

• 	 Is some combination of both modes of transport from target to 
receptor sites involved? 

• 	 Are herbicides sorbed on soil particles and transported from the 
application site to distant receptor sites via wind-blown dust? 

• 	 Is the observed crop damage related to illegal application of HV 
esters? 

• 	 Is the observed crop damage related to legal applications of LV 
or NV 2,4-D forms? 

• 	 Is the observed crop damage related to various combinacions of 
all three volatility classes? 

To provide information concerning these questions in 1964, Bamesberger 
and Adams (10) designed an air sampling device for the differential collec
tion of aerosol and vapor fractions of airborne herbicides. This sampling 
system consisted of a rotating disk impactor (RDI) for collecting the aero
sol fraction down to one to three microns diameter, followed by a midget 
impinger to collect the gaseous fraction and the small aerosols which pass 
through the RDI. The design parameters of nozzle diameter, distance 
between the nozzle and the impactor plate, and t:he sampling rate were calcu
lated using conventional impaction theory ( 12). The RDI was based on a 
rotary elect-rostatic precipitator in which sulfuric acid aerosol impinged 
on a rotating, stainless steel disk washed with a stream of water (13). 

Our design sampling rate was l L/min and the impactor jet was 0.55 am 
diam. placed 2 mm from the rotating impactor disk. The aerosol fraction 
was retained in n-decane. The RDI was sealed with a press-fit glass cup 
which also was the reservoir for the n-decane. The sampled air first 
impinged on the impactor disk rotating at l rpm into the small liquid reser
voir for the collection liquid. The impacted particles were retained in 
the collection fluid. A Teflon squeege removed any adhering particles and 
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dried the impaction disk surface. This reduced the wetted surface of the 
disk and minimized vapor collection in the RDI. The air sample then passed 
into a midget impinger containing n-decane or n-decane/5% aqueous NaHco .

3

In 1974, the press-fit glass cup was redesigned with a threaded-seal 
to reduce n-decane loas during handling and transport from field sampling 
sites to the analytical laboratory. The midget impinger was replaced with 
an XAD-2 filter cartridge to simplify field use (11). 

The RD! has variable errors similar to those of filter sampling. 
Gases in the sampled air impinge on the dry surface of the rotating disk 
and briefly contact the surface of the sample collection fluid, permitting 
some vapor phase collection in the aerosol collection stage of the RD!. 
The wetted area of the rotating disk was minimized by placing a Teflon 
squeege I cm above the collection fluid to remove the collection liquid 
film from the disk dudng the remaining 200° rotation of the disk. The 
squeege also provides partial separation between the sampled air stream and 
the main body of the collection fluid, to reduce solvent evaporation and 
minimize absorption of gases from the air sample. 

Limited laboratory studies of the RD! showed that about 25% of the 
highly volatile isopropyl ester of 2,4-D in a laboratory-generated atmos
phere was collected in the RDI (10). About 17% of the slightly lower vola
tile butyl 2,4-D ester (but still defined as an HV ester) collected in the 
RDI, Table II ( 10), The relatively high collection efficiency shown for 
the isopropyl ester was not considered a serious design deficiency for its 
intended field use 1 because isopropyl ester had been banned from use by the 
Washington State Department of Agriculture, and a ban on butyl ester was 
under consideration. The LV isooctyl 2,4-D ester would be the most vola
tile of the legal 2,4-D esters to be applied to the wheat fields. Subse
quent field use, however, showed significant concentrations of isopropyl 
and butyl 2,4-D esters through 1980, more than six years after HV esters 
were banned in Washington. 

Table II 

Collection Efficiency for 2,4-D Type Herbicides 


Collection EfficienC:tz % 
Concn. Range, Midget

3
Compound µg/m Impinger RDI 

Gaseous 0-100 
Isopropyl 2 ,4-D 97.0 26. 3 
Butyl 2,4-D 97.0 17.l 

Aerosol 0-200 
Isopropyl 2,4-D 89.0 62. l 
Butyl, 2,4-D 85.B 71.2 

For comparison, losses have beeE reporte!1 from filters of about 50%
3 4for anthracene and phenanthrene (10 to 10 torr) _;.o 10 to 35% from4fluoranthrene through benzo(a)anthracene {l0- to 10 torr) (15) which 

are in the vapor range for SVOs (1), 

The following discussion is limited to the 1974 field data because the 
data represent the most extensive two-stage sampling data available and ·the 
greatest incidence of grape injury reported between 1964 and 1976 occurred 
in 1974. 

The cumulative average concentrations for the three volatility classes 
for these three months show that n-butyl ester was the dominant 2,4-D 
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compound tn the 1974 samples, The RDI collected 52% of the average HV 
2,4-D esters found. This compares with the laboratory collection of 26% 
and 17% for isopropyl and butyl e1;1ters, t"espectively. During late May an~ 

early June, 1974, the average butyl ~ter concentration was 0.60 µg/m 
and the isopropyl ester was 0,23 µg/m - a ratio of 1:3.5. Using this 
ratio and the laboratory-determined collection efficiencies for these two 
esters, an average 24% HV collection would be expected - just under half 
the observed field collection. 

The RDI samples contained only 25% of the total butyl ether and 60% of 
the PGBE ether 2,4-Ds recorded, with an average of 56% of the total LV 
est:ers found {10), less than one would expect if the aerosols were greater 
than 3 micron diameter. 

This wide range of collection efficiencies of the RDI in the field is 
probably related to several factors including (a) variations in ambient 
tentperatures at the time of spray application and sample collection, (b) 
distance betweein the sites of application and collection, and (c) some of 
the other questions listed above such as the RDI collection of 1otind blown 
soil particles, etc. 

Unfortunately, sampli11g with the RDI was discontinued following the 
1974 field study, because of sponsors' financial constraints. Field 
samplings between 1975 and 1980 ~ere conducted with single-stage XAD-2 
resin samplers. Although this change in sampling technique reduced the 
analytical costs by 50%, it precluded the accumulation of adequate 
herbicide P/V ratio transport data to provide sufficient information to 
assist in understanding the transport questions noted above. 

A 1982 study relied extensively on (a) transport modeling within a 10 
mile radius, (b) an unlikely time/concentration dose injury threshold rela
tionship assumption for the more seneitive wine grape varieties, (c) an 
underestimated source strength, and (d) zinc sulfide tracer releases (16). 

From 1982 through 1987, the major concern hail been focused on aerial 
applications within 10 miles of the grape vineyards. Many more acres can 
be sprayed aerially in a day than via ground applications, thus increasing 
the daily source concentration and emission rate. This raises questions 
about the assumed source strength for the model. Despite the conclusion 
from the fluorescent tracer studies that "close-in applications 0 (within 10 
miles of vineyards) were primarily responsible for the grape injury, the 
question remains whether inorganic zinc sulfide particles appropriately 
numl.c the many complex actions of semi-volative o-rgsnic compounds during 
field application and for a period of several days thereafter. 

Many questions are still una~swered concerning the fate and drift 
distances for the LV and NV 2,4-D formulations presently used, which still 
cause damage to the grape vineyards. No field sampling studies have been 
conducted since 1980 to determine which 2,4-D compounds are present in the 
damaged vineyards, and no studies since 1974 have provided information 
which might reveal whether the herl>icides associated with the damage are 
primarily in the aerosol or vapor form, or in some ratio of the two forms. 
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Abstract 

Unc£rta1nt1es exist in defining deposition mechanisms of airborne 
semi-volatile chemical species to land and water due, in part, to 
existing limitations in sampling methods. A gas and particle (GAP) 
sampler has been developed based upon an annular diffusion denuder 
technique to separate co- existing phases of high molecular weight 
organochlorine compounds occurring in the atmosphere. A series of field 
evaluations has been conducted in the vicinity of Lake Ontario to further 
evaluate the performance of the sampler and experimentally determine the 
phase distribution of target compounds such as hexachlorobenzene <HCB)
and hexachlorocyclohexanes <«-and Y-HCH). During these field 
studies attention was given to quality assurance aspects such as 
triplicate measurements, routine field blanks and dual capillary column 
gas chromatography analysis. Data suggest than an efficient phase 
separation of such compounds was achieved by the sampler design and, on 
the basis of denuder-difference measurements both during the summer and 
fall months, the largest fraction of these target compounds existed in 
the vapour phase . Methods to optimize the utility of the sampler are 
discussed in addition to field results. 

Introduction 

Atmospheric transport and deposition is considered to be an important 
pathway by which many toxic chlorinated compounds such as PCBs and 
pesticides enter the Great Lakes and other water bodies 
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that are remote from known sources (1), However. input mechanisms 
for such semi-volatile species that may co-exist in the atmosphere 
as vapour and as adsorbed components of particulate matter are not 
well defined. Most investigators have concluded that compounds with 
vapour pressures in the range of 10-4 to 10-5 mm Hg (at room 
temperature) occur predominantly in the vapour state. On the other 
hand. because of the numerous factors that can affect 
vapour/particle equilibria Ceg. temperature. particle loadings) and 
the complex nature of airborne particulate matter. it is recognized
that currently-available sampling techniques may not adequately
distinguish between phases due to probable disruption of the 
equilibria during filtration. For example, conventional sampling
techniques, such as high-volume filtration/adsorption methods, have 
~~e~)used to operationally derive gas/particle relationships 

- . It is uncertain whether amounts retained by these 
collection media are representative of the actual gas- and 
particle-phase distribution since vapour constituents could either 
adsorb or desorb from filtered particles during sampling under 
certain conditions. A knowledge of the degree of partitioning 
between phases in ambient air is necessary for adequate assessments 
of either potential human health effects or environmental behaviour, 
impact and ultimate fate of such airborne constituents. 

A prototype GAP sampler, based on a denuder difference system. has 
been developed to simultaneously collect the gas and particle
fractions of several persistent organochlorine compounds in ambient 
air. The initial development and laboratpry evaluation of this 
sampler has been reported prev,ously <5,6>. The major objective
of this study was to determine the gas- and particle-phase
concentrations of selected persistent chlorinated organic compounds
in ambient air in southern Ontario and at a remote location in 
central Ontar1o. The sem1-vo1atile compounds, HCB ~-and Y-HCH. 
selected for field measurements are often found in rainwater and 

sampler comprises a multi-annular d1ffus1on denuder assembly, coated 

other environmental 
Amer1ca (7,8). 

samples despite the1r lim1ted use in North 

Methodology 

A schematic of the prototype GAP sampler is shown in Figure 1. This 

with a b1nary crushed Tenax/sil1cone gum coating Cto trap the 
vapour-phase components of the target compounds), that is integrated
with a dichotomous sampler Cto collect fine and coarse particulate
matter). Packed Tenax adsorbers (2 1n series) are positioned behind 
each filter to collect any material that may escape the filters (eg.
desorbed vapour during filtration). Th1s unit 1s operated in 
parallel with a conventional filter/adsorber sampler (i.e. reference 
unit to obtain the total airborne constituent concentration). The 
net difference in amounts collected by filters and adsorbers of both 
units provides the constituent vapour fraction and the combined 
filter/adsorber analyses of the dichotomous unit indicates the 
particulate-associated fraction. Earlier laboratory studies have 
demonstrated practically removal efficiency and retention of HCB and 
lindane by the denuder upon exposure to vapours generated at 
concentrations that might be expected in ambient air. 
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In this study, field measurements (Involving replicated sampling 
over 24 to 48 hour periods) were conducted at several locations in 
southern Ontario and at a remote (background) site in the Turkey
Lakes watershed north of Sault Ste. Mar\e (see Figure 2). The f\rst 
set of measurements were taken during July 1986 1n the western 
portion of Lake Ontario. Air sampling and meteorological equipment 
was operated simultaneously on the shoreline near 
Niagara-on-the-Lake and on board the CSS Bayf1e\d (a CCIW Great 
Lakes research vessel) while it was anchored approximately 5 km 
off-shore. Similar on-shore/off-shore measurements were conducted 
in the eastern part of Lake Ontario near Sand Banks Provincial Park 
and an integrated sample was collected on the ship wh~\e \t 
traversed between the western and eastern sites. Triplicate sample 
sets were taken tn the early autumn at the remote Turkey Lakes area 
site. Other field measurements in southern Ontarlo were made at a 
suburban site tn Sheridan Park, Mississauga (during autumn, 1986 and 
winter, 1987) and in Stoney Creek (near Hamilton) at a site 
approximately BOO meters from an agricultural chemical producer
(during the early part of the winter). 

Analytical methods to determine the target compounds 1nvolved 
extraction of f1lters and adsorbers, extract cleanup and analysis by
dual capillary column gas chromatography with electron capture 
detection. In all instances, the lowest of the two column results 
was assigned with the assumption that any differences in the values 
between columns represented analytical interferences. In many 
cases, results between columns were similar while substant1al 

temperatures during sampling intervals ranged from -3.7 to 22.9°C 

differences were evident on some occasions. 
between columns for each compound was found 
«-HCH and s1i Y-HCH. 

The average d'fference 
to be : 271 HCB, 151 

Results and Discussion 

Field stud1es took place over a seven month t1me period and mean 

with hourly eKtremes from -11 to 34°C. Except on two occasions, 
under very hot summer conditions, temperature extremes were at or 
below temperature conditions selected in 1aboratory tests 1n which 
high vapour collection efficiency for HCB and 11ndane by the denuder 
was demonstrated. The genera1 background nature of the sampling
sites is ev1dent from the low suspended particulate concentratfons 
Cie. <10 µmin size) shown in Table 1. The lowest loadings were 
encountered at the remote site as might be anticipated. The small 
difference in the overall mean particulate concentrations between 
the convent1onal and GAP samplers Cle. -si> confirms the earlier 
findings that no substantia' particle 1osses occurred on average in 
the denuders. 

Total airborne concentrations of HCB, «- and Y-HCH were 
generally 1n the sub-nancgrim per cub1c metre (of a1r) range based 
on conventional sampler measurements performed at all of the sites 
(see Table 2). Although the mean HCB concentration at Turkey Lakes 
was somewhat lower than the average amount measured at other 
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locations 1n southern Ontario, results were generally s1m1lar 
between sites. These findings are consistent with values reported 
from other studies. Lfndane concentrations were about an order of 
magnitude lower than e1ther «-HCH or HCB concentrations and were 
frequently at or near the detection 11mit of the analytical method 
used. The higher abundance of a-HCH relative to lindane may
reflect environmental (perhaps photochemical) transformation of 
lindane to the more stable a-isomer. On the basis of measurements 
conducted in southern Ontario (including preliminary results of 
measurements ln earlier studles) at various temperatures, the total 
airborne concentrations of all three target compounds were found to. 
decrease with decreasing temperatures. The effect of temperature on 
airborne concentrations ls more apparent from data shown in Table 3 
where average concentrations were grouped into ~s0c increments. 
For example, a 2-3 fold reduction was evident for each compound over 
a temperature decrease of -20°c. It is presumed that the 
concentration decrease reflected less volatilization of these 
compounds from deposits on surfaces at cold temperature conditions 
rather than decreased usage or production during winter. 

Individual measurements of the target compounds and the derived 
particulate-associated fractions at each sampling site are shown in 
Table 4. In most instances, the values represent an average of two 
or three measurement results and appear in approximate chronological
order of the study. Generally favourable agreement was found 
between duplicate conventional sampler results of the total 
concentrations. It can be seen that 1\ttle difference occurred 
between days at each site and results were often similar between 
s1tes when samp1ed at the same t\me of year. These data suggest a 
g~~~~a1, low-level, ubiquitous occurrence of these constituents in 
this study area. Because only one set of samples was taken at each 
site during prel1mfnary onshore/offshore measurements, ft fs 
considered premature to deduce any potential trends between the land 
and water sites. Lf ndane concentrations were found to be highest 
near one suspected 1ndustr1a1 source that is known to formulate 
organochlorfne pesticides. It should be noted that sample Sets 1 
and 2 at th1s site were taken during early winter 1985 and Sets 3 
and 4 during early winter 1986. At other sites, lf ndane 
concentrations were low with greater variability since amounts were 
near the measurement sensitivity. In practically all cases, these 
compounds were collected efficiently (ie. by the first of two Tenax 
adsorbers positioned in series> in the conventional f1lter/adsorber
sampler and only traces occurred on few occasions in filtered 
particulate matter. Except for lindane, amounts in field blank 
cartridges usually represented less than 101. of the total amounts 
detected. However, spurious ~esults occurred in the occasional 
blank cartridge that were sometimes suppressed with the dual column 
analytical approach. On the other hand, blank values were of 
greater significance in deriving the particulate-associated 
fractions sfnce amounts detected in ad~orbers positioned after the 
denuder often were low (ie. approaching blank levels). 
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The average particulate fractions, derived by denuder d1fference, 
also are shown in Table 4 for each site. On several occasions. 
rep\icate (eg. dU?l\cate or tr1plicate) measurements of this 
fraction with the GAP sampler were simllar especially when 
considering that this fraction is derived by difference from 
analyses of several components of the system. From the results of 
these air measurements, it appears that the substances being
\nvest,gated occurred predominantly in the vapour phase during warm 
weather as has been found by other tnvestigators. However, under 
winter conditions (at the Sheridan Park site), a greater fraction of 
these high molecular weight, sem1-volatile constituents appeared to 
be assoc\ated wtth the airborne part,culate matter. That is, 
greater amounts were detected 1n cartridges located after the 
denuder. which presumably resulted from volat111zatton from f\ltered 
particles during sampling. Under the cold weather cond1t1ons. the 
particulate-associated fractions were found to be more variable 
between days and between replicated measurements. In some 
1nstances, only single column GC results were ava11ab1e or other 
sources of contamination in sampling components were possible and 
such results (noted with ~) were considered to be upper limits. 
Nevertheless, these data suggest that the denuder efficiently
removed the vapour fraction during sampling wh1ch was found in 
earlier laboratory studies. 

Conclusions 

Specific findings of this field evaluation using an alternative 
sampling method for semi-volatile organochlorine constituents are; 

- particle losses in the denuder were usua\ly small <-41 on 
average) and the denuder was demonstrated by both lab and field 
stuo,es to efficientry remove vapours of the target compounds
<HCB, «-and Y-HCH). These data suggest an effective 
gas/particle separation by the design, 

- measured target compound concentrations (sub ng/m3) at the 
sites 1n southern Ontario were similar to other reported values 
and were found to decrease at low temperature conditions. 
Except near a suspected source, l\ndane was normally an order of 
magnitude lower than the more stable ~-HCH form, 

- at moderate temperatures. the mean particulate-associated
fractions in the study area, derived by denuder-difference with 
the GAP sampler, were~ ~4~ HCB, ~7~ «-HCH and <10~ Y-HCH. 
Greater but more variable particulate fract1cns were evident 
under cold temperature conditions at a suburban site. These 
field data infer that such constituents occurred predominantly 
tn the vapour phase at mtld temperatures but that particulate 
depostion may be of somewhat greater s1gn1f1cance to the Great 
Lakes during colder seasons than generally perceived. 

Refinements to the sampling system Ceg. use of Florisil cartridges,
s1mplff1cat1on by only selective use of the dichotomous sampler and 
thermal desorption of the denuder) are presently be\ng tested 1n 
order to improve the accuracy of measurements. Similarly, tests to 
expand the application of the GAP sampler (eg. PCBs) are underway. 
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TABLE l 

Summary of Particulate Concentrat1on (<10}.lm) and Denuder Losses 

Locat1on Part. Cone. Rang3 '%.F1ne 
Cµg/m3) (µg/m ) 

Onshore/Offshore 24 16-31 76 
Turkey Lakes 6 5-9 50 
Sheridan Park 22 8-36 70 
Stoney Creek 33 15-53 64 
Mean <Conv. Sampler) 21 S-53 
Mean <GAP Sampler) 20 4-46 60 

TABLE 2. 

Summarized Total Airborne Concentrations of Target Compounds
(ng/m3) 

location Parameter HCB a.-HCH Y-HCH 

Near Lake Mean 0.22 0.32 0.04 
Ontario Range 0.07-0.72 0.02-0.56 <0.02-0.07 

n 25 26 19 

Turkey Lakes Hean o. 13 0.33 0.06 
Area Range o.oa-0.16 0.16-0.50 0.02-0.10 

n 5 5 5 

Other Remote Range 0.03-0.20 0.001-0.20 
Locales 

TABLE 3 

Total Airborne Concentrations as a Function of Ambient Temperature 

Mean Temp. No. of Mean Concentration <ng/m3) 
Range (°C) Samples HCB a.-HCH Y-HCH 

20-23 5 0.39 0.49 0.04 
15-19 6 0.23 0.42 0.05 
10-14 6 0.19 0.30 0.03 
5-9 4 0.17 o. 34 0.03 
0-4 5 O. T4 0. 16 <0.02 

-4 to -1 3 0.15 0. lS <0.0Z 
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TABLE 4 


Summary of 

Target Compound Measurements (ng/m3) and Part1culate-Assoc1ated 


FractionsC%)by Denuder Difference 


Location Test Series Ave. Total Cone. Ave. Part.Fraction (%) 
HCB a:-HCH Y-HCH HCB a.HCH Y-HCH 

Lake Ontario 	 Land-He st 0.3 0.7 <0.03 
Onshore/ 	 Sh1p-Hest 0.2 0.4 0.06 6 14 46. 
Offshore 	 Land-East 0.3 0.3 <0.03 0 

Ship-East 0.3 0.5 0.07 2 8 -2 
Ship-Moving 0.2 0.5 0.06 0 5 -2 

Turkey Lakes 	 Set l 0.2 0.4 -0.04 0 10 -o 
Set 2 0. l 0.3 -0.04 5 5 -o 
Set 3 0.1 0.3 o. 1 • 5 0 -o 

Sheridan Pk.. Set l 0.2 0.4 o. l 11• is• -23• 
(Mod. Temp.) Set 2 0.2 0.3 -0.04 4 6 -20 

Set 3 0.1 0.3 0.06 14 8 -67 

Sheridan Pk. Set 1 -0.07 <0.03 <0.04 -100• 
(Low Temp.) Set 2 0.08 0. l <0.02 -15 21 

Set 3 0.1 0.1 <0.02 -51 35 

Stoney Creek. 	 Set 1 0.2 0.1 0.4 50• 13 
(near source) 	Set 2 0.1 0.2 o.s 57• 0 10 

Set 3 0. 1 o. 1 0. 1 -73• za• 10 
Set 4 0.2 0.2 o. l 32 l 0 

• Contam1nat1on suspected 
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A study of the sampling efficiency for PAR in vapor using 
two adsorbents, XAD-2 resin and polyurethane foam (PUF) was perform
ed under summer and winter ambient conditions. Two aspects were 
investigated:(!) collection efficiency for ambient PAH vapor and 
(2) retention efficiency for native and perdeuderated PAH spiked 
onto the adsorbents before sampling. Some spiked PAH which were 
volatile or reactive were recovered more efficiently with XAD-2 
than with PUF. Lower sampling temperature improved the recovery 
for volatile PAH using PUF, but the recoveries of reactive PAH, 
such as cyclopenta[c,d)pyrene, were not improved at lower temperature 
for either adsorbent. An investigation of the stability of PAH 
collected on quartz fiber prefilters and XAD-2 or PUF backup traps 
as a function of the storage time was also carried out. Storage 
at room temperature in the dark for 30 days did not have an adverse 
effect on the collected ambient PAR or on the spiked perdeuterated 
PAH with XAD-2 resin. However, a decreasing concentration trend 
with storage time for naph~halene, anthracene and D12-benzo[a)pyrene 
collected or spiked on PUF was found. Most of the particle-bound 
PAH collected on quartz fiber filters were not affected significantly 
during storage, except that cyclopenta[c,d)pyrene decreased to 
approximately half the original level after 30 days. of storage. 
Investigation of the degradation product of cyclopenta[c,d]pyrene, 
pyrene dicarboxylic acid anhydride, showed that the levels of 
this compound collected on filters increased to about 1.5 times 
the original value after storage for 30 days. The distributions 
of PAH between filters and XAD-2 resin found in the stability 
study corresponded to the volatilities of individual PAH, and 
most 2- to 4-ring PAH were found to break through the filters. 
This demonstrated that the use of both prefilters and backup adsorbents 
is necessary in air sampling for PAH analysis. 
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INTRODUCTION 

Polynuclear aromatic hydrocarbons (PAH) have been studied 
extensively and have received increased attention in investigations 
of air rollution recently because some PAH are carcinogens, mutagens 
or both -5. To understand the human exposure to PAH, reliable 
sampling and analytical methodolog~ must be established for monitor
ing PAH in air. Several studies6- have shown that filters alone 
can not retain all the 2- to 4-ring PAH. The XAD-2 resin and 
polyurethane foam (PUF) have been used to collect PAH vaporsl0-14 
by various research groups. The overall comparative effectiveness 
of these two adsorbents and the degree to which quantification 
of PAH is affected by sampling, handling and storage have not 
been fully investigated. This uncertainty precludes an accurate 
assessment of the relative overall merit of each adsorbent. 

The objective of this study was to compare the sampling efficiency 
for PAH vapors of these two adsorbents, PUF and XAD-2 resin, and 
to compare the storage stability of PAH vapors collected on PUF 
and XAD-2 resin. The storage stability of quartz fiber filters 
and investigation of the degradation product of cyclopenta (c,d]pyrene 
due to storage were also performed. 

EXPERIMENTAL METHODS 

Sampling 

Modified General Metals PS-1 samplers with General Metals 
bypass motors were employed in the ambient air sampling. The 
samplers which are described elsewherel5, vere placed on the ground 
in an open space outside Battelle's laboratory in Columbus, Ohio. 
This location can be classified as a medium-size, midwestern city 
with relatively clean air for an urban environment. The sampling 
was performed on weekends or holidays to reduce the 
contribution of local vehicle exhaust emissions to the samples. 
Air was sampled for 24 hrs at a flow rate of 6.7 cfm. Quartz 
fiber filters were located upstream of the PUF or XAD-2 in all 
sampling experiments. 

In the sampling efficiency comparison study, two sets of 
three samplers were located in parallel about two feet apart. 
The three samplers of each set were separated from each other 
by about one foot. The PUF cartridges were used in one set of 
three samplers and XAD~2 cartridges vere used in the other set. 
Prior to sampling, two each of the three PUF and XAD-2 were spiked 
with the following PAH (2 µg of each): Da~naphthalene, 
D10-phenanthrene, D10-pyrene, D12-chrysene, D12-benzola}pyrene, 
phenanthrene, anthracene, fluoranthene, pyrene, cyclopentaf c,d]pyrene, 
benz[a]anthracene, benzo[e]pyrene and benzo[alpyrene. These experiments 
were performed twice under the same conditions except that during 
the first experiment, the ambient temperature ranged from 66·86°F 
and during the second experiment, it ranged from 17 to 27°F. 
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In the storage stability study, eight samplers in two sets 
of four were used. Sampler location was similar to the comparison 
study described above. In the first experiment, PUFs were used 
as backup traps, and XAD-2 traps were used in the second and third 
experiment. All PUF and XAD-2 from the first and the second sampling 
were spiked with only the perdeuterated PAH, noted in the comparison 
study, before sampling. After sampling, these PUF and XAD-2 samples 
were stored in the dark at room temperature for 0, 10, 20, and 
30-day intervals before extraction and analysis as replicate pairs. 
The filters from the XAD-2 sampling were similarly stored and 
extracted after the same time intervals. The filters from the 
PUF sampling were not analyzed. The purpose of the third sampling 
was to provide samples for bioassay analysis and to characterize 
the polar PAH and possible PAH degradation products. Only the 
degradation product of cyclopenta[c,d)pyrene, pyrene-1,10-dicarboxylic 
acid anhydride, is reported in this paper since the study is still 
in progress. 

Analysis 

The PUF and XAD-2 cartridges were cleaned before air sampling. 
The cleanup procedures are described elsewherel2,16. Quartz fiber 
filters were heated at 400°C for 16 hrs before use. Samples were 
Soxhlet-extracted for 16 hrs with 10 percent ether/hexane (PUF) 
or methylene chloride (filter and XAD-2). The extracts were concentrated 
and analyzed by electron impact (EI) gas chromatography/mass spectrometry 
(GC/MS) for PAH, Identification of PAH was based on the GC retention 
times of the individual monitored molecular ion signals compared 
to that of the internal standard, 9-phenylanthracene. Quantifications 
of these compounds were based on comparisons of the respective 
integrated ion current responses for the monitored molecular ions 
to that of the internal standard ueing calibration response curves. 

The dichloromethane solution of cyclopenta{c,d}pyrene was 
spiked evenly onto a quartz fiber filter and was exposed to U.V. 
light for 4 days to obtain a mixture of cyclopenta[c,d]pyrene 
and pyrene dicarboxylic acid anhydride. The exposed standard 
solution was analyzed by both EI and negative chemical ionization 
(NCI), GC/MS. The internal standard, D9-l·nitropyrene, was used 
in the NCI method and 9-phenylanthracene was used in the EI method. 
Identification of this compound in the sample was based on the 
correct GC retention time and the NCI mass spectrum. Since the 
accurate concentration of the,expoeed standard could not be determined, 
the response factor of this compound to the internal standard 
was assumed to be 1. 

RESULTS 

Sampling Efficiency Comparison Study 

Analysis of the background (non-spiked) XAD-2 and PUF samples 
show that PAH recoveries from PUF and XAD-2 are very similar for 
all compounds except for naphthalene, the most volatile PAR of 
the series. Levels of ambient naphthalene collected on XAD-2 
are about 24 and 12 times higher than those on PUF in the summer 
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and the winter experiments, respectively. The summer phenanthrene 
levels are slightly higher for XAD-2 resin than for PUF, but identical 
levels are observed for both adsorbents in the winter experiment. 
This finding reveals that XAD-2 resin has better collection efficiency 
for the more volatile naphthalene than does PUF and that the collection 
efficiency for naphthalene on PUF improves at lower ambient sampling 
temperature. 

Generally good recoveries are obtained for most spiked PAH 
from both adsorbents after exposure to ambient air at a flow rate 
of 6.7 cfm for 24 hrs. The recoveries of D3-naphthalene from 
XAD-2 resin were significantly hig~er than those from PUF, in 
agreement with the result for native naphthalene noted above. 
These data suggest that XAD-2 resin is significantly more effective 
in retaining two-ring PAH. Similarly, lower recoveries of the 
spiked D10-phenanthrene and spiked native anthracene were obtained 
from PUF than from XAD-2 resin in the summer experiment. As expected, 
these PUF recoveries improved significantly in the winter experiment, 
becoming comparable to those from XAD-2 resin. 

The natlve phenanthrene recovery data cannot be accurately 
addressed in the summer experiment because the ambient background 
levels were about 19 times higher than the spiked levels. Thus, 
due to the e~pected variations in sampling and analytical procedures, 
negative recoveries were sometimes observed for spiked phenanthrene. 
Low recoveries of cyclopentaf c,d]pyrene were obtained with PUF 
in both the summer and the winter experiments. 40 and 23 percent 
respectively. The loss of spiked cyclopenta[c,d]pyrene almost 
certainly results not from volatilization but from decomposition, 
which is supported by the storage stability results (See below). 

Sampling Module Storage Stability Study 

For XAD-2 resin, no loss of perdeuterated PAH was detected 
o~er the 3G-day storage interval. In addition, storage instability 
over the JO-day period was not indicated for any of the native 
PAH collected on XAD-2 resin. Only trace amounts of cyclopenta(c,d] 
pyrene vere found in XAD-2 resin, and the variability in the data 
at these low levels prevent showing the decreasing concentration 
trend. 

For PUF, the De-naphthalene storage stability results are 
not meaningful since only 1.2 percent of the spiked Da-naphthalene 
was retained on the PUF at tbe end of 24-hr sampling. The decreasing 
concentration trend for D12-Benzo[a]pyrene were observed with 
PUF. However, this may not cause a serious problem in air sampling, 
since benzo[aJpyrene is mainly retained in the filter. It appears 
to be a loss on storage of both native naphthalene and anthracene 
collected on PUF. Since naphthalene clearly breaks through PUF 
during 24-hr sampling, we expect that it may be partially lost 
by volatilization during JO~day storage. The greater loss from 
PUF of anthracene relative to its isomer phenanthrene is more 
consistent with the lower chemical stability of anthracene relative 
to phenanthrene than with a loss through volatiliaation. 



Storage losses over 30-day period were not observed for any 
of the particle-bound PAH on quartz fiber filterB except for 
cyclopenta{c,dJpyrene. The data for cyclopenta[c,d]pyrene are 
given in Figure l. As shown in Figure 1, levels of cyclopenta[c,d]pyrene 
decrease to about half of the original levels after storage for 
30 days in both experiments. Other research groups 17-19 have 
identified a direct-acting mutagen, pyrene dicarboxylic acid anhydride, 
as a possible degradation product of cyclopenta[c,d)pyrene in 
airborne particulate material and other environmental samples. 
We have investigated the degradation product of cyclopenta[c,d]pyrene 
in the third stability experiment. 

The EI and NCI mass spectra of pyrene dicarboxylic acid anhydride 
are given in Figure 2. As shown in Figure 2, the characteristic 
neutral losses of co2 and co are found in the EI spectrum. As 
expected, only the molecular ion is detected in the NCI condition. 
For the detection of this compound, the NCI method is much more 
sensitive than the EI method. Since this compound is highly electro
negative, it is susceptible to the attachment of a thermal electron 
from the NCI reagent gas plasma, which enhances the detection 
sensitivity. ~e can detect pyrene dicarboxylic acid anhydride 
in the filters only with the more sensitive NCI method but not 
with the EI method. Analysis of the NCI data showed an increasing 
concentration trend for this compound on filter samples after 
30-day storage, The level of this compound from the 30-day sample 
was more than 1.5 times of those of the 0-day sample. This finding 
suggests that particle-bound cyclopenta[c,d]pyrene partially decomposes 
to pyrene dicarboxylic acid anhydride after a JO-day storage period. 

Distributions of PAH between the filter and XAD-2 resin from 
the stability study in general agree with the volatilities of 
the individual PAH. This finding indicates breakthrough of 2· 
to 4-ring PAH from the prefilters. Other research groups< 6-9)
have also reported that most of the volatile PAH were not retained 
on filters under high-volume sampling conditions. In our study, 
medium-volume samplers were used and the flow rate {6.7 cfm) was 
lower than a typical high-volume sampling flow rate. Thus, this 
observation clearly demonstrates that the use of filters only 
to collect PAH from air is not sufficient, and correct quantitative 
results, even for species as large as chrysene, cannot be obtained 
Without the use of back-up adsorbents. 

CONCLUSIONS 

For air sampling of gas phase PAH, XAD-2 resin seems to have 
two performance advantages compared to PUF: (1) 2- and 3wring 
PAH clearly break through standard PUF cartridges in a typical 
sampling volume of about 300 cubic meters, and (2) PAH species 
that are prone to degradation during sampling or during sample 
storage prior to extraction exhibit greater losses from PUF than 
from XAD-2 resin. Certainly, the future use of quartz fiber filter/ 
PUF samplers should involve a minimum of sample handling and storage 
to reduce the losses of volatile and reactive PAH. Little is 
known about the degradation products of PAH due to sampling and 
sample handling. The critical issue of whether a significant 
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part of the mutagenic activity in these types of air samples is 
from sampling artifacts or is actually present in the sampled 
air is still not clear, and further investigations need to be 
carried out in this area. 
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NON-OCCUPATIONAL EXPOSURE TO HOUSEHOLD PEST[CIDES 

Andrew E. Bond and Robert G. Lewis 
U. 	 S. Environmental Protectjon Agency 
Research Triangle Park. NC 27711 

l\bstract 

The u. s. £nvironmenta1 Protection Agency is conductin9 a study to develop 
and validate monitoring methods needed for the determination ~f human exposure 
to com~on household pesticides. The primary ohjective is to obtain an estima
tion of the cumulative frequency of non~occupat i ona l eKposures to home and 
garden pestfcictes through the air, dermal, drinking water, and dietary routes. 
In a nine-home pilot study designed to test methodology, 22 of 26 of the most 
commonly used household pesticides were detected, Five of these were measured 
in the air in the majority of the households at concentratior.s ranging up to 
several µg/m 3 • Personal air measurements suggested that 80% of the total 
respiratory exposures resulted from 1ndoor air. Subsequent to the pilot study, 
a 1arge-sca)e, mu1ti"season monitoring program involving up to 175 homes fn a 
high-use southern U.S. city and about 85 homes in a low-use northern U.S. city 
was initiated. 

ln 1935, the United States £nvironmenta1 Protection Agency instituted the 
first attempt to develop methodology for determining pesticides ex1>osures in 
the gener.al population of the U.S.A. The project, known as the Non-occupa
tior1a1 Pesticides Exposure Study (NOPES). ts designed around the concepts of 
the Total Exposure Assessment Methodology {TEP.M} studie<; pre~'\cus'y c'Ondutted 
by EPA {4). The NOPES project wi 11 test wnet!ier the T£AM a(}proach can be 
adapted to develop estfmates of exposures to selected pesticides in personal 
(respiratory) afr, drinking water, and from dermal contact in a stratified 
random sample of the population of two urbanized areas in the United States. 
The scientific objectives of NOPES are as follows: 

o 	 Adapt the TEAM methodology to pestic1des by testing and refining 
monitoring instrumentation. 

o 	 Collect preliminary data relating exposures through each of three 
poteritial routes of exposure (a"ir, water, skin) to pesticide usage 
levels. 

o 	 Obtain basic knowledge whi~h may be used in future investigations in 
four topic areas; (i) human ~xpoS1Jre model d~ve1opment, (ii) measure
ment 111ethods development (iii) 111icroenvironmental field studies. and 
(iv} dosage research investigation~. 

o 	 Investigate causal relationships that explain the var1ab1lity from 
person to person of exposure to pesticides. 

o 	 Estimate the relative importance of each pathway of exposure to the 
total exposure for each pesticide. 

o 	 Determine if a predictive human exposure model can be developed to 
relate data on exposures to usage rates and other factors. 
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The study, which is currently in progress, is focused on the measurement 
of exposure to 28 of the most commonly used household insecticides, fungacides 
and herbicides. Two cities are involved in the study: Jacksonville, Florida, 
a warm climate city in which household pesticide use is one of the highest in 
the U.S.A. and Springfield/Chicopee, Massachusetts, a cold-climate area char
acterized by low household pesticide usage. A total of 260 single-family
households will be monitored over three seasons by the completion of the study 
in 1988. 

. During August 1985, a pilot study was conducted over a seven-day period 
in Jacksonville to evaluate and select sampling, analytical and survey methods 
(2), Nine homes were chosen and presorted into three groups of three homes 
each on the basis of the level of indoor use of pesticides. Stratification 
was based on the following four variables~ (a) the frequency of indoor appli 
cation of pesticides to control insect pests; (b) the frequency of use of 
pest c?ntro1 products on pets; {c) the frequency of \ndoor app1icat'\ons of 
pesticides on plants; and (d) the term1t1cide treatment program of the housing 
unit. Usage categories were designated from the above variables as "high" 
3 out of 4, "medium" 2 out of 41 and "low" l or less. In each of the desig
nated low-. rnedi um- and high-use dwe1lings, 24-hr indoor and outdoor air 
samples were taken and one resident carried or kept close by a portable 
sampler at an times during the same 24-hr period for the assessment of 
personal respiratory exposure. In arldft1on, tap water samples were collected 
from. e~ch househo1 d and dermal (hands only) exposures were monitored when 
participants were applying pesticides. Pre-extracted, white cotton gloves 
were used for this purpose. 

The results of the pilot study demonstrated the utility of the low-volume 
air samplers, which pumped air at 3.8 L/min through a 22-mm x 76-mm polyure
thane foam sorbent trap (3), for 1ndoor, outdoor and personal exposure mon1
torlng, The overall conduct of the p11ot study was relatively trouble-free. 
The study showed that the numbers and concentrations of pesticides in residen
tial indoor air were generally higher by an order of magnitude or more than 
those in the envelope of air immediately surrounding the building (the meso
Phere). Of the 33 pesticides and related chemicals shown in Table I, a total 
of 24 were detected in indoor air 21 in personal air, and 25 in outdoor air. 
Concentrations ranged from 1.7 ng./m3 to 15.0 µg/m3, Five pesticides (chlor
pyri fos, di azi non, chlordane, propoxur and heptachl or) were found in BO to 
100% of the indoor air samples at mean concentrations of 0.16 to 2.4 µg/m 3 • 
These concentrations were generally one order of magnitude higher than those 
of the other pesticides measured. In only one instance. however, were the 
guidelines established by the National Academy of Sciences {l) exceeded. On 
one of two days of samp1ing in one high-use household, chTorpyrifos was found 
at 15 µg/m 3 • or about 50% higher than the interim guideline for el(posures 
to this termiticide not exceeding three years. Personal air measurement cor
related well with 1ndoor air measurements, with corresponding concentrations 
usually within.!.. 50% of each other •. 

All tap water samp1es collected during the pilot study were negative for 
all of the target compounds. Detection limits ranged from 0.05 to 1 µg/L
depending an the analyte. Only three dermal exposures were monitored so that 
there was insufficient rlata for interpretation. 

The overall conclusions from the pilot study were that (a) monitoring 
methodology was effective for monitoring all of the pesticides of interest, 
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(b) most (>80%) of the total personal exposure to household pesticides could 
be attri huted to indoor air, and (c) the occurrence and concent rat i ans of 
pesticides found in indoor air correlated wen with the 1evel of usage as 
determined by the presampling survey. 

The first phase of the full NOPES project was conducted during August 
and September 1986 in Jacksonville. There will be subsequent samplings 
during March - May 1987 and during January • March 1988. Of 267 households 
screened, 66 were sampled (five short of the goal of 70). Duplicate (simul
taneous) samples were taken at six of these, triplicates at three, and repli 
cates (two different days) at nine. A similar number of households are 
scheduled for sampling during the next two sessions. Some of these house
holds will be monitored once in each of the three seasons. while the remain
der will be sampled once or twice in one season only. Stratification of the 
participating households provides for 50% high-use, 30% medium-use and 20% 
low-use. A total of 864 samples (804 air, 18 dermal, 18 drinking water and 24 
field blanks) should be taken in Jacksonville. The Springfield/Chicopee 
study will be smaller, encompassing 8S residences over two seasons. 

In addition to direct measurements of air, water and derma1 exposure, an 
attempt wi 11 be made to estimate dietary exposures to the same pesticides. 
For this purpose, dietary recall questionnaires will be administered and 
pesticide residues published by the U.S. Food and Drug Administration as part 
of its annual Total Diet Study will be used. 

As of this writing. the analytical results from about 95% of the 256 
samples collected in 75 Jacksonville homes are available in partially reduced 
form. The air monitoring results for the five most prevalent pesticides are 
given in Table II. These results are comparable with those found in the nine
home pi1ot study (2). The higher mean concentration and relatively fewer 
positive findings of technica1 ch,ordane may be the resu1t of more rigorous 
quality control procedures instituted for the full study. The stricter QA 
resulted in higher detection limits anti reqllired more posith•e confirmation 
of the multicomponent mixture. As in the pilot study, no pesticides have 
been detected in tap water samples ana1yzed to date, Results of dermal and 
respiratory exposure measurements are incomplete as of this writing. 
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Table 1: 	 Summary of pesticides found in air durjng Jacksonville pi1ot study, 
August 1985. 

Number of 	Households at Which Detected in Air 

Pesticide 	 Indoors Outdoors Respiratory 

Chlorpyr1fos 9 7 8
Diazinon 8 7 	 6
Chlordane 7 3 	 6 
Propoxur 	 7 4 6
Heptachlor 7 5 6 
~~Nonachlor 6 3 5
Lindane 6 2 	 3 
Heptachlor £poxide 	 6 2 3
Aldrin 6 4 	 3 
o~Pheny1pheno' 4 4
lJ; eldri n 5 

4 5
Capt an 5 

5 
2 4 

Fol pet 5 4 4 
Oxychlordane 5 2 1 
Malathion 14 	 2 
Bendiocarb 	 l 43
a-BHC 	 2 33
Ronnel 	 1 33 
Ch l orotha 1 onil 	 3 3 1 
Pentachlorophenol 	 2 1 0 
Dich1orvos 1 l 	 1 
Di COfol 	 2 01
Methoxychl or 1 1 0 
£.·£.'-DDT 1 0 0 
~-Permethri n 0 1 1 
~-Permethr1n 0 1 0 
Resmethrin 	 0 00
Carbaryl 0 0 0 
2,4-0 Esters 0 0 0 
Atrazine 0 0 0 
Oacthal 0 0 0 
Polychlorinated Biphenyls 0 0 0 
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Table 2: Summary of positive findings for most prevalent pesticides found 
in air during the Jacksonville ful1 study, August 1986. 

Air Concentration, µg/rn3 

Personal 
Pesticide Indoor Outdoor Exposure 

Chl orpyri fos 	 Range 0.013 to 2.2 0.012 to 0.21 0.014 to 2.8 
Meana 0.39 0.043 0.34 
Posit 1 veb 69 23 66 

Diazinon 	 Range 0.059 to 13.7 0.066 to 0.29 0.056 to 4.7 
Mean 1.0 0.15 0.63 
Positive 42 4 41 

Propoxur 	 Range 0.019 to 7.9 0.026 to 0.29 0.022 to 3.9 
Mean 0.46 0.092 0.29 
Positive 53 8 51 

Technical 
Chlordane Range 0.19 to 3.0 0.21 to 0.63 0.17 to 1. 3 

Mean o. 78 0.37 0.61 
Positive 29 7 25 

Heptachlor 	 Range 0.016 to 1.6 0.021 to 0.63 0,018 to 1.6 
Mean 0,39 0.20 0.38 
Positive 29 10 25 

a 	 Arithmetic value of all positlve measurements. 

b 	 Number of dwellings of 75 monitored for which at least one sample contained 
detectable levels of the indicated pesticide. 
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COMPARISON OF ESTIMATED AND ACTUAL PCB VAPOR EXPOSURE DUR ING A SOIL 
EXCAVATION PROJECT 

James Neely, CIH and Colin Moy 
Ecology and Environment, Inc. 
160 Spear Street 
San Francisco, CA 94105 

A risk assessment was conducted for a chemical processing pl ant 
which had used the PCBs Aroclor 1248 and 1254 in its heat exchange 
fluids. Concentrations of vaporized PCBs were measured at levels one to 
two orders of magnitude greater than had been calculated in the risk 
assessment. Further, the PCBs detected consisted of the 1ighter Arocl or 
1232 or a related compound. Because dust was shown to be adequately 
controlled, the discrepancy between projected and actual vapor-phase PCBs 
could. only be explained by the unforseen formation of lighter, more 
volatile PCB species from partial evaporation of Aroclor 1248 and 1254, 
or failure to detect Aroclor 1232 on the original soil samples. Partial 
photolysis of the heavier PCBs could also contribute to the fonnatlon of 
the lower chlorinated PCBs detected in air. 

In conducting risk assessments for the removal of soil contaminated 
with ~he most common PCB products 1248 and 1254, the study results show 
that it is prudent to use on-site air mon Hori ng or other confirmation 
techniques to ensure the health and safety of workers and the public 
during excavation. The need to further investigate health implications 
of photolysis products, particularly dibenzofurans, is also ident1fied. 
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Background 

The hazardous waste faci1 ity discussed in this report was a 
chemical processing p1 ant wt\ ich ut i 1 i zed heat-exchange fluids containing 
PCB 1248 and 1254. Following demolition of the p1 ant, it was determined 
that the original PCB products or residuals had apparently leaked into 
surface soils throughout the 3-acre site. Soil was sampled based on a 
grid pattern that divided the site into roughly equivalent sections. 
Sampling was continuous, from surface to 6-foot depths, and analysis 
continued until the vertical extent of contamination was resolved. 
Additional surface samples were collected and analyzed to delineate the 
areal extent of contamination. A total of 321 samples were analyzed. 

Soil Analyses 

Soil samples were analyzed at a laboratory certified by the State of 
California for hazardous-waste analyses, The contents of each sampling 
sleeve was homogenized and a portion of the the soil sample was extracted 
with pure hexane and shaken. Sodium sulfate was also added to absorb 
moisture and promote mixing. The extract was then analyzed directly 
without a Florisil clean-up step. EPA Method No. 8080 was followed, 
as were all required qual Hy-control protoco1s. Up to 11 of the Aroc1or 
peaks were used to quantitate the sample. Aroclor type was identified 
by matching peak patterns and retention times to internal standards. The 
results of this sampling program revealed that site soils contained 
variable concentrations of PCBs. The average PCB leve1 in the most 
heavily contaminated soils located within 12 inches of the surface was 326 
ppm, with a range of <l ppm to 4,400 ppm. The chromatograph from son 
samples most closely approximated PCB 1254 (see Figure 1). 

Exposure Guidelines 

For worker exposure to PCBs, the California OSHA 8-hour Time Weighted 
Average (TWA) Permissible Exposure Leve1 (PEL) as we11 as the Prnerican 
Conference of Governmental Industrial Hygienists' TWA Threshold Limit 
Value (TLV) are the same: 1.0 mg/m3 for PCBs containing 42% chlorine by 
weight (PCB 1242), and 0.5 mg/m3 for PCBs containing 54% chlorine (PCB 
1254). The National Institutes for Occupational Safety and Health, citing 
the potential for carcinogenic effects from PCBs, has established a 
recommended exposure guideline of 1 ug/m3 (0.001 mg/m3) as a 10-hour 
TWA for any PCB exposure. 

A risk assessment was performed to evaluate potential health hazards 
arising from direct and indirect human exposure to the site. Because 
there are no standards for allowable levels of PCBs in outdoor air, the 
risk assessment proposed a safe exposure guideline of 0.101 ug/m3 for 
off-site community exposures, based on a ca1cu1ated allowable daily i~take 
of 2.5 ug/day. This guideline was extrapo1ated from a mortality study (1) 
and was designed to maintain a lifetime risk of cancer at less than
10-s. 
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Exposure Estimation 

PCBs in soils may reside in the vapor, liquid, or adsorbed phase.
Direct evaporation from surface soils, diffusion of vapors from underlying 
strata, and wind-born dust may result in· airborne exposures. Many
physical and chemical properties of the soil and the contaminant, as well 
as external environmental factors, affect the rate of evaporation.
Examples of physical properties of soils include tortuosity, porosity, and 
expos~d surface area. Chemical properties include moisture content, 
org~n1c carbon content, vapor pressure, and solubility. Important
environmental factors include insolation, temperature, and wind speed (2). 

~n determining vapor emissions, rate-1 imiting parameters such as 
organic carbon adsorption and effective pore space are ignored when 
developing worst-case exposure assessments. The authors of the risk 
~sses~ment applied Henry's Law in estimating vapor exposure levels in the 
1mmed1ate site vicinity. 

According to Henry's Law; 

Cv = He Cl 

He= 1.73 X 10-7 (3) 

Cl = 326 X lQ-6 g PCBs/g soil-water) X (MW water/MW PCBs) 

Cv = 2.3 X io-12 mole fractions 

Using the above values and Henry's Law, one cal cul ates tha\ the 
near-surface contamination will contribute 0.022 ug PCBs/M of 
air, 

Air Sampl i ng_ 

An air-sampling station was positioned at each of the four perimeters
of the site. Depending upon wind direction and locations of site 
activities, these stations were moved along each perimeter. The 
air-sampling pumps (VWR Model 54906) were operated whenever any type of 
w~rk took place at the site. Samples were drawn at a fixed rate (3.5-4.0
liters per minute) through a 37-mm glass-fiber filter~ followed by 400/200 
mg Florisil tubes (custom.:.ordered through SKC Inc.). The air-sampling 
pumps were calibrated daily using a bubble meter. Rotameters were 
attached to the pumps; the position of the float was marked during each 
calibration. Flow rates were then periodically checked and adjusted. 

Sample-collect '\on procedures were based on estab1 i shed NIOSH 
protocols for PCB air sampling (Method 5503) with modification of the tube 
and filter size to increase the fl ow rates and thereby reduce detect ion 
limits. This method has been validated (4). 
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Personal air-sample pumps were used to evaluate exposure of equiJ:l11ent 
operators to PCBs. Two types of pumps were used: a medium-flow (MSA) 
portable pump using the same glass-fiber filter and Florisil tube as the 
perimeter sampling pumps; and a low-volume pump (SKC or Sipp in) using the 
fi1ter and tube sizes specified in NIOSH Method 5503. The breathing-zone 
samplers were worn by workers throughout their daily shifts. 

A total of 72 area samples and 11 employee breathing-zone samples 
were collected. The front sect ion of the Floris i l sampling sorbent and 
the filter were extracted together and analyzed by a Varian 6500 gas 
chromatograph with an electron-capture detector and a mixed-phase column 
at an isothermal temperature of 200°C. The procedure is described in 
NIOSH Method 5503. Aroclor standards and hexane blanks were analyzed 
periodically during sample tests as required by the method's quality
control protocols. Similar quantitation and identification methods were 
repeated from the soil testing. 

Dust Monitoring 

Dust was monitored with a GCA Miniram direct-reading aerosol monitor 
(detection limit of 0.001 mg/m3) at upwind and downwind positions 
throughout the site. If the wind was negligible, readings were taken at 
each of the four perimeters. Readings were taken approximate1y every 30 
to 60 minutes throughout the shift. Downwind readings were c001 pared to 
upwind readings to see how much dust on-site activities generated. 

Wind speed and direct ion were al so measured, with a wind vane and 
anemometer placed on a six-meter pole at the perimeter of the site. 

Results 

Analytical results of the PCB air samples showed significant1y higher 
levels of PCB vapors than had been estimated in the risk assessment. 
Downwind concentrations averaged ,563 ug/m3, with a median concentration 
of .768 ug/m3. Employee exposure levels (large tube and filter samples) 
averaged 1.845 ug/m3 with a median of 2.180 ug/m3. In addition, 
results were being reported as PCB 1232, based on the chromatographic 
cooipari son to standards, rather than the expected PCBs 1248 and 1254 (see 
Figure 2). Throughout the project, dust readings on the aerosol monitor 
were insignificant. The emissions were therefore believed to be associ· 
ated with PCB vapor. This assumption was confirmed by analyzing filter 
and tube sections separately. Three of the four samples analyzed 
contained PCBs in the front section only. 

Discussion 

Risk analysis and estimation are valuable methods of assessing 
health hazards at hazardous-waste sites. Legislative mandates for 
performing these evaluations have been incorporated into the Comprehensive 
Environmental Response, Compensation, and Liability Act (CERCLA) and its 
amendments (SARA). However, this study demonstrates the limitations 
associated with estimating risk based on available soil analysis data; 
such risk projections may not describe accurately the dynamic field 
conditions affecting overall airborne exposure levels. On-site air 
sampling is therefore a critical adjunct to the risk assessment process 
for PCB remediation. 
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Three possible reasons for detecting only PCB 1232 in ambient air at 
a site which was believed to contain only PCB 1248 and 1254 are 1) 
masking of the PCB 1232 in the soil sample chromatographs; 2) partial 
vaporization of the heavier PCB mixtures; and 3) photodecomposition of 
the heavier cogeners during soil excavation. 

Masking may occur when the concentration of the undetected species 
is much lower than the quantitated species. The analytical procedure for 
PCBs utilizes a "best fit" method of determining the cogener or cogeners 
in the sample. The peaks from each of the individual cogeners in the 
sample may be discernable if their concentrations are within an order of 
magnitude; however, the less concentrated cogeners may not be identified 
if sample dilution sufficient1y lowers their chromatographic response. 
Soils containing high levels of PCB 1248 and 1254 and low levels of PCB 
1232 could produce vapor emissions identifiable only as PCB 1232, since 
its vapor pressure is 10 to 100 times greater than PCB 1248 and 1254 (5). 

Partial evaporation of the PCB 1248 and 1254 mixtures could also 
result in vapors characterized only as PCB 1232. The more vol at il e Cl 1 
to Cl4 biphenyls which constitute 96% of PCB 1232 are also present in 
PCB 1248 and PCB 1254 at approximate concentrations of 60% and 20%, 
respectively (5). 

The need to identify adequately all of the PCB cogeners present in 
soi1s at a given site is illustrated in studies performed by Farmer, et 
al (6). In their evaluation of evaporation rates of dieldrin from soil, 
these researchers determined that extremely low soil concentrations 
(25 ppm) of this semivolatile pollutant produced a maximum saturation 
vapor density at the soil/air interface equivalent to that of the pure 
compound. 

GC/MS spectrometry (EPA Method 680) can provide better delineation 
of the various PCB cogeners than gas chromatography alone; however, the 
higher detection limits associated with the GC/MS method prevent use of 
this technique for analyzing environmental samples containing trace 
quantities of PCBs. A concentration step, involving a Florisil trap or 
similar adsorption media, could remedy the detection-1 imit constraints. 

While part i a 1 ev apor at ion of and/ or failure to detect the presence 
of PCB 1232 in the soil samples are the most likely causes for the 
disparity between the soil and air sample results, the potential 
contribution of photolysis should be examined. Photolysis has also been 
shown to produce partial dechlorination of PCBs, in addition to producing 
quaterphenyls, biphenyls and, in the case of hexachorobiphenyl, 
chlorinated dibenzofurans (5). These studies dealt with photolysis in 
water columns; measured breakdown rates were 1ess than 5% per year. 
Photolysis rates in exposed, aerated soils could be much higher. The 
health implications of exposure to photolysis break-down products 
warrants careful examination of these mechanisms. 
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GC/MI/FTIR-Improved Capability or 
New Dimension in Analyses? 

J. W. Brasch 
BATTELLE 
Columbus Division 
505 King Avenue 
Columbus, Ohio 43201-2593 

A commercially available interface between a conventional gas 
chromatograph and a conventional Fourier transform infrared spectrometer 
system provides a means to trap GC effluents in a frozen argon matrix and 
to obtain their IR spectra by reflection/absorption techniques. 
Chromatographic resolution is maintained by physical separation of the 
components in the matrix. The combination of low temperature (lQOK), 
matrix isolation (MI), and the ability to signal average for substantial 
periods of time provides spectra of exceptional quality even with 
subnanogram amounts of material. This capability reaches sensitivity 
levels commonly used in many GC/MS analyses and permits IR data to be 
correlated with GC/MS data under similar, if not identical, GC conditions. 

In addition to improved sensitivity, the MI spectral features 
are much sharper than those in ambient condensed phase spectra. This 
implies a higher level of information content in the MI spectra. This is 
indeed the case, and new possibilities for structural elucidation is one 
result. 

These points are illustrated with data from complex environ
mental samples. 
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In the course of a research project to evaluate Cryolect
performance in environmental analyses, several samples previously
analyzed by GC/MS techniques have been studied. One such sample provided 
a particularly stringent test of Cryolect performance, and the results 
clearly illustrate the potential of GC/Ml-FTIR techniques for complex,
"real world" samples. Such potential had been suggested by an earlier 
study in which MI-FTIR spectra were shown to unambiguously differentiate 
all 22 isomers of tetrachlorodibenzodioxins (1). 

A Mattson Cryolect interfaced to a Varian 3400 GC was used for 
the analysis. The following GC conditions were used: 30 m, .32 mm id, 
.25 micron coating, DB-5 column; 1% argon in helium carrier gas, 10 psi 
head pressure; injector 290, detectors 300; Initial column temp 160; hold 
3 min; 3°/min to 290; hold 30 min.; 2 µl injected (spl itless}. 

The effluent from the GC passed through a triple splitter, with 
80% of the flow going though a heated transfer line (300°c) to the cold 
disk {lloK) of the Cryolect unit. The remaining 20% of the flow was 
split equally to an FlD detector and an ECO detector. 

Infrared spectra were obtained with a Mattson Sirius 100 
spectrometer system. Initial spectra were obtained with 100 scans 
coadded, and a second group of spectra were obtained by coadding 1000 
scans. All spectra were at 4 cm-I resolution. 

The portion of the GC-run between 13 and 23 minutes is shown in 
Figure 1. The upper trace is the FlD chromatogram and the lower trace is 
the ECO chromatogram. Seven peaks are numbered in Figure 1. Data 
obtained for these peaks are as follows. 

The spectrum of Peak l is shown in Figure 2 above the MI 
reference spectrum of fluoranthene and is easily identified as such. 

From retention times and the previous GC/MS analyses, 
tetrachloro-dibenzofurans (TCDFs) and tetrachlorodibenzodioxins (TCODs) 
were expected in the 20-23 minute region. 

The infrared spectrum of Peak 2 is shown in Figure 3, above the 
MI reference spectrum of 1,3,7,9-TCDD. Again the identification is very

1obvious, along with evidence for another component (band at 1170 cm- ). 

The infrared spectrum of Peak 3 is shown in Figure 4, above the 
MI refer1nce spectrum of 1,3,.6,9-T.CD_D ..The distinct p~ttern in. the 1450
1500 cm- region makes the 1dent1f1cat10n very certain. Agarn another 
component(s) is present (bands at 1105 and 1380 cm- ), 

The infrared spectrum of Peak 4 is shown in Figure 5, above MI 
reference spectra of 1,3,7,8-TCDD and 1,2,4,8-TCDD. The peak is 
estimated to be a 60/40 mixture of the two isomers. 
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Figure 6 is the infrared spfctrum of the leading edge of Peak 5. 
With the exception of the 1405 cm· band, none of the band patterns can 
be matched to any TCDD isomers. This part of Peak 5 is almost certainly 
one or more TCDF isomers for which we have refere..nce spectra of only 10 
of the 38 isomers. The 1405 cm-1 band is due to l3c 2,3,7,8-TCDF. 

The spectrum of the tr~iling ed~e of Peak 5 is shown jn Figure 7 
above MI reference spectra of l3c and l~c 2,3,7,8-TCDF. The l3c material 
was added to the sample as an internal standard during workup for the MS 
analysis. While most of the bands in the Peak 5 spectrum are accounted 
for by the two TCDF spectra, bands at -1420 , 1210, and 950-900 cm-1 
indicate the prese..nce of other materials. The spectrum resulting from 
subtracting the l3c and 12c TCDF spectra from the Peak 5 spectrum is 
shown in Figure 8. These residual absorptions cannot be matched by any
single or combination of other TCDDs or the ten TCDF reference spectra. 
It, too, is almost certainly one or more of the 28 TCDF isomers for which 
reference spectra are not yet available. 

The infrared spectrum of Peak 6 is shown in Figure 9, above the 
MI reference spectrum of 1,2,6,8-TCDD, and is unambiguously identified as 
such. 

The infrared spectrum of Peak 7 is shown in Fig~re IO, above MI 
reference spectra for 13c and 2c 2,3,7,B-TCDD. The IC material also 
was added as an internal standard during the sample work~~· The spectra
show that a large percentage of this GC peak is the l C 2,3,7,8-TCDD 
internal standard, and that there is very little of the native 12c 
2,3,7,8-TCDD isomer present. However, the spectra also show another 
major component(H with a strong band -1460 cm-I. The result of 
subtracting the C 2,3,7,8-TCDD spectrum from the Peak 7 spectrum is 
shown in Figure 11, above MI reference spectra for 1,2,3,8-TCDD and 
3,4,6,7-TCDF. The correspondence with 1,2,3,8-TCDD bands is obvious. 
The correspondence with 3,4,6,7-TCDF is far less obvious; however, other 
work in this laboratory has proved that 3,4,6,7-TCDF coelutes with 
2,3,7,8-TCDD under these chromatographic conditions, and the 
identification can be made with confidence. 

In summary, the Cryolect data obtained on this complex
environmental sample provided the following information: 

1) 	 A typical PAH material was unambiguously identified. 

2) 	 Six TCDD isomers were identified and/or discriminated. 

3) 	 13c internal standards can be used for infrared analyses as 
they are for MS analyses, further suggesting that MI-FT~IR 
data can be used for quantitative measurements. 

4) 	 One, unresolved GC peak was shown to have 13c and 12c 
2,3,7,8-TCDD, 1,2,3,8-TCDD, and 3,4,6,7-TCDF present. GC/MS
data would be unable to discriminate the 1,2,3,8- and 
2,3,7,8-TCDD isomers. 
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S) 	 A second unresoued GC peil~ was shown to have i dent ifi able 
2,3,7,B-TCDF ( C and l C) as well as un;dentified 
component(s) whose spectra indicate one or more additional 
TCDF isomers. Again MS data could not discriminate these 
isomers. Infrared spectra of all 38 TCDF isomers would 
permit the discrimination. 
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Abstract 

The combination of gas chromatography and matrix isolation infrared 
spectrometry (GC/MI-IR) is currently being evaluated for the characterization 
of semivolatile organic compounds (SVOCs) in air. The ability of GC/MI-IR to 
distinguish between isomeric polycyclic aromatic hydrocarbons (PAHs} is demon
strated, The ability of GC/MI-IR to identify specific PAHs found 1n complex 
environmental samples is illustrated by the analysis of an extract from NBS 
standard reference material 1649 (urban dust/organic). 

Int roduct f on 

~ver the past thirty years, matrix isolation has been an 1mportant sampling 
technique for the infrared characterization of unstable, react1ve and transient 
species ll). To a lesser extent, matrix isolation infrared spectrometry (MI-IR) 
has been used for the qualitative and quantitative analysis of stable compounds 
(2). Recently, MI-IR has been comb1ned with gas chromatography for the analy
sis of complex mixtures (3). The combination of gas chromatography and matr1x 
isolation infrared spectrometry (GC/M1-CR) 1nvolves the trapping of the GC 
eff1uent in a frozen argon matrix as tt is deposited on a rotating gold-plated 
cryogenic d1sk (3). The cryogenic disk is enclosed 1n an evacuated chamber and 
is maintained at appro)(imately l4°K. Therefore the separated GC effluents 
remain frozen on the disk 1ndef1nitely and can be ana1yzed by infrared spec
trometry after the completion of the GC run. 

GC/MI-IR offers several advantages over lightp1pe-based "on-the-flyu GC/IR 
systems. The most significant advantage. ts an increase in sensftivity. This 
is realized by the ability to signal-average the infrared spectrum of the 
matrix-isolated compound from the GC effluent and by the higher concentration 
of that compound in a small cross-sectional area on the cryogenic disk. Matrix 
isolation infrared spectra also exhibit sharp spectral features. which result 
from the elimination of band broadening due to molecular rotations and inter· 
molecular interactions. Another advantage of GC/Ml-IR 1s that the separation 
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and the detection of components in a mixture are independent steps. Therefore, 
both the chromatography and the spectroscopy can be optimized. 

Efforts in our laboratory involve the development and evaluation of 
methons for the characterization of semfvolatile organic compounds (SVOCs) fn 
air. The application of GC/MI-IR to the ident1fication of target polycycl fc 
aroJTlatfc hydrocarhons (PAHs) is illustrated by the analysis of an extract of 
NBS standard reference material 1649 urban dust/organic (SRM 1649). 

Experimental Methods 

Al 1 data were obtained on a Mattson Instruments Cryol ect system. The 
Cryolect is interfaced to a Mattson Instruments Sirius 100 Fourier transform 
infrared spectrometer and a Hewlett-Packard 5890A gas chromatograph equipped 
with a flame ionization detector (FID), on-column injector, and a Hewlett
Packard 3392A integrator. GC separations were carried out using a 30 m x 0.25 
mm DB-5 fused silica capillary column with a 0.25 ~ film thickness. The GC 
oven was held at an initial temperature of 40°C for 4 min then temperature 
programmed at 8°C/min to 300°C and held at 300°C for 30 min. The effluent from 
the GC column was split approximately 5:1 between the cryogenic disk and the 
GC/FID. A weighed amount of SRM 1649 was Soxhlet-extracted for approximately 40 
h in methylene chloride. The methylene chloride extract was concentrated, the 
solvent exchanged to hexane, and then fractionated on a silica gel column. A 1 ul 
aliquot of this fractionated extract was injected into the Cryolect system. All 
infrared spectra were collected at a nominal 4 cm - I resolution and signal
averaged for 128 scans. 

Results and Discussion 

The capabilities of GC/MI-IR for the characterization of SVOCs in air are 
illustrated by the analysis of the SRM 1649 extract, for which a portion of the 
GC/FIO trace is shown in Figure 1. Previously, a reference MI-IR spectral 
library was compiled of target PAHs. The capability of MI-rn to distinguish 
between isomeric PAHs is illustrated by the comparison of the Ml-IR spectra of 
benzo[a]pyrene and benzo[e]pyrene, shown in Figure 2. Other PAH isomeric pairs, 
such as benzo[b]fluoranthene/benzo[k]fluoranthene and chrysene/triphenylene can 
also be easily distinguished by their MI-IR spectra. This is extremely important 
considering the wide range of taxi cl t 1 es and the dif f1 cul ty in separating 
and/or differentiating PAH isomers by other analytical techniques (e. 9 •• gas
chromatography/mass spectrometry). 

Several specific PAHs in the SRM 1649 extract were identified by GC/Ml-IR. 
The MI-IR spectrum of the component which elutes at 25.64 min, a retention time 
close to that expected for either phenanthrene or anthracene. is shown f n 
Figure 3a. A search of that spectrum versus the reference MI-IR spectral 
library of several PAHs clearly indentifies the component as phenanthrene and 
not anthracene (compare Figure 3a with Figures 3b and Jc). Similarly, the 
compounds eluting at 29.50 min and 30.20 min were identified as fluoranthene 
and pyrene, respectively. 
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The Ml-IR spectrum of the component eluting at 37.54 min indicates the 
presence of a compound with a carbonyl functional group. Upon closer examina
tion of its spectrum shown 1n Figure 4a, spectral features that are character
istic of benzo[b]fluoranthene are also apparent (Figure 4b). By subtracting a 
MI-IR spectrum collected at the tailing edge of the GC peak at 37.54 min from a 
MI-IR spectrum collected at the leading edge of the same peak. the presence of 
benzo[b]fluoranthene is confirmed (compare Figures Sa and Sb). By using either 
spectral subtraction or library searches, or the combination of both, the fol
lowi~g PAHs were also identified in the SRM 1549 extract: chrysene and tripheny
lene (34.28 min). benzo[e]pyrene (38.39 min) and benzo[g,h.1]perylene (44.25
min). 

Cone l us ions 

The combination of gas chromatography and matrix isolation infrared spec
trometry has been shown to be a viable technique for the identification of 
specific PAH in a complex environmental sample. The ability of GC/MI-IR to 
distinguish between isomeric PAHs gives it a tremendous advantage over other 
analytical techniques. GC/MI-IR has the capability to identify target compounds 
even 1f they are not completely chromatograph1cally separated from other com
ponents in the mixture. GC/Ml-IR also has the sensitivity required for the 
detection of the trace amounts of pollutants typically found in environmental 
samples. The combination of molecular specificity and high sensitivity indi
cates a great potential for the utilization of GC/MI-IR for the analysis of 
complex environmental samples. 
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SUPERCRITICAL FLUID EXTRACTION AND RECOVERY 
OF PAH FROM AIR-BORNE PARTICULATES 

Steven B. Hawthorne and David J. Mi Iler 
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Grand Forks, North Dakota 58202 

Supercritical fluid extraction of PAH from particulates has several 
potential advantages over traditional methods such as Soxhlet 
extraction and son I cation with I I quid solvents. The solvent strengths 
of supercritical fluids can equal or surpass those of I iquids, and can 
eas! ly be control led by choice of the supercritical fluid, the 
extraction pressure, or the addition of solvent modifiers. Many 
supercritical fluids are gases at room temperature which simplifies 
ana I yte concentration steps, We heve deve I oped methodology for the 
supercrltlcel fluid extraction of PAH from particulate samples that 
yields good recovery, requires only smal I (1-50 mgl samples, and Is 
simple and rapid to perform, Supercrrtlcal ethane, C02, and NzO (with 
and without 5% methanol modifier) have been evaluated for their abl I lty 
to extract PAH from urban dust and fly esh. The most effective 
supercritical fluid CN20 with 5% methanol modifier by volume) yielded 
quantitative recovery of PAH from urban dust CSRM 1649) in as I ittle as 
30 minutes. In general, 60 minute extrections of PAH from fly ash with 
supercritical N20/5$ me1hanol gave better recoveries than tour hours of 
sonlcatlon or eight hours of Soxhlet extraction using either b nzene or 
methylene chloride. A method for the direct coupling of the 
supercritical f luld extraction step with GC/MS and GC/FID has also been 
developed thet al lows for maximum sensitivity by transferring al I of 
the extracted analytes directly into the gas chromatographic column tor 
cryogenic trapping prior to gas chromatographic analysis. Analysis of 
PAHs from urban dust CSRM 1649) using coupled supercritical fluid 
extraction wt h GC/MS gave good agreement with certified values. 
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Introduction 

The rapid and accurate ident i ti cat ion and quantl tat ion of organic 
species associated with air-borne particulates is often I imited by the 
extraction and recovery methods required prior to chromatographic 
analysis. Traditional extraction techniques generally require large 
volumes of ultra-pure I I quid solvents and several hours of sonication 
or extraction in a Soxhlet apparatus. After extraction, concentration 
steps are genera I I y required, which increases the ti me required for 
analysis and may lead to analyte loss or degradation. Supercritical 
fluid extractions have recently been reported to be a powerful 
alternative method for the extraction and recovery of organic analytes 
such as polycyclic aromatic hydrocarbons CPAHs) from sol id samplesl,2. 
Supercritical fluids can have solvent strengths that equal or surpass 
those of I lquld solvents, and the solvent strength can easily be varied 
by changing the extraction pressure (and therefore, the fluid density> 
or by the addition of a polarity modifier such as methandl. Since many 
supercritical fluids are gases at room temperature, analyte 
concentration steps are simplified and the direct coupling of the 
supercritical fluid extraction step with capi I lary gas chromatography 
is feasible. 

This report describes the development and use of supercritical fluid 
extractions CSFEl tor the extraction and recovery of organic analytes 
from air-borne particulates. The abi I ities of several supercrlticel 
fluids to extract PAHs from urban dust and fly ash ere compared with 
each other as wel I as with I iquid solvent extractions using sonlcatlon 
and Soxhlet extraction. A method is also presented tor the direct 
coupling of the supercritical fluid extraction step with capi I lary gas 
chromatography <SFE-GC>. SFE and coupled SFE-GC were used for the 
extraction of PAHs from National Bureau of Standards SRM 1649 (urban 
dust) and quantitative values obtained using GC/MS analysts are 
compared with the certified concentrations. 

Experimental Methods 

Supercritical fluid extractions were performed using en SFT Model 
250-TMP supercritical fluid pump (Lee Scientific, Inc.). Five percent 
by volume methanol modified C02 and N20 were prepared by pipetting 
methanol Into to the empty pump, then fl I I Ing the pump with I lquid C02 
<or N20). <Caution, since N20 ls an oxidant, extractions of lerge 
quant It Ies of eas i I y ox id I zed mater I a Is may represent an exp Ios ion 
hazard and should be avoided. As an added precaution for this study, a 
pressure relief valve set to vent at 400 atm was instel led at the top 
of the pump so that both the pump and extraction eel Is could be rapidly 
vented.) Extraction cells were constructed from stainless steel 
fittings (Parker brand) and consisted of a 1/16 In. female llPT X 1/16 
in. tubing union, a 0,5 1-1m stainless steel frlt, and a 1/16 in. male 
NPT X 1/16 in. tubing union. Supercritical pressures were maintained 
Inside the extraction cells by using 15 to 30 µm i.d. X 150 JIM o.d, 
fused silica capillary tubing for outlet restrlctors. Tempereture wes 
maintained during extrectlon by Inserting the eel I Into e thermostatted 
tube heater. The spec les extracted dur Ing SFE were collected by 
Inserting the outlet restrictor into a vial containing 2 ml methylene 
chloride and 0.5 µg of 4,4' -dlchloroblphenyl as an Internal standard. 
PAH quant i tat Ions were per formed us Ing a Hew Iett-Packerd Mode I 59858 
GC/MS In the selected ion monitoring <SIM) mode. 
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The direct coupling of the supercritical fluid extraction step with 
the gas chromatographic column was achieved by inserting the SFE outlet 
restrictor capi I lary directly Into the gas chromatographic column 
through the on-column injection port. Extracted species were 
cryogenical ly trapped in the gas chromatographic column which was held 
at 5oC. After the extract ion was completed, the restr ictor capi 11 ary 
was withdrawn from the injector and gas chromatographic analysis was 
performed in a normal manner. 

Results 

A comparison of the abi I !ties of supercritical ethane, C02, N20• 
C02/5% methanol, and N20/5% methanol to extract PAHs from urban dust 
and fly ash Is given In Table I. Tripi icate extractions were performed 
at 300 atm wIth each f I u Id of urban dust and t J y ash at 45oC Cfor the 
pure fluids> or 65oc (for the methanol modified solvents). The 
recovery of PAHs from the urban dust (20 mg samples> was based on the 
values certified by NBS. PAH recovery from fly ash (50 mg samples) 
was based on deuterated spikes <2 pg/g each of dio-phenanthrene, d1o
pyrene, and d12-peryiene). Extraction conditions were purposely chosen 
(i.e., 30 min extractions using a 20 µm l.d. outlet restrictor) to 
yield less than quantitative recovery in order that comparisons between 
the different supercritical fluids could be made. The results of the 
comparative extractions CTable I> show that the methanol modified 
solvents yielded better recovery of the PAHs from both the urban dust 
and t Iy ash. The rep I I cate extract Ions showed good reproduc I b 11 Ity. 
Lower molecular weight species were more easl ly extracted than higher 
molecular weight species In every case, as would be expected based on 
the higher solubility of the lower molecular weight species. 

A comparison between the extraction efficiencies obtained for PAHs 
from fly ash using the best supercritical fluid tested, N20/5% 
methanol, and those obtained using sonication and Soxhlet extraction ls 
shown In Figure l. Supercritical fluid extractions were performed at 
350 atm for an hour using a 30 )Jm l.d. outlet restrictor, Soxhlet 
extractions were performed for 8 hours using 1-gram samples and 50 ml 
solvent. Sonlcatlon extractions were performed using 0.5-gram samples 
for 4 hours with 10 nt. solvent (4,4' -dlchloroblphenyl was used as an 
Internal standard In each case). Figure 1 shows that. In most cases, 
the supercritical fluid extraction gave better PAH recovery in 1 hour 
than either 4 hours of sonlcatlon or 8 hours of Soxhlet extraction. 
Sonlcatlon did not yield better recovery of any of the PAHs, whl le 
Soxhlet extractions yielded better recovery only of the dt2-perylene. 

The use of coupled SFE-GC/MS Is demonstrated In Figure 2 by the 
analysis of organics from cigarette ash. A 2-mg sample was extracted 
for 10 min with 300 atm N20 and the extracted organics were 
cryogenlcally trapped in the chromatographic column <60 m X 250 ~m l.d. 
08-5) as described above. As shown by Figure 2, reasonable 
chromatographic peak shapes were obtained using the coupled SFE-GC 
technique. The total extraction and analysis time was 40 min. 

Coupled SFE-GC/MS was also used to demonstrate the potential for 
class-selective extractions using supercrltlcal f lulds. A 1-mg sample 
of urban dust <SRM 1649) wes extracted with 75 atm N10 for 5 min 
(extraction I> ·with the extracted species being collected directly In 
the gas chromatographic column as described ebove. After the SFE-GC/MS
analysts of this first extrect was completed, a second extraction of 
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the same samp1e was performed using 300 atm NzO for 15 min. As shown 
in Table 11, most of the alkanes were extracted during the 75 atm 
extraction, while most of the PAHs were not extracted until the 300 atm 
extraction. These initial results demonstrate that the coupled SFE-GC 
technique can be used to perform class-selective extractions 'olithout 
the need for any intermediate sample collection and class
fractionation steps between the extraction and the introductton Into 
the chromatographic column. 

The abi I fty of SFE and SFE-GC/MS analysis to yield quantitative 
recovery of PAHs from ~BS 1649 (urban dustl is shown in Table I I I. The 
SfE extraction was performed for 30 min with 300 atm ot N20/5S methanol 
£30 }Jm restr ictor). Extracted PAHs were collected in methy I ane 
chloride and analyzed as described above. Coupled SFE-GC/MS analysis 
was performed using 20 min extractions with 350 atm of N20 with the 
extracted species being collected directly in a 30 m X 320 )Jffl i .d. DB-5 
gas chromatographic column. As shown in Table I 11, both the SFE and 
the coupled SFE-GC/MS techniques gave g()(ld agreement with the certified 
values demonstrating the ability of both techniques to yield 
quantitative data. 

Conclusions 

Supercritical fluid extractions can be used to obtain high 
extract ion ett icler.cles of PAHs from air-borne par1 i cu I ates in an 
order-of-magnitude faster tfme than tradltional f fquid solvent 
ex.tract Ion mett'lods. Coup\ ing the supi>rc;it!c.a\ t tu id eldrac.i' ion s-tep 
directly with on-column trapping of extracted analytes CSFE-GCl can 
yield quantitative results 'olith a total eKtraction and analysis time of 
less than 1 hour. Coupled SFE-GC has an additional advantage in that 
extracted analytes ari:I quantitatively transferred into the gas 
chromatographic column thus yielding maximum sensitivity with minlmal 
sample size. 
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Table I 
Comparison of Different Supercritical Fluids for the 


Recovery of PAH from Urban and Fly Ash 


Percent Recovery from Urban Oust 

fluoranthene 
benz[a]anthracene 
benzo[a]pyrene 
benzo[ghi]perylene 
indeno[1,2,3-cd]

53 
48 
17 
14 
15 

79 
86 
33 
17 
20 

101 
104 
40 
22 
26 

103 
102 
62 
29 
34 

100 
101 
86 
39 
43 

pyrene 
Percent Recovery 

ethane C02 N20 
from Fly A
C02/MeOH 

sh 
N20/Me0H 

d10-phenanthrene 
d11-pyrene 
d12-perylene 

33 
8 

27 
8 
1 

42 
12 

I 

58 
23 

3 

66 
41 

4 

Table l I 
Class-Selective Extraction of Alkanes and PAHs 

From Urban Dust Using Coupled SFE-GC/MS 

Percent In Fraction 
Extraction 1 Extraction 2 

75 atm NzO 300 atm NzO 
n-alkanes 
Cz2 95 5 
Cz3 94 6 
C24 96 4 
Cz5 92 8 
Cz5 89 11 
PAHs 
phenanthrene 38 62 
fluoranthene 36 64 
pyrene 34 66 
benz[a]anthracene 21 79 
benzo[a]pyrene 2 98 
indeno[l,2,3-cd]pyrene ND >95 
benzo[ghi]perylene ND >95 

Table 111 

Quantitatlon of PAHs from NBS SRM 1649 <Urban Dust> Using 


Supercritical Nz0/5% Methanol Extraction and Coupled SFE-GC/MS 


Concentrat Ion CJ.Jg/g) 
Certified Supercritical Coupled 
Valuea N20/5J MeQHb SFE-GC/MSC 

fluoranthene 7.1 ±Q,5 7,4±0,4 7.3 ± 1.0 
benz[a]anthracene 2.6±0.3 2.5±0,3 2.6 ± 0.8 
benzo[aJpr rene 2.9 ± 0.5 2.9 ± 0.2 2.8 ± 0.5 
benzo[ghlJperylene 4,5±1.1 3.2 ± 0.2 3,6±0,9 
indeno[l,2,3-cd]-pyrene 3.3 ± 0.5 2.3 ± 0.2 3.0±Q,5 

!Value certified by the National Bureau of Standards. 
bsased on trip! icate extractions of 20-mg samples. 
caased on four repl lcate analyses of 2-mg samples. 
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Figure I. Recovery of PAHs from fly ash using supercritical Nz0/5% 
methanol extraction for 1 hour, Soxhlet extraction with methylene 
chloride and benzene for 8 hours, and sonication with methylene 
chloride and benzene for 4 hours. 
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Figure 2. Coupled SFE-GC/MS analysts of a 2-mg sample of cigarette 
ash. Total extraction and analysis time was 40 min. Tentative 
identifications were based on their mass spectra. 
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Several types of source samples have been analysed by 
packed co umn supercritical fluid chromatography for 
polycyclic aromatic hydrocarbons. The SFC-variable 
wavelength UV detector combination provides rapid analyses , 
high sp cificity, and moderate chromatographic resolution 
at low separation temperatures. How v r, low detector 
sensitivity makes analysis of ambient air amples difficult. 
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ANALYSIS OF AIR PARTICULATE SAMPLES 
BY SUPERCRITICAL FLUID CHROMATOGRAPHY 

Introduction 

The Environmental Monitoring Systems Laboratory of the 
Environmental Protection Agency continually seeks to apply 
new techniques to measure air pollutants. This paper will 
describe some of our continuing work to apply packed column 
supercritical fluid chromatography to analyze trace organic 
compounds in air particulate samples. 

Experimental Methods 

Equipment 

The packed column chromatograph is a Hewlett-Packard 
Model 1082B Liquid Chromatograph equipped with two high 
pressure solvent pumps, a manual valve injector, a heated 
column oven, and a programmable variable-wavelength UV 
detector. Factory-installed options (1) to permit the use 
of supercritical fluids as mobile phases are as follows: 
the pumpheads are insulated and cooled by a circulating 
ethylene glycol-water mixture at -20C. A heat exchanger is 
placed between the column and detector to eliminate light 
scattering caused by the turbidity of supercritical fluids. 
The flow cell in the UV detector has thick windows to permit 
high pressure operation. System pressure is maintained by a 
precision back-pressure regulator installed after the UV 
detector. Finally, system pressure is monitored by two 
pressure gauges: one measures column head pressure before 
the valve injector; the other measures system pressure after 
the UV detector. 

A Vydac TP 201 octadecylsilane (ODS) HPLC column was 
used in this work. Solvents were pesticide quality or 
equivalent. "SFC Grade" carbon dioxide was purchased from 
Scott Specialty Gases, Inc. Methanol-carbon dioxide 
mixtures were prepared by weight in a 1-liter stainless 
steel sampling cylinder. 

When separations required gradient elutions, the 
chromatograph was programmed to change the mobile phase 
composition linearly from 1% to 10% methanol/carbon dioxide 
(w/w). The column oven temperature was set at 65C. The 
variable-wavelength UV detector was programmed to change 
monitoring wavelengths at preset times to allow selective 
detection of each component. Peaks from unknown samples 
were tentatively identified by comparison of retention times 
at specific wavelengths with those obtained from standard 
solutions. Quantitation was performed by mapual 
measurements of peak heights, since high noise levels made 
the instrument integrator somewhat unreliable. 

Attempts were made to install a flame ionization 
detector (FID) onto the chromatograph. Accordingly, varying 
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lengths of 5-, 10-, and 20-micrometer ID fused-silica 
capillary tubing (Scientific Glass Engineering, Austin, TX) 
were connected to the column outlet to provide flow 
restriction and to maintain system pressure above the 
critical pressure; the free ends were inserted into the 
flame tip of the FID. Flow rates greater than 0.2 mL/min of 
liquid carbon dioxide either overpressurized the system or 
snuffed the flame. The instrument was unable to provide 
stable flow rates less than 0.2 mL/min. 

Sample Extraction and Cleanup 

Samples of National Bureau of Standards (NBS) SRM 1648 
(Urban Particulate Matter) were weighed into pre-extracted 
cellulose extraction thimbles and extracted with methylene 
chloride for 16-24 hours in a Soxhlet extractor. The 
resulting solutions were concentrated and solvent-exchanged 
into hexane. Aliquots of extracts supplied in methylene 
chloride were solvent-exchanged into hexane. Extracts were 
fractionated by column chromatography over silica gel. 
Standard mixtures were eluted quantitatively with 1/1 
methylene chloride/hexane. Chromatograms of unknown samples 
were free of obvious interferences. 

Results and Discussion 

The polycyclic aromatic hydrocarbons (PAH) used as 
reference standards in this work are shown in Table I. 
These PAH have from 3 to 7 fused aromatic rings and have 
molecular weights ranging from 178 to 300. Each is 
frequently found in air particulate samples; several are 
proven or suspect carcinogens or mutagens. 

The PAH fraction from SRM 1648, "Urban Particulate 
Matter'' is shown in Figure 1. This SRM was collected in St. 
Louis, MO, and is certified for various inorganic 
constituents. Concentrations for individual PAH compared 
favorably to the values obtained by Wise and co-workers 
(2), The large amounts of sample used and the high noise 
levels shown in the chromatogram indicate that the packed
column SFC-variable wavelength UV detector combination may 
not be well suited to trace organic analysis in ambient 
air. 

Chromatograms from source samples are shown in Figures 
2 through 4. Figure 2 shows PAH in the particulate fraction 
from the exhaust of a Volkswagen Rabbit diesel engine. The 
pyrene peak represents nearly 14,000 ug per gram 
particulate. Higher molecular weight components are present 
in significant quantities. The coronene concentration is 
approximately 500 ug per gram particulate. For comparison 
the chromatogram of a gasoline-powered engine is shown in 
Figure 3. The pyrene peak represents approximately 1000 ug 
per gram particulate. Coronene is present to the extent of 
about 600 ug/gram particulate. 
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To obtain the chromatograms shown in Figure 4, flue 
gases from wood stoves were collected using a modified 
Method 5 sampling train. Particulate matter was sampled on 
a filter. More volatile constituents passed through the 
filter and were trapped on an XAD-2 cartridge. The 
chromatograms clearly show that the filter trapped the 
higher molecular weight hydrocarbons, as expected, and that 
the XAD-2 trapped the more volatile PAH. 

Conclusions 

Several types of air particulate samples have been 
successfully analyzed for polycyclic aromatic hydrocarbons 
by packed-column supercritical fluid chromatography. The 
cleanup scheme provides effective purification and high 
recoveries of PAH. The packed column SFC in combination 
with its variable wavelength UV detector yields rapid 
analyses, with moderate chromatographic resolution at low 
oven temperatures. However, low detector sensitivity makes 
analysis of ambient air samples difficult. 
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PAH Reference Compounds 

Anthracene Fluoranthene 
Pyrene Chrysene 
Benz[a]anthracene Benzo[a)pyrene 
Benzo[e]pyrene Benzo[b]fluoranthene 
Benzo[g,h,i]perylene Coronene 

Table I. PAH used in this work 

72 




C) 

';., Pyr .,
"'ii n 

r.i • 

~ '/ 
.f 

BaA 

,..,tl• 

... 
('\ 

Bbf' 
fir 

.. 
f~,. 
.,·= 

BeP 

., 
". .. 
C) !l 

BaP t 
BghiP 

Figure 1. Chromatogram of SRM 1648 

Pyr 

...... 
Bbf' 
(j 

1
• BeP,, 

t. 

~ BoP
• ...r; 

,. ,, 
Q 

I. ~' ... 

BaA 

SRM 1648, 0.5798 9 
Flash Chromatography 
Vydoc-005 
288 Bar 
65 c 
1% to 10" MeOH 
2 ml/min 

..t • 
•o.. 

Car 

extract 

WI Rabbit - Diesel 
Flash Chromatography 
Vydoc-ODS 
285 Bar 
65 c 
1 " to 1OX MeOH 
2 ml/min 

Cor 

Figure 2. Chromatogram of VW-Rabbit diesel exhaust extract 

73 



Pyr Ford Van - Gasoline 

,, . T Flash Chromatography
t. 

Vydac-005
n "' BoP 

285 Bar 
Ill 
M ~ l . 65 c ... 

1 X to 1OX MeOH 
2 ml/min 

BghiP 

BbF 

Cor 

Figure 3. Chromatogram of Ford van gasoline exhaust extract 

Wood Smoke Extracts 
Flash Chromatography 
Vydoc-ODS 
288 Bar 
65 c 
Carbon Dioxide 

Fir Density ..0.8, 2 ml/min 
Pyr 

~ 

a 
,; 

'.: ' BoA
SaA ·~1' 

BbFl . ~ 
" I B•P 

., I BoP 

.. ~ 'I .. ;... ~ .. ~ ...." 
Standards XAD-2 Filter 

Figure 4. Chromatograms of wood stove emission extracts 

74 



Mobile Sources of Polycyclic Aromatic Hydrocarbons 
(PAH) and Nitro-PAH: Results of Samples Collected 
in a Roadway Tunnel, 

Bruce A. Benner, Jr. and Glen E. Gordon 
Department of Chemistry and Biochemistry 
University of Maryland 
College Park, MD 20742 

Stephen A. Wise 
Organic Analytical Research Division 
Center For Analytical Chemistry 
National Bureau of Standards 
Gaithersburg, MD 20899 

A recent review article [1) emphasized the need for further 
characterizations of the carbonaceous fraction of mobile source 
emissions, particularly with the impending removal of lead alkyl octane 
boosters and bromine-containing lead scavengers from regular leaded 
gasolines. The lead and bromine emitted from the combustion of these 
fuels have been used as tracers of mobile source emissions for a number 
of years. Single vehicle emission studies have shed light on the 
relationship between engine operating parameters and the chemical 
characteristics of the emissions but they are not suitable for use in 
source apportionment studies which require emission data from a large 
number of different vehicles. Air particulate samples collected near a 
busy highway or in a roadway tunnel would be more appropriate for use 
in estimating the mobile source contribution of organic compounds to a 
region. 

Suspended particle samples collected in a heavily-travelled 
roadway tunnel (Baltimore Harbor Tunnel, Baltimore, Maryland) were 
characterized for polycyclic aromatic hydrocarbons (PAH) and some 
nitro-PAH by gas and liquid chromatographic techniques. These samples 
included those collected on Teflon filters and on glass fiber filters 
for investigating any differences in samples collected on an inert 
(Teflon) and more reactive (glass-fiber) medium. All samples collected 
on Teflon were backed-up with polyurethane foam plugs (PUF) which 
trapped any inherent vapor-phase PAH as well as any compounds "blown
off" the particles during collection. Par1:icle loadings in the tunnel 
were high enough for sufficient sample to be collected in 1 h periods 
(approx 50 m3 volume collected) so that relationships between the 
composition of the emissions and the types of vehicles using the tunnel 
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might be investigated. Two background air samples (Teflon filters + 
PUFs) were also collected for comparison of samples resulting from a 
mixture of stationary and mobile sources with those purely from mobile 
sources. 
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This study evaluated, under field conditions, the ability of 
the multi-sorbent sampling tube thermal desorption technique 
to identify and to provide quantitative data on selected 
volatile organic contaminants in indoor air and to provide 
information on typical levels of these pollutants in the air 
of homes compared to ambient air at the same location. Air 
samplers containing multi-sorbent tubes attached to air 
sampling pumps set at different flow rates were used to 
collect air samples at twelve homes. The sorbent tubes were 
analysed by thermal desorption coupled with gas 
chromatography-mass spectrometry. The precision and 
accuracy of the method under field conditions and the 
stability of the organic contaminants during storage of the 
sorbent tubes are evaluated. Typical results are discussed 
together with some difficulties encountered in the analyses. 
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JNTRODUCTION 

The adsorption/thermal desorption technique (ATD) has 
been widely used, because of its potential sensitivity, for 
the analysis of trace levels of organic compounds in air. 
Many studies have used Tenax as the trapping media (1-3). 
However, we have previously reported on a laboratory 
evaluation of a multi-layer adsorption tube for the 
collection and analysis of a wide range of organic compounds 
in air (4). The present study was designed to evaluate the 
use of this technique under field conditions for a selected 
group of target compounds. 

EXPERIMENTAL 

Materials 

Sorbent cartridges were obtained from Envirochem Inc. 
(Kemblesville, Pa.) and were constructed of pyrex glass {20 
cm x 6 mm OD and 4 mm ID) and packed with sequential layers 
of glass beads, Tenax, Ambersorb XE-340 and charcoal 
adsorbents. Prior to use the tubes were cleaned by thermal 
desorption in a sorbent tube conditioner while being purged 
with high purity nitrogen at a flow rate of 50 ml/min. 

Apparatus 

Analyses were performed using a modified Envirochem 
concentrator, Model 7808, interfaced to a Hewlett Packard, 
Model 5890, gas chromatograph-Finnigan, Model 3300, mass 
spectrometer combination. An Envirochem automatic desorber 
unit was attached to the concentrator, with a separate 
module controlling the temperature and timing of the 
process. Desorption conditions were: transfer 1 ines at 
280°C; initial purge time of 2 min: sorbent tube desorbed at 
280°C for 12 min with helium flow of 50 ml/min; traps 1 and 
2 desorbed at J00°C with flows of 50 and 2 ml/min 
respectively onto a J&W DB-5 fused silica capillary column 
(30 m x o. 25 mm, 1 um film thickness) maintained at 40°C. 
The GC conditions were: column carrier gas (helium) flow of 
1.5 ml/min; initial temperature at 40°C for 5 minutes; 
temperature program rate at 8°C/min to 2B0°C and held for 20 
minutes; the MS settings were: electron multiplier at 1800 
ev; electron energy at 70 eV; scan rate of 1 sec/scan; mass 
range of 34 to JOO a.m.u. 

Sample Colleclion 

Air samples were collected at twelve homes during 
November and December 1986. At each home the following 
samples were collected: two ambient air samples, four indoor 
air samples of various volumes and one indoor air sample 
usinq two sorbent tubes connected in series. The ambient 
air samples were collected adjacent to the home and away 

78 




from any obvious source of pollution. The indoor air 
samples were collected on the main floor of the home, 
usually in the living or family room. Indoor and ambient 
air samples were collected at the same time: a uniform 90 
minute sampling time was used and pump flow rates were 
adjuste~ to sample the required volume of air. After sample 
collection the sorbent tubes were placed in individual sere~ 
cap glass tubes and then stored in a tightly sealed 
container until analysed. Analysis was carried out within 
two days. 

Sample Analysis 

Following thermal desorption the GC-MS program was 
begun and full scan mass spect:ra were collected. Target 
compounds were identified by retention times and by full 
mass spectra or by the presence of appropriate fragment 
ions. Quantitation was achieved by comparison of peak areas 
from reconstructed chromatograms of the two or three most 
intense ions from each colnpound with corresponding peaks 
from a standard mixture. 

QA/QC Procedures 

A blank tube was carried to and from each home and 
handled and analysed as a sample, except that no air was 
sampled through the tube. Each week three tubes fortified 
at a low level {approx 70-80 ng) and three tubes fortified 
at a medium level (approx 700-800 ng) with a standard 
mixture of target compounds, together with a blank tube, 
were transported to and from one sampling site and analysed 
by thermal desorption GC-MS. 

To assess the stability of the organic target compounds 
on the sampling tube a limited storage study was carried 
out. Triplicate sorbent tubes fortified at low and medium 
level$ (approx 70-SO and 700-800 nq respectively) , together 
with a blank tube, were stored for a, 1, J and 7 days under 
normal storage conditions and then analysed by ATD/GC-MS. 

Preparation of Standards 

A stock standard solution was prepared by injecting a 
known amount (200-400 ul) of each compound into a 10 ml 
reactiflask fitted with a Minnert valve. Aliquots of the 
resulting solution were injected into a helium filled bottle 
equipped with a septum top to produce gaseous standards. To 
fortify sorbent tubes aliquots of the gaseous standard were 
introduced onto the glass bead layer of sorbent tubes held 
at room temperature in the desorber unit. 
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RF.SULTS AND DISCUSSlON 

Most of the target compounds investigated in this study 
were detected in indoor air at 1 to 10 ug;~3 except fer the 
aromatic and straight chain hydrocarbons which tended to be 
present at 10 to 50 ug/m8 • In a few houses, relatively high 
levels (> 100 ug/m3 ) of chlorinated hydrocarbons were 
detected (e.g. l,1 1 L-trichloroethane). Full data analysis 
has not yet been completed but air levels for the target 
compounds are shown in Tables I and II for two houses. 
House #4 (Table I) shows typical background levels for the 
target compounds except for naphthalene whose level is 
higher than in the other homes. These data also sho~ that 
outdoor air levels are significantly less than indoor ai:r 
levels. The agreement of the data is extremely good (<10% 
RSD) for the four indoor air samples of differing air 
volumes. The data from the two tubes in series indic:ate 
that there is little breakthrough of the target co:mpounds 
from the front tube. Data from house 45 {Table 11) presents 
some interesting results usin.g this air sampling approach. 
In this house, two target compounds (n-butanol and acetone) 
appeared to be present at relatively higher concentrations. 
Saturation hence occurred with the sorbent tubes of larger 
sample si2e, however, the low volume sorbent tube was able 
to provide quantitative data for these compounds. On the 
other hand, compounds that were present in low 
concentrations were not detected in the low volume tube but 
are consistently found at similar concentrations in the 
sorbent tubes with larger sample size. Problems can be 
encountered in this technique if the sample size is too 
large since the MS detector can be satucated with respect to 
certain ions. This will prevent accurate quantitation 
unless alternative ions, specific to the cOlt\pound of 
interest, can be utilised. However, the use of Jess intense 
ions is likely to lead to poorer precision and to 
significantly increase the time required for data analysis. 
In some cases saturation was so complete that no 
quantitative data could be obtained. Coelution of two 
compounds with similar ion fragmentation is also possible. 
ln the current study ben2aldehyde was found to coelute with 
a C3-henzene and, consequently, no data could be obtained 
for benzaldehyde. 

Data for the fortified QA/QC sorbent tubes for house ~4 
are shown in Table III. Recoveries are good {> 70\} and the 
precision is usual:y better than 15-t RSD. IJata from t.he 
storag-e study indicated that there was. little loss of the 
target compounds during seven days storage. 

The ATD GC~MS technique, therefore, shows considerable 
promise for indoor air sampling but a number of samples of 
different air volumes should be collected to avoid the 
technical difficulties discussed in this paper. 
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PERFORMANCE TESTING OF RESIDENTIAL 
INDOOR AIR CLEANING DEVICES 

Mallory P. Humphreys, 

Energy Use Test Facility, Tennessee Valley Authority, 
Chattanooga, Tennessee 

A study is underway by the Tennessee Valley Authority to evaluate the performance of a cross 
section of the residential air cleaning devices available on the mark t. Th t st procedure being 
used in the study follows the guidelines of the Association of Hom Appliance Manufacturers 
"Standard Method (AC-1) for Measuring Perfonnanc of Portable Household El ctric Cord
Connected Room Air Clean rs (l)" and is similar to t st procedures employed by Lawrence 
Berke! y Laboratori.es in a 1984 study (2l of room air cleaners. The test procedure invol.ves filling 
111 room-sized test chamber with a contaminant, mixing to obtain a uniform concentration, and 
measuring the contamJnant decay rate both with ("induced decay") and without ("natural 
decay ") the air cleaner operating. Mass balance modeling of the various source and removal 
terms involved is th n used to calculate ffective cleaning rate end removal efficiency for each 
pollutant monitored. The pollutants monitored include respirable suspended particulates (RSP 
rdown to 0.03 micron particle diameter)I. generated Crom cigarette smoke injection; and common 
gaseous pollutants (CO, N02. S02. and hydrocarbons IHC- ex:pressed as equivalent methane]), 
generated from cylinder gae injection. Six portoble room air cleaners have thus far been tested in 
the study: (1) consol electrostatic precipitator (ESP): (2l table-top ESP: {3) high effici.eney par· 
tieulate air (HEPA) filter console; (4.) table-top negative ion generator (NIG); (5) catalytic/HEPA 
filter console; (6) sorb nt/HEPA filter console. Devices 1 through 4 were t st d for removal oI 
RSP only, while devices 6 and 6 wer t sted for removal of both RSP and ga eous pollutants. 
The devices were tested et both maximum and minimum flow rates. A minimum of four replicate 
tests were performed for each test condition. 
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PERFORMANCE TESTING OF RESIDENTIAL INDOOR 

AIR CLEANING DEVICES 


Introduction 

Reduction of residential home ventilation rates through increased weatherization or new con
struction practices, can result in containment of indoor pollutants within homes. One strategy for 
controlling residential indoor contaminants that is gaining recognition is air cleaning. In the past 
few years a variety of residential air cleaning devices have become available on the market. This 
study was initiated by the Tennessee Valley Authority to evaluate the performance of a cross 
section of the air cleaners available to the residential consumer. 

Theory 

The contaminant decay rate in the test chamber is described by the following differential 

equation: 
 . 

dCi = ~ + PQfC0 - ~ - KCj - nQdCi 
dt v v v v 

where 

= pollutant concentration inside chamber 
time 

= indoor pollutant generation rate 
:::: volume of chamber 
= penetration or transmission factor 
;::; infiltrating and/or ventilating air supply 

pollutant concentration outside chamber 
= pollutant reactivity or deposition rate 

volumetric air flow rate for the device 
;::; system removal efficiency 

This mass balance includes two sources of indoor pollutants: the source inside the test cell (S) 
and the outside source term (PQjC0 ); and three removal rates: removal by exfiltrating air IQ(C·), 
removal by all other forms [e.g .. deposition. reaction) {KCil• and removal by the air cleaner 1 

(l'JQdCjl. For a chamber decay experiment, where there is no internal source and where the out
door aerosol source is negligible, the mass balance equation simplifies to: 

dCi : · ~ - KCi - l'JQdCi 

dt v v 


If it is assumed that the exfiltration and reactive removal terms are the same for the "natural" 
and "induced" decay periods of testing, then the difference between the observed decay rates 
represents the air cleaner removal term (l'JQdCiNI. The system removal efficiency (SRE~ of the 
device is represented by "l'J", while the effective cleaning rate (ECR) lor clean air delivery rate 
(CADR)] is represented by "rrQd". 

Results 

A summary of the composite average RSP and gaseous pollutant mitigation results 
(representing averages of a minimum of four replicate tests) is presanted in Table I and in 
Figures 1 through 4. AHAM mathematically simulated clean air delivery rate (CADR 
[synonymous with RSP effective cleaning rate]I indices required for 75-percent particulate 
removal in 30 minutes from rooms varying in size from 60 to 300 sq ft, are presented in Table II 
and are included in Figure 1. 

RSP effective cleaning rates observed during testing ranged from 30 cfm (for the table-top 
NIGi to 125 cfm (for the console ESPI. Relative to the AHAM simulated CADR indices 
presented in Figure 1. the table-top models tested would provide adequate RSP removal only for 
small rooms (less than 80 sq ft), whereas, the console models would provide adequate RSP 
removal for rooms ranging from 160 to 300 sq ft in size. RSP removal efficiencies (Figure 21 rang
ed from 33-percent (for the table-top ESPI to 82-percent (for a HEPA filter console). Highest 
RSP removal efficiencies were observed for the three HEPA filter console models and the console 
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ESP under minimum flow rate operation. RSP removal efficiencies for both electrostatic 
precipitators were increased during the minimum flow rate operation, because of the longer 
residence time of particles within the devices. 

Gaseous pollutant mitigation results for the catalytic and sorbentl HEPA filter consoles are 
presented graphically in Figures 3 and 4. The AHAM Test Standard (1) does not specify deter
mination of gaseous pollutant mitigation performance; however, the principles of mass conserva
tion outlined in the "Theory" section of this paper apply to gaseous pollutants as well as par· 
ticulate matter. Catalytic device 5 contained a 50:50 mixture of activated carbon and specially 
developed room temperature catalyst (composed of a solution of copper and palladium salts on a 
porous alumina substrate). The manufacturer claims N02 and 802 removal through chemisorp
tion, CO removal through catalytic oxidation, and HC removal through adsorption. Device 6 con
tained. a specially developed sorbent material (no specific information is available concerning the 
nature of the material). Both devices were effective for removal of N02 and S02. but were much 
less effective for removal of CO and HC. Gaseous pollutant removal efficiencies for devices 5 
and 6, respectively. averaged: 37 and 11 percent for N02, 54 and 32 percent for 802, 4.1 and 
0.4 percent for CO, and 1.6 and 2.2 percent for HC. Device 5 was more effective in removal of 
gaseous pollutants than was device 6 because of the combined effect of the catalyst and sorbent 
~activated carbon} materials. The removal efficiencies for both devices were higher during 
minimum flow rate operation because of the longer residence time of the airstream within the 
devices. 
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EVALUATION OF ORGANIC EMISSIONS TO THE INDOOR 
ENVIRONMENT VIA SMALL CHAMBER TESTING 

Bruce A. Tichenor 
Indoor Afr Branch 
U.S. EPA, Mr a11d Energy Engineering Research Laboratory 
Research Triangle Park, NC 27711 

J-0hn E. Bunch and Mark A. Mason 
Acurex Corporation 
Research Triangle Park, NC 27709 

The contamination of the indoor environment has recently emerged as 
a major area of concern to health and environmental professionals. 
Indoor a1 r pollutants of 1nterest include organic and 1 norganic vapors 
and particles. As part of EPA's research in indoor air quality (IAQ). the 
Afr and Energy Eng1neer1ng Research Laboratory is conducting research to 
determine the emissions of organic vapors from building materials and 
consumer products commonly used in homes, offices. and public access 
buildings. Samples of the material/product are placed fn small environ
mental test chambers, and measurements are conducted via gas chromato
graphy to determine emf ssfons rates for various organf c specfes, The 
temperature, humidity. and flow rate of the air thr-0ugh the test chambers 
are carefully controlled. Data are presented on the organic emissions 
from a typical consumer product: liquid floor wax. 
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EVALUATION OF ORGANIC EMISSIONS TO THE INDOOR 

ENVIRONMENT VIA SMALL CHAMBER TESTING 


Introduction 

The contamination of the indoor environment has recently emerged as 
a major area . of concern to heal th and environmenta 1 professionals. 
Indoor air pollutants of interest include organic and inorganic vapors 
and particles. A number of indoor afr pollutants have been extensively 
studied (e.g., formaldehyde from particleboard, radon from soil, and 
numerous contaminants from tobacco smoke). Except for formaldehyde, 
however, only lfm1ted 1nformation 1s available on organic emissions from 
the wide variety of building materials and consumer products found in 
homes and offices. As part of EPA's research in indoor air quality 
(IAQ), the Afr and Energy Engineering Research Laboratory fs conducting 
research to determine the emissfons of organic vapors from buildfng 
materials and consumer products commonly used in homes, offices, and 
public access bufldfngs. 

Samples of the material/product are placed in small environmental 
test chambers, and measurements are conducted via gas chromatography to 
determf ne emf ssfons rates for various organic species. The temperature. 
humidity. and flow rate of the air through the test chambers are carefully 
controlled. To date, tests have been conducted on the following products/ 
materials: caulking co~ound, floor adhesive, particleboard~ moth repe1
lant, liquid floor wax, and wood stain. Other papersl,2,.,,4 have pre
sented data on several of these materials; the present paper focuses on 
the liquid floor wax tests. 

Experimental Facility 

EPA's Indoor Air Source Characterization Laboratory consists of the 
following components: a clean air condftfonfng and delivery system. an 
incubator containing two 166 liter environmental test chambers, sampling 
manifolds, and sample col 1ect1on adsorbers using Tenax and charcoa1. A 
permeation system for quality control fs included. The environmental 
variables are monitored and controlled by a microcomputer. Organic 
analyses are conducted by thermal desorption, concentration using purge 
and trap, and gas chromatography (GC) using flame ionization detectors 
(FIO). A separate m1croco11J1>uter provides GC data analysis. All data are 
input to spreadsheets for further analysis. 

Experimental Procedures 

Headspace Analysis 

Prior to evaluation in the environmental test chambers, materfa1 s 
are evaluated by headspace analysis. A sample of material fs placed 1n a 
1 tfter.Tef1on-11ned container which 1s purged with nf trogen at 50 ml/min 
for 30 minutes. The exit flow ts collected on Tenax and analyzed after 
thermal desorption. Gas chromatography/mass spectroscopy (GC/MS) analysis 
provides 1dent1f1cat1on of the compounds contained fn the material 1 s 
emissions. Approximately 10 of the compounds are selected for measurement 
fn subsequent chamber tests. 
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Chamber Test1 ng 

The experimental design was developed to provide insight into the 
effect of air exchange rate, loading. and te~erature on the emission 
characteristics of the liquid acrylic floor wax (AFW). Table I (Test 
Matrfx) provides the experimental condftfons for the nine tests that were 
conducted. All tests were at SOS relative humidity, except test AFW8,l 
which was at 201. The floor wax was spread on aluminum plates using a 
sponge applicator. The weight of wax applied was determined by wefgh1ng 
the sponge before and after application. The plates were coated in the 
chamber, and the test start (time • O) was established when the door to 
the chamber was 
mark. 

closed. The first sample was collected at the 15 mfnute 

Experime nta1 Results 

Organic Compounds Measured 

The fo 11 owing compounds were 1dentif i ed by headspace analysis and 
were measured during the chamber testfng: C-9 substituted cycloalkane, 
trimethyl cyclohexane, methyl octane, C-9 substituted alkane, methylethyl 
cyclohexane (2 isomers), nonane, dimethyl octane, ethyl toluene, trime
thyl benzene, decane, and undecane. Total organics (as decane) were also 
measured. 

Chamber Concentrations 

Figure 1 shows the concentration of total organics. nonane, and 
ethyl toluene vs. time for test AFW2. l, The symbols represent measured 
values; the lines represent the "best fit" of a models developed to 
analyze the data. This plot 1s typical of all the tests, where the 
fnf tjal concentratfon decreases several orders of magnf tude (from >100,000 
ug/rril to near the analytical detection limit) over the test duration. 
Figure 2 shows how the composf tfon of the emissions changes over tfme. 
F1ve compounds are plotted vs. time as a percent of total organics. Note 
that undecane 1ncreases as a percent of the tota1, 1nd1 catf ng that its 
volatility 1s generally less than that of the other coq,ounds. Methyl 
octane and nonane show decreases, providing evidence of higher volatility. 
The percentages for decane and ethyl toluene remain relatively constant. 

Em1 ss ion Rates 

Figure 3 shows the em1ss1on factors for total organics and four indi
vidual compounds for test AFW2.l. Note that the emission rates decrease 
several orders of magnitude over the test duration. Aho, the rate of 
change of the emission factors varies between individual co~ounds. This 
reflects the differences in volatility discussed above. 

Effects of Test Variables 

The effect of air exchange rate (N) and loading (L) on emissf on 
rates of total organics 1s shown in F'igure 4. At the beginning of the 
test, the higher the N/L value. the higher the emf ssfon rate (ER) (f .e., 
for N/L • 16.1, ER ., 10,7SO ug/cm2-hr; N/L • 8.2, ER • 3620; and N/L • 
4.0, ER • 2470). This occurs, fn part, because the high a.fr exchange 
rates cause reduced chamber concentrations due to dilution which in turn 
increases the vapor pressure dr1v1 ng force. After about 1. 5 hours, the 
emf ssion rates are highest for the low N/L values due to the more rapfd 
depletion of the source at h1gh air exchange rates. 
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The effect of te~erature on emissions was not determined. Only two 
tests (AFWS.l and AFW9) were conducted at hfgh temperature. Visual exami
nation of the concentrations for tllese t'llo tests co1r4>ared to tests AFW2.1 
and AFW7 indicates somewhat higher values for the higher te111Jerature. 
Further data ana1ysis is required, however, before the effect of tempera
ture can be described. 

Qua 11 ty Control 

An internal standard (hexane) is used to evaluate the precision of 
the organ1 c measurements. For the nine tests, the average percent reco
very of the internal standard was 102.2 ;tl6.9 for 109 samples. The 
recovery values for each test were used to calculate the concentrations 
of the measured compounds. 

Conclusions 

Emissions from a Hqu1d floor wai. cause 1nit1a1 chamber concentra
tions of total organics >100,000 ug/m3 which decrease to near the analyti 
cal limit over the test duration. ll1fferences in the volatf11t1es of 
f ndivi dua1 <:ompounds cause the coDq:}osit1on of the em1 n1 ons to vary over 
tfme. Emfssfon factors vary from >1000 to <1 ug/c~-hr over the f1rst 10 
hours. Kigh air eicchange rates cause high emission factors during the 
first few minutes of the test; by the end of the test the emission factors 
are highest for the low air exchange rates. The effect of te~erature on 
emissions awaits further analysis. 
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TABLE I. TEST MATRIX - LIQUID FLOOR KAX 

Test No. Temperature Ai r E xchan~e Sainple Area N/L(a) Duration 
( oC) Rate (hr- ) (cm2) (hr) 

AFHl 20. g 1. 94 200 16.1 70,3 

AFW2.1 22,0 0.47 200 3.9 47.2 

AFWJ 20.o{b) o.so(b) 100 B.3 145.J(C} 

AFW4.1 22.5 o. 99 200 8,3 46,9 

AFNS 20.oCbl o.25Cb} 200 2.1 52,4 

AFW6 21.8 1.96 400 8.1 47,7 

AFW7 20.7 0.50 200 4.2 47. 7 

35,3 0.50 200 4.2 48,4AFWB.1 

AFW9 36.6 o.so 200 4.2 46.4 

(a) 	 N/L •Air Exchange Rate (N)/ Loading (L); l • (Area of 
Sample)/(Volume of Chamber); Volume of chamber• 0.166 ml 

~ b) Estimated values based on setpoints. Co111puter malfunctfon 
caused loss of measured values. 

(c) Test extended over weekend. 
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Abstract 


This paper reports the results from Phase I of a three phase study to 
characterize and model particulate and organic emissions from unvented 
kerosene space heaters. Phases I and II involved test chamber evaluations 
of the source, whfle Phase III wf11 use a test house to validate the 
chamber model. Phase I emf ssfons from 12 heaters, covering a range of 
design types and Btu ratings, were screened during start-up and three 
steady-state operating conditions (normal, low, and high flame settings) to 
select candidate heater types for an intensive Phase II evaluation. Aero
sol mass, size distrfbutfon, extractable mass, mutagenfcity, and con
ventional gas (CO, NOx, etc.) measurements were made for all the heaters 
tested. Volatile and semivolatile organics were measured on a subset of 
the heaters. 

Introduction 

Previous chamber and field studies investigating the nature of air 
contaminants from unvented kerosene space heaters and resulting human 
exposures, (Ref. 1-3), have focused on the emissions of CO, C02. NOx, and 
so 2. little has been published on the chemical, biological, and physical 
nature of the volatile and semfVolatile organics and particles emitted by 
unvented lcerosene space heaters. Phases I and II of thfs cooperative 
agreement concentrated on the characteriza tf on of kerosene space heater 
emissions in an environmental test chamber. Phase III will validate the 
model derived from the chamber in a test house. 

Phase I screened 12 commerical heaters currently in-use to identify 
4-6 heaters and use conditions for inclusion in a Phase II evaluation. The 
evaluation criterfa were set in Phase I to select at least one heater of 
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each type that produced the most particulate mass and/or lllltagenic activity. 
In addition, Phase I determined emission factors of the classical air con
taminants (Co. C02, NOx, etc.) for a number of kerosene heaters under a 
range of fuel consumption rates. 

Phase I I of the project will provide a detailed characterization of 
particle and organic emissions (extractable particle masses, semivolatiles 
volatiles, bioassays of all extracts. trace elements, acid aerosols, ele: 
mental/organic carbon, etc.). The results of Phases I and II will be used 
to design and conduct the EPA test house studfes fn North Carolina which 
will verify the model developed fn the chamber studies. This paper w111 
describe Phase I and present the results that are available to date. 

Methods 

The experiments were conducted in a fully controlled and well mixed 
34 m3 environmental chamber (Ref. 2). The temperature 1n the chamber 
during all of the heater runs was kept below 300C. Cooling was ac
complished by passing the recfrculated air fn the chamber over a cooling 
cof 1. The te~erature of the coolant was maintained at approximately 22oe, 
well above the dew pofnt of the afr fn the chamber, to prevent conden
sation of afr contaminants. The fresh afr exchange rate, measured for each 
experiment, was typically about 1.2 air changes per hour (ach). Complete 
mixing was maintained with a recirculation rate of 20 ach. 

Twelve different kerosene heaters were tested: five radiant (R), three 
convective {C), three comb1nat1on radiant/convective (C/R), and one doub1e 
radiant (R/R). Two heaters were tested twice. The manufacturer-rated 
heater outputs ranged from 8,200 to 17,500 Btu/hr (8,650-18,460 kJ/hr}. 
Most of the heaters were new. Two fuels were tested: one K-1 kerosene 
(sulfur content of 0.06S and ash content of 0.0021) was used for the in
itial heater tests and one duplicate run: and the second K-1 kerosene 
(sulfur content 0.021 and ash content 0.016S) was used for the other 
duplicate run. 

Each kerosene heater was placed in the chamber on a Potter scale at 
least a 1/2 hour before the experiment was started, and the ~entilation and 
reef rcul a ti on rate of the chambers was set. Dur1 ng the 1 ni tfa1 1/2 hour 
before the heater was lit, background levels were obtained of all contfnu
ous1y measured parameters and particle size distributions. 

Each kerosene heater was fired up after the first 1/2 hour and run 
continuous1y for approximately the next 5 hours. At the end of 5-1/2 hours 
the heater was shut off, and the decay of air contaminants was measured. 
During these 5 hours, each heater was operated in three modes: normal, low, 
and hfgh name settings. The first operating mode (normal flame setting) 
lasted from heater start-up to 2-1/2 hours into the experiment. Once 
steady-state conditions were reached 1 n the chamber, the heater flame 
setting was adjusted to low, and a new steady-state was reached after lMl/2 
hours. After steady-state was reached at the low setting, the heater flame 
setting was readjusted to high, with a new steady-state level achieved 
after an addftfonal 1-1/2 hours. The heater was then shut off, and the 
decay of contaminants was traced for 1 hour without any adjustment of the 
chamber test conditions. Afr contamfnant gas and particle depos1tfon rates 
(removal by the chamber surfaces) were detemined by coq>aring the decay 
rates of the gases and particles to that of co2. 
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The heater flame settings were determined by visual inspection uti 
lizing the picture guides contained in the operator's manuals which ac
company the heaters. Actual fuel consumption rates were recorded with the 
Potter scale throughout heater operation. Steady-state chamber conditions 
were defin~d as COz levels change at a rate of O.OU per 5 minute period. 
Si nee COz is non-reactive all other gases and particles, whether reactive 
or non-reactive, will have reached steady-state by the time co2 has. 

Continuously monitored gases (NDx, S02. CO, C02. and non-methane He). 
temperature, dew point, and condensation nuclei (CNC) were measured and 
recorded during the full 6-1/2 hours of each experiment. Particle size 
measurements (Electrical Aerosol Analyzer--EAA--and Optical Particle 
Counter-OPC} were recorded for 10 minute periods before the heater was 
turned on, for 30 minutes during heater start-up and shutdown, and for 10 
minutes during steady-state conditions. 

Integrated total mass samples for trace elemental analysis (XRF) were 
collected on up to seven personal pumps spread through the chamber. Total 
mass samples for organic chemical analysis and mutagenicfty testing were 
collected for each experiment using a medium volume sampler (f.e., PM-10 
sampler without the sizing head) and pre-extracted filters. The filters 
were refrigerated and shipped to the Universf ty of Massachusetts for 
weighing and extraction. The fflters were extracted with dichloromethane 
and solventexchanged to dimethyl sulfoxf de. The extracts were then send to 
EPA 's Health Effects Research Laboratory, RTP, NC, to bf oassay for muta
genfcity using a modified Kade micro-suspension assay (Ref. 4). Thfs 
modfficatfon uses Salmonella typhfmurfum TA98 both wfth and without S9 
activation. 

In addition, three heater runs doubled as trial runs to develop the 
protocol for Phase I I. A XAD sample for semfvolatfle ana lysfs and llllta
genicf ty testing (attached behind the PM-10 sampler) was collected for 
these heaters as was a voe grab sample using SUMMA canisters. Only the 
preliminary results on the total mass, size distribution of the particles, 
and particulate mutagenicity will be presented and discussed in this paper. 

Results and Discussions 

Table 1 summarizes the particle mass and volume data for each heater 
run. The particle volume data indicate that the highest mass emissions for 
radiant heaters generally occur between heater start-up and steady-state at 
normal flame setting (buildup). The convective heaters tested did not 
generally demonstrate a pronounced peak during heater start-up. Steady
state conditions associated with normal-flame-setting radiant heaters emit
ted more particles (higher particle volume concentrations) than during 
la.1 or high flame settings. Convective heaters typically produced the 
hf ghest particle volume concentrations during the high flame setting. The 
la.1est particle volume concentration for all heater types was generally 
associated wf th a low flame setting. Particle size dfstrfbutfon measure
ments indicate that the particles produced by all the kerosene heaters are 
less than 2.0 um with the peak volume occurring fn the 0.15 um size range. 

Total mass concentrations as measured by the personal pumps exhibited 
considerable variability, with a low level of 73 ug/m3 and a high of 721 
ug/m3. No clear pattern fs evident for the total mass concentratfons fn 
relation to the type of !\eater or Btu rat1ng of the heater. One heater 
(R/R) produced particle mass levels substantially higher than the others 
and wfth large variability between runs. Since only one heater of this 
design was tested, it fs not known whether the hfgh levels are particular 
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to this heater or to the general category of heaters with thfs design. 
There was little variability in the particle mass levels associated with 
the old and new heater comparison runs (C/R), apparently indicating little 
or no effect by the age of the heater. Partf cle mass levels for the same 
heater with dffferent fuels (repeat radiant heater run) were higher for the 
higher ash content fuel. 

The emission rates were estimated from the total mass concentrations 
as measured by the personal pumps over the full operation period of each 
heater. the effective removal rate of particles (ventilation p1us loss to 
surfaces). and the total fuel consumed during each experiment. The esti 
mated emission rates follow the total mass concentrations. The particle 
mass emission rates do not demonstrate any trends associated with heater 
type or manufacturer's Btu rating. Excluding the R/R heater, the emission 
rates vary by a factor of four. Using this range of emission rates for 
a 1,500 ftf {139 m2) house with a 7 ft (2.1 m) ceiling and an effective 
particle removal rate of 1 ach, the estimated range of steady-state 
particle mass levels (particles < 2, 5 um) would be from 12 to 50 ug/m3. 
Levels would be considerably higher 1f the emi ssfon rate for the R/R 
heater were used. 

Table 2 summarizes the particulate mass collected by the medium volume 
sampler and the mutagenic data derived from the filter extracts. Because 
repl 1cates were not available. only general observations can be made. As 
a who1e. the radiant heaters appear to produce a less mutagenf c extract 
than the other heaters; the combination (i.e., R/R, C/R) heaters appear to 
produce more rutagenic activity than the radiant or convecthe heaters. 

Based on these results four heaters were selected for Phase II analy
sis. (See Table 2.) 

Conclusion 

Prelfminary results of this research project indicated that unvented 
kerosene space heaters are a signfffcant source of respirable suspended 
particles indoors. There is considerable variability fn the emf ssfons that 
is not associated wfth heater type or manufacturer's Btu ratfng. In addi
tion certain heater types appear to produce 111.1tagen1c particles. The 
complete chemical analysis of the partfcles Cthe identity and quantity of 
volatile and semivolatile organics emitted by the kerosene heaters) will be 
available soon. 
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The objective cf this cooperative agreement between the U.S. EPA and the 
J, B. Pierce foundation is to identify and develop emission rates for 
important organic air contaminants emitted ny unvented combustion sources. 
A large scale environmental test chamber at the Pierce Foundation was used 
in this work to assess the nature and emissfon rates of afr contamf nan ts 
from 12 unvented kerosene space heaters, inc1udfng radiant and convective 
heaters. Emphasis was placed on measuring the organic emissions from these 
sources as well as determining the mutagenfc potential of the emfssfons. 
Classical air contaminants were aho measured. The sources were screened 
over a range of conditions (1.e., source types, source ages, and fuel type 
and consumption) typically encountered in the real world to identify the 
range of individual (or categories of) emissions. The screening runs were 
then used to target a subset of heaters for an 1ntens1ve evaluatfon of emfs
sfons. The data from these studies are presented and wfll be incorporated 
fnto indoor afr models for evaluation fn EPA's test house. 
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TABLE 1: Particle Emissions from Kerosene Heaters Tested 

KEROS. RATED TOTAL MASSC PARTICLE VOLUMEd ESTIMATED
HEATER OUTPUT Cuf:/m3) (um3/c113) EHZSSIOH 
TYPEa Btu/hrb Personal RATEe 

(kJ/hrl pumps Bu fl dup Nor111al Low Hfgh (ug/g)I I 
R 9.300 ( 9,810) 130 +!- 13 222 47 33 38 62 

R 9.300 ( 9,810) 104 +/- 9 168 50 67 58 44 

R 10,500 (11,076) 201 +!- 16 745 102 71 100 80 

Rf 12,500 (13,186) 73 +/· 14 162 109 56 102 25 

Rf 12. 500 ( 13.186) 166 +/- 23 81 72 70 40 44 

R 12,500 (13,_186) 151 +/· 12 240 136 70 122 56 


R/Rg 12,600 (13,291) 533 +/- 23 512 342 211 299 175 

R/Rg 12,600 (13.291 I 721 +/- 31 812 812 643 1097 260 


c 8,200 ( 8,650) 79 +/- 7 45 45 18 52 20 

c 12, 700 (13,397) 148 +I- 28 137 137 147 214 47 

c 171100 (18t{)38} 188 +I- 19 45 48 46 59 


C/Rh 9,400 ( 9,916) 91 +/- 7 223 74 28 89 54 

C/Rh 9,400 ( 9,916) 98 +/- 15 239 50 26 53 53 

C/R 17. 500 ( 18, 460} 132 +/- 50 100 100 66 138 27 


a 	 R (radiant}, R/R (double radiant), C (convective} and C/R (cOlllbf na t1 on) , 

b 	 Btu output as advertised by 111anufacturer, 

c 	 Total mass was collected by from 4 to 7 personal purips spread thr04.lghout 
the chamber and a PM-10 sampler without the head. 

d 	 Volwne is calculated from the EAA parttcle sfze data (0.01 - 1.0 um). 
The buildup particle vo1ume is the largest volume calculated (2 minute 
size distribution meas~rementl during the period of heater start-up to 
nor1111l steady-state. The normal. 1~. and h19h voluines are the average of 
fifteen 2-m1nute size distrfbutfon measurements taken during steady-state
air contaminant concentrations associated with normal, low, and high fuel 
burning conditions. 

e 	 Calculated from personal pump mass, fuel consumption, and effective 
removal. 

f 	 Same heater with different fuels {one 0.061 S, 0.0021 ash; and blo 0,021 
S, 0.0161 ash). 

g 	 Sall! heater, duplicate runs. 

n 	Same heater model (first one 1s new and other fs old). 
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EPA has acquired a test house fn the Research Triangle Park. NC, area 
for indoor air quality research. The test house w111 be used to measure 
the outgassf ng of chemicals from common household and bu1ld1ng materials, 
to determine the effects of res1dent1al actfvftfes which release organic
emissions, and to evaluate indoor air quality control technologies. The 
results of testing in EPA 's laboratory size environmental test chambers 
wfl 1 be co~ared to those obtained under normal household conditions. 

The test house is a typical three-bedroom, two-bath, one-story frame 
house with na tura 1 gas heat. 

Thfs paper wfll describe the baseline studies which provide the 
required characterization of the test house. These studies include blower 
door and SF5 tests for afr leakage and exchange rates; pollutant stratfff 
catfon, mfgratfon, and surface reactivity evaluations; and analysis of the 
baseline inorganic gases and total organic hydrocarbon levels in the house 
before any test materials are allowed into the house. 
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l NTRO(}UCTI ON 

The Environmental Protection Agency has an indoor afr quality program 
in which common household and building materials are tested fn small and 
large chambers for either outgassing or em1tt1ng volatile organ1c com
pounds. Examples are the outgassfng of caulk and the emissions from 
unvented kerosene heaters. The chambers range from 50-1 f ter laboratory 
units to roo11 size chambers. Once the emf ss1on concentration values have 
been determined fn the cha11ber experf111ents and models have been developed 
for full scale appl1cat1ons, the model must be evaluated 1n a house under 
normal usage. 

The Air and Energy Engineering Research Laboratory of EPA 1eased a 
house for the purpose of evaluating these models and fndoor air quality 
control technologies, as well as providing fnter1aboratory support such 
as bioassay sample collection for EPA's Health Effects Research Laboratory 
and the evaluation of samplers and methods for indoor air quality studies 
for EPA's Environmental Monitoring Systems Laboratory. 

The house meets the requirements for our program including: 

1. Wood Constructfon 
2. One-Story 
J. No BasenEnt 
4. Single family 
5. Gas Forced Air Heat 
6. Three Bedroom, Two Ba th 
1. Five to Seven Years Old 
8. 1200-1500 Square Feet (100-150 Square ~eters} 

A 11u1t1-storied house was not desired at this time due to modeling con
straints, and wooden construction was required as the most co111110n type in 
the nat1on. The age requirement was based on the need to select a h<>use 
which had already outgassed the volatile and serRi-volatile compounds from 
the original materials of construction, and which was built with the 
energy savfngs features brought on by the oil energy crfsfs. 

we have the authority to make any changes to the house needed for 
the progam such as replacing the subflooring, carpeting. or cabinets; 
adding paneling; or pa1nting or staining the interior or exterior. An at 
tached garage, running the full width of the house, has been outfitted as 
an fnstrumentat1on room which 1s attached, yet isolated from the test areas. 

DESCRIPTION 

sampling and analyical instrumention for the following fs available 
or installed at the test house: 

1. Organic Compounds 
a. Volatfles 
b. Semi-volatiles 
c. Total Hydrocarbons 

105 




2. 	 Inorganic Coll'C)ounds 
a, Sulfur Ox1des 
b, Carbon ~OMl'.i de 
c. Carbon Dfoxfde 
d. Nitrogen Oxides 
e. Nitrogen Oxide 
f. Ozone 

3. Particu1ate 
a. filters 

4. Air Exchange Rates 
a. Blower Door 
b. Sulfur Hexafluoride 

5. Me teoro1ogi ca1 
a. T~mperature 
b. Wind 	 llirectfon 
c. Wind 	 Speed 
d. Relatfve Humidity 
e, Barometr1c Pressure 

The volatne organics are sampled with Tenu cartr1dges at flow rates 
of 250-1000 ml/min. Semi-volatiles ar'e collected on XAD-2 resin traps using 
a modiffed medium flow (4 cfm or 0,0019 m3/sec) samp1er. Inorganfcs and 
total hydrocarbons are measured by continuous monitors, tor wMch a di 
ution system fs available for ca11brat1on. Th1s allows a standard curve of 
any reasonable range to be run on each 1nstr11ment and does not require ttie 
storage of numerous cylinders of 1ow concentration gases ~hich tia~e a short 
shelf life. Clean air is used as the diluent. Particulate samples are col
lected using quartz (mass} and Telfon-coated glass ffber (bioassay} filters 
using 4-cfm sHiplers. The blower door method uses a comlllercially available 
unit with standard operating procedures (1). while the SF6 method requires 
that grab samples be taken hourly after the release of a specified volume 
(10-20 ml) of SF6 tracer gas. The Tedlar bag samples are analyzed by gas 
chromatography with flarRe ionization detection to d.Her1t11ne the rate of 
1 os.s in the gas. concentration. f.. meteor-a 1 ogi ca 1 t0111er in the back~a.rd hils 
a readout i~ the garage. 

An IBM-AT coq,uter controls all the sampling tfmes and records the 
readings from all the continuous mon1tors and the weather data. The control 
system can handle up to 10 locations within the house. These locations c4n 
be moved easily. At present eight are inside the house and two ar~ outside 
for ambient measurements during experimental runs. 

The first i:iroducts to be tested \n tl'le house are unvented kerosene 
heaters. In preparation for these tests, certain c'1aracterizatfon tests were 
made, including blower door, SF6, and continuous mon1tor runs lloth inside and 
outside the house. ln the two rooms whe.-e the emissions fro11 the kerosene 
heaters wi11 be !llOn1tored (the den where the heater wf11 be located 1nd the 
bedroom farthest from the den). stratiffcation, migration. and reactivity 
tests were also perfornw?d, 1he rooms 'flere sampled at eleva.t1ons of 6. 36 
64, and 94 1n. (0.15. 0,91, 1.63 and 2.39 m) above the floor. These height; 
represent a person ly1ng on the floor, sf tt1ng in a cha1r, standing in the 
room, and the ceiling level, respecttvely, 
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The blower door test was run normally with all the doors and windows 
closed and then with one window fn the den open 2 fn. (0.05 m). The manu
facturers of unvented kerosene heaters recommend that one window be opened
slightly durfng the heater operation, 

RESULTS 

The results of the blower door tests are in Table 1. 

TABLE 1. BASELINE BLOWER DOOR STUDIES 

CONDITION ACH ACH EqLA EfLA 
50 Pa Norm in.2 m2 fn.2 m2 

NORMAL 15.28 0.90 256 0.165 133 0.086 

WINDOW OPEN 17.36 1.02 319 0.206 176 0.114 

ACH ~ Afr Changes per Hour 
EqLA = Equivalent Leakage Area 
EfLA = Effective Leakage Area 

The blower door tests showed that the nor1111l ambient afr exchange rate 
[approximated by dividing the 50 Pa ACH by 17 [1)] for the test house fs in 
the generally accepted range for energy efficient houses of its age. The 
equivalent leakage area 1s defined as the area of a round sharp-edged 
orifice that, at a pressure of 10 Pa, would leak the saine as all the house's 
leaks at 10 Pa. Effective leakage rate fs defined as the area of a 
specially shaped bell-mouthed nozzle that, at a pressure of 4 Pa, would leak 
the same as all the house's leaks at 4 Pa. 

The results of the stratfffcatfon test are gfven fn Table 2 

There fs no apparent difference between the outside and the fnsfde air 
nor fs there any stratification in the two rooms of the house. 

The results of the migration and reactivity tests wfll be included in 
a later publication along with the kerosene heater test data. 

Organic background tests wi 11 be run during the unvented kerosene 
heater study as well as further tests on sink effects of the walls, 
carpet, and other materials in the house at the time of the tests. 

Materials planned for study fn the future include moth cakes (para
dichlorobenzene), floor wax, wood and wall finishes. and paneling. 
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TABLE 2. STRATIFICATION AND BASELINE CONTINUOUS MONITORING RESULTS 

LOCATION (fn.) 	 co C02 NOX NO THC 
ppm ppm ppm ppm ppm 

OUTSIDE I.14 398 0.08 0.07 0,09 

DEN (6) 1.21 422 0.06 0.06 0.10 
DEN (36) 1.24 436 0.06 0.06 0.10 
DEN (64) 1.23 438 0.06 0.06 0,10 
DEN (94) 1.24 439 0,06 0.06 0.10 

AVERAGE 1.23 434 0.06 0.06 0.10 

BEDROOM (6) 1.22 455 0.06 0,06 0.09 
BEDROOM (36) 1,20 442 0.06 0.06 0.09 
BEDROOM (64) 1.11 393 0,06 0.06 0.09 
BEDROOM (94) 1.11 393 0,06 0,06 0,09 

AVERAGE 1.16 421 0.06 0,06 0.09 

SOX = <0.01 ppm for all locations 

REFERENCE 

1. 	Operation Manual, Minneapolis Blower Door, 920 West 53th Street, 
Minneapolis, MN 55419. 
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SEMI-VOLATILE ORGANIC COMPOUNDS IN RESIDENCES 

David J. Anderson and Ronald A. H1tes 
School of Public and Environmental Affairs 
and Department of Chemistry
Indiana University 
Bloomington, Indiana 47405 

This research focuses on the identification and q~ntification of 
semi-volatile organic compounds (vapor pressures 1 - io- nm Hg) in the 
indoor air of single-family dwellings. This general category includes 
chlorinated pesticides. polychlorinated biphenyls (PCBs), and po1ycycl ic 
aromatic: hydrocarbons (PAH). Samples were taken using po1yurethane foam 
(PUF) as a sorbent with small, low-flow pumps. Extracts were analyzed by 
gas chromatographic mass spectrometry (GC/MS) and gas chromatography with 
electron capture detect ion {GC-ECD). Indoor concentrat fons of these 
compounds were elevated when compared to typical outdoor concentrations. 
Derivatives of hexachlorocyclopentadfene, such as !.l.I!!!.!- and gammt
chlordane. were detected in the living area of one homeat levels up o 
60 times the outdoor concentration. The concentration of ~al'l'Jllhichlordane 
;n the basement of this home was three orders of magnitu e gher than 
outdoor levels. Indoor sources for these chemicals are implied. 
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Introduction 

Because the average person spends about 90% of h;s or her time in
doors, it is important to know the identities and concentrations of in
door air pon utan ts. /l. chrono 1 og i cal sunmary of major U. S. indoor air 
research reveals the neglect of organic pollutants in early in.door air 
research (1). There has been some research on volatile organic com
pounds, but there are few data on semi-volatile organic coll"(lounds (2-4). 
Our research involV"eS the identification and quantification of ma
rinated pesticides, polychlorinated biptlenyls (PCBs), and polycyclic 
aromatic hydrocarbons (PAH) in the indoor air of single-family homes. 
Indoor concentrations of these compounds were measured in 12 homes and 
compared to typical outdoor concentrations. Possible sources of these 
chemicals are proposed for some of the compounds. 

~erimental Section 

Homeowners were solicited by a news release which appeared in the 
loca1 newspaper; questionnaires were used to selec~ a set of hemes for 
samp1 ing. The questionnaires requested general information about the 
size and age of the home and about possible sources of organic chemicals. 
T'ne majority of the homes were located in the Bloomington, lndiana area 
and were sampled during May-October, 1986. 

Air samples were taken using polyurethane foam (PUF) traps and 
constant flow pumps. The PUF was cut into small plugs which were 22 nTn 
in diameter and 8 cm in length. Two Dupont P-4000A constant flow pumps 
(E. L du Pont de Nemours & Co.) and two SKC Airchecl< l/H pumps {SKC 
Inc.) were used for sampling. The pumps were calibrated with a large 
volume soap bubble flowmeter. 3 A nominal flow rate of 3 L/mfn and sample 
volumes of approximately 2 m were used. Both brands of pump contain 
servo mechanisms to maintain the f1ow rate at ~ 5% of the set value dur
ing sampling. All flow rates in this worl< were within this tolerance. 
The PUF plugs were placed in glass sampling tubes under s11ght compres
sion to prevent air seepage around the edges. Sampling was carried out 
in duplicate by means of a glass tee connected to the inlet of the pump. 
The sampler design was based on the one described by Lewis and Macleod 
(~). 

The PUF plugs were pre-extracted prior to use with glass-distilled 
grade solvents. A 24 hour Soxhlet extraction with acetone followed by 24 
hours with hexane was used. The pre-extracted plugs were dried under 
vacuum at approximately 50° C for 24 hours. The PUF plugs were carried 
through the entire pre-extraction and drying steps in groups of three· 
this provided two plugs for rep1icate samples and one blank in each 
group. 

Samples and blanks were stored at -10° C prior to Soxhlet extraction 
with a 1:1 mixture of acetone and hexane. The internal standards for the 
PCB analyses (4,4'-dibromobiphenyl) and the PAH analyses (d10-fluorene 
d10-phenanthrene, and d10-pyrene} were spiked directly onto tfie PUF plug~ 
prior to this extraction. The internal standard for the chlorinated 
pesticide analyses (2,2' ,3,4,4' ,5,6,6'-octachlorobiphenyl) was spiked 
into the sample extracts after sample extraction and concentration, The 
extracts were concentrated by rotary evaporation and gentle b1a..1down 
under a stream of clean, dry nitrogen. 

All pesticide analyses were carried out on a Hewlett-Packard 59858 
gas chromatographic mass spectrometer (GC/MS} using electron capture, 
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negative ion, mass spectrometry (ECNIMS) and operating at an ion source 
temperature of 100° C and a pressure of 0. 4 torr; 30 m x O. 25 rt1TI DB-5 
fused silica capillary columns (J&W Scientific) were used for all separa
tions. Selected ion monitoring (SIM) was used for quantification, and a 
confirmation ion for each compound was also monitored. The confirmation 
ions were selected from the same isotopic cluster as the quantification 
ions. 

PCBs were measureg3 on a Hewlett-Packard 5890A gas chromatograph and 
were detected using a Ni electron capture detector (ECO) and a Hewlett
Packard 3392A integrator. A Hewlett-Packard 7673A automatic sampler was 
used for the introduction of al 1 samples and standards. The PCBs were 
quantified as Aroclor 1242. The total area of the 16 largest peaks in 
the Aroclor 1242 mixture was used. All values were blank corrected. 

PAH analyses were done on a Hewlett-Packard 5995A GC/MS system oper
ated in the SIM mode using electron impact ionization. The SIM program 
used the most abundant ion produced for each PAH (in all cases the mole
cular ion) as the quantification ion. The identification of isomeric PAH 
was verified by matching chromatographic retention times to a standard. 

Results 

The concentrations of gtmia-chlordane, alp~;-chlordane, and trans
nonachlor in the homes are g ven in Figure 1. l data are averages of 
two replicate samples and are blank corrected. The outdoor concentra
tions of these compounds are low. The outdoor samples were taken at two 
locations in Bloomington. Note that two homes (12 and 63) have indoor 
concentrations which are elevated with respect to the outdoor samples and 
that the three compounds co-vary with one another; the correlation co
efficient is at least 0.98 for the three compounds. The most 1 ikely 
reason for this co-variation is that they have the same ultimate source. 
These compounds are all present in technical-grade chlordane, which is a 
termiticide. 

The source of chlordane in home #63 was investigated using multiple, 
simu 1 taneous samp 1es taken throughout the home. The concentrations in 
the basement averaged 12 times higher than in the living areas. This 
home was treated with chlordane in the late 1970's, according to the 
current resident. It seems likely that chlordane has infiltrated through
cracks in the basement wa1ls, if sub-surface injection is assumed to have 
been used for application. Large cracks in the basement walls were found 
upon inspection of the home. A similar hypothesis is proposed for home 
#12 based on interviews with the homeowner; home #12 was treated for 
termites in 1974. 

The concentrations of heptach1or in the homes are shown in Figure 2. 
Heptachlor is also found in technical-grade chlordane, but it does not 
co-vary with the compounds discussed above (r<0.4). Also, the concentra
tions of heptachlor are about a factor of 10 greater than the chlordane. 
Homes 61 and 62 were treated for termites in 1977 and 1984 respectively. 
The exact formulation of the termiticides used is uncertain, but there is 
a possibility that heptachlor was used. A comnercfal mixture of chlor
dane and heptachlor, known as Termide, is available (4). Heptachlor has 
a higher vapor pressure than the chlordanes, thus, it is possible that 
higher soil outgassing rates have contributed to the generally higher 
heptachlor concentrations. 
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Dursban (also known as chlorpyrifos) is an organophosphorous pesti 
cide; it is used as a soil insecticide and for the control of household 
pests. Owners of the two homes which showed the highest levels of 
du rsban both indicated the use of du rs ban on the quest i onna 1re. The 
treatment in home #60 was once every two weeks, by the homeowner, with a 
product containing dursban. The spraying in home #62 was conducted on a 
monthly basis by a professional service. 

Aroclor 1242 is the only PCB mixture present in the indoor air of 
the homes tested. The concentrations of Aroclor 1242 are presented in 
Figure 3. The high indoor concentrations imply indoor sources. However, 
some of the homes were built after the use of PCBs was banned in the mid
1970's, Homes 34 and 52 were built in 1983 and 1985, respectively, and 
should not contain indoor sources of PCBs. The presence of electrical 
euipment has been suggested as a source of PCBs in indoor air (3), and 
indeed electrical equipment may be a source in some of the homes-in our 
study, such as home #62 which was built in 1973. The building in which 
our 1aboratory is 1ocated was completed in 1962 and is, no doubt, ser
viced by electrical equipment which contains PCBs. 

The concentration profiles for fluoranthene and pyrene do not reveal 
any significant trends; attempts to correlate the PAH data with smoking, 
or other combustion sources, failed. Home 162 was sampled on a weekend 
when three of the occupants who smoked were home, and the wood-burning 
fireplace was in use. There appear to be no elevated levels of PAH in 
this home, based on the results from this one set of samples. Similarly
smoking was evident during the sampling of home #61, but smoking did not 
produce indoor concentrations which were elevated over the indoor concen
trations of P~H in non-smoker's homes. The elevated levels of PAH in our 
laboratory are due to an input from the make-up air for our chemical fume 
hoods. There is a coal-fired power plant near the building in which our 
laboratory is located; the PAH are coming in through the air ducts from 
the outdoor air. 

Conclusions 

The elevated indoor concentrations of these compounds are dependent 
upon many factors, one of which is the presence of an indoor source, 
Relative volatility of the various compounds may also be important in 
determining indoor concentrations. Finally, the rate of exchange between 
the indoor and outdoor air is an important variable which must be 
measured to understand the role of indoor/outdoor mixing. Indoor concen
trations of these compounds were not statistically higher in homes which 
had the doors and windows closed during sampling when compared to homes 
which had the doors and windows open during sampling. But, the quantifi 
cation of ventilation rates may allow the differentiation of changes in 
indoor concentrations which occur due to mixing from those changes which 
are related to indoor sources. 
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figure 1. Concentrations of three compo~ents of tecnnica1-grade 
chlGrdane in the indoor air of homes. (Vertical scales are different.) 
Horizontal axis numbers are home 1oentit1cation numbers. Outdoor samples 
are designated "out. 1" and "out, 2". Laboratory concentration is 
1 abe led " lab" • 

113 




190200 
HEPTACHLOR 

Cl 
175 

"" e 
150 

....... 

1111 125 
E. 
d JOO
0 
:;l•..... 75 
d 
ai 
CJ 

d 50

0 
u 

25 

0 
\1- \,,, \"' \'c, ,,,\ ,,,~ <c,'I.. ':>Q uO u\ io?.. u"> \ i. .._o'Ov.... v.... 

0 0 

Figure 2. Concentrations of heptachlor in the indoor air of homes.
Horizontal axis numbers are the same as in Figure 1. 
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EMISSION RATES OF VOLATILE ORGANIC COMPOUNDS FROM 
BUILDING MATERIALS AND SURFACE COATINGS 

Lance A. Wallace 
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Robert Jungers 
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U.S. EPA 
Research Triangle Park, North Carolina 

Linda Sheldon 
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Research Triangle Park, North Carolina 

The U.S. EPA measured emissions of 32 volatile organic compounds (VOCs) 
from 31 building materials. All materials were collected from one building 
for headspace studies; nine materials were investigated in follow-up chamber 
studies. Twenty-four building materials emitted measurable levels of the 
target VOCs. About 20 VOCs were elevated in the newly-constructed building 
by factors of 5-500. Major sources included adhesives, paint, vinyl and 
rubber molding, foam insulation, linoleum tile, carpet, and particle board. 
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Introduction 

The U.S. EPA measured air concentrations of 32 voes in six buildings 

(two offices, two homes for the elderly, one school, and one hospital) in 

1984-861,2,3. As part of this study, emissions of all target voes from 31 

building materials were measured. 


Procedures 

All emission testing was performed on materials used in the construction 
of a new single-story office building in Fairfax, Virginia. Most of the 22 
solid building materials tested were subsamples of the actual materials used 
in construction and were collected at the sampling site in January 1985. The 
remaining solid materials, plus the nine solvent-based materials, were 
purchased from the manufacturer. Manufacturing lots were matched where 
possible to materials actually used in the building. 

Each of the solid materials collected at the building site were temporaril 
stored (< 2 weeks) in individual plastic bags (Mobile KorditeR large capacity y 
1.5 mil) in nonlaboratory areas at Research Triangle Institute. For permanent 
storage, the materials were individually wrapped in heavy duty aluminwn foil 
and placed in an outdoor metal storage shed ta minimize the potential for 
contamination from laboratory solvents and chemicals. Samples were stored 
for a maximum of four months prior to testing. Solvent-based materials were 
stored in their containers as received. 

Preliminary headspace experiments were performed to determine both the 
identities and approximate levels of volatile organic emissions from each of 
the 31 building materials. For solid materials, one or two pieces (approxi~atel 
2 x 4 cm) were cut from the material. For solvent-based products, the material Y 
was first mixed, then applied with a Teflon spatula to one side of a clean 
glass microscope slide (S.S x 2.6 cm). lbe prepared slides were allowed to 
dry at 23°C for seven days protected from both dust and laboratory solvents. 

During testing, the prepared sample material was placed in a wide-mouth 
glass jar, which was sealed with a custom-built Teflon head. Dry, purified 
nitrogen was introduced to the jar at 15 mL/min and allowed to vent for 60 to 
90 minutes. After this equilibration period, a Tenax Ge cartridge was placed 
into the sampling head. For solid materials, the headspace was purged through 
the sorbent overnight at 15 mL/min. Solvent-based materials were tested for 
approximately 30 minutes. Blank samples were collected from empty jars under 
identical conditions to assess contamination. 

Nine materials were selected for detailed emission studies using 12-L 
chambers under controlled conditions of temperature, humidity, and ventilation. 
A sample of material was placed in one of the four chambers and the chamber 
sealed. The ventilation rate was set and the samples allowed to equilibrate 
overnight at 25°C and 48% relative humidity. Purified air was supplied to 
each chamber at a rate of 0.1 L/min. From each chamber 0.033 L/min of this 
air was removed by pumping through an empty sampling tube, while the other 
0.067 L/min was vented outside the chamber. A fan blade attached to a magnetic 
stir bar provided thorough mixing of the chamber atmosphere throughout the 
experiment. After the equilibration period, Tenax Ge cartridges replaced the 
empty sampling tube to collect organic compounds from the gas stream. Chamber 
blanks were prepared by leaving one of the chambers empty and collecting a 
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sample of the air from the empty chamber for 6 hours in order to detect 
background contamination. 

Tenax GC cartridges exposed during the chamber experiments were loaded 
with approximately 250 ng of bromofluorobenzene as an external standard, then 
thermally desorbed and injected into a high resolution capillary column. 
Samples were analyzed by either GC/MS or GC/FID. 

Target chemicals were identified during GC/FID analysis by comparing 
relative retention times for the samples and standards. For each material 
tested three or four samples were collected with at least one exposed car
tridge being analyzed by GC/MS. Comparison of these results to GC/FID results 
assisted in positively identifying target chemicals. Only those chemicals 
identified at high levels without chromatographic interferences were quanti
tated by GC/FID. 

Results 

In the headspace experiments, 24 of the 32 target chemicals were emitted 
from one or more of the 31 materials. 

In general, aliphatlc and aromatic compounds were emitted in larger 
quantities than halogenated compounds (Table 1). Exceptions included 1,1,1
trichloroethane from cove (molding) adhesive and tetrachloroethylene from 
latex paint. 

In the chamber experiments, the nine materials tested emitted 22 of the 
target organics (Table 2). Chamber results for the six solid materials agreed 
well with the headspace results, but were sharply different for the three 
solvent-based coatings. Temperature, humidity, time of curing, and the 
amounts used all differed between the experiments -- apparently in sufficient 
amounts to cause order-of-magnitude differences in calculated emission rates. 

The building from which the materials were collected was monitored both 
Indoors and outdoors within two weeks of its completion, before the occupants 
moved in (Table 3). 

The monitoring results often compared well with the results of both the 
headspace and chamber experiments, For example, the aromatic hydrocarbons 
with the highest indoor air concentrations (ethylbenzene, 1rethyltoluene, and 
1.2,4-trimethylbenzene), generally show bighest emission rates from all of the 
building materials, including the carpet, linoleum tile, all of the plastic 
materials and the solvent materials such as adhesives, paint, and caulk. 
Particle board is probably a major source ofoe-pinene. Finally, at the time 
monitoring was being performed, vinyl core molding and adhesive were being 
applied throughout the building. It is likely these materials are major 
contributors to 1,1,l-trichloroethane, ethylben~ene, and the xylenes found in 
the air samples. 

Conclusions 

Previous studies by Molhave4 and Wallace5 have identified and quantified 
VOC emissions from building materials and finishings. Results are not fully 
comparable because of differences in aging time and chamber conditions. 
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However, it is possible co identify major sources of the 5-500-fold increases 
in indoor air concentrations observed in new buildings. These include 
adhesives and paints as likely major contributors of many VOCs, and foam 
insulation, vinyl and rubber molding, particle board, and telephone cable 
as major contributors of individual voes. 

In view of the great differences observed between headspace and chamber 
results for the paints and adhesives, and also of the likely variations in 
composition of different brands, it does not seem possible at present to 
quantify emission rates from these materials within an order of magnitude, 
However, it is clear that elevated concentrations occur in new buildings (and 
probably in renovated buildings) and may cause symptoms such as those observed 
in "sick building syndrome.~ 
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Table I. Summary of Emission Results 

Cove adhesive 
Latex caulk 
Latex paint 
Carpet adhesive 
Black rubber molding 
Small diameter 

telephone cable 
Vinyl cove molding 
Linoleum tile 
Large diameter 

telephone cable 
Carpet 
Vinyl edge molding 
Particle board 
Polystyrene foam 

insulation 
Tar paper 
Primer/adhesive 
Latex paint 

(Bruning) 
Water repellent 

mineral board 
Cement block 
PVC pipe 
Duct insulation 
Treated metal 

roofing 
Urethane sealant 
Fiberglass insulation 
Exterior mineral 

board 
Interior mineral 

board 
Ceiling tile 
Red clay brick 
Plastic laminate 
Plastic outlet cover 
Joint compounds 
Linoleum tile cement 

Aliphatic and 
Oxygenated 
Aliphatic 
Hydrocarbons 

287 
252 

111 

136 

24 


33 
31 
5.0 

14 
27 
18 
27 

0.19 
3.2 
3.6 

l. ! 

0 .13 

Emission Rate 

Aromatic 


Hydrocarbons 


3800 
380 

52 

98 

78 


26 
14 
35 

20 
9.4 

12 
1 .1 

20 
3.1 
2.5 

3,2 

0,43 
0.39 
0.53 
0.15 

0.19 
0.13 
0,08 

0.03 

(ug/m3 - h) 
Halogenated All 
Hydrocarbons Target 

Compounds 

6508 4737 
s.2b 637 

86C 249 
-d 234 

O.BB 103 

1.4 60 
0.62 46 
4.oe 45 

4,3f 38 
36 

0.41 30 
0.14 28 

l.4 22 
6.3 
6.1 

3.2 

1.5 
0.15 0.54 

0.53 
0.28 

0.06 0.25 
0.13 
o.os 

0.03 

a1,l,l-Trichloroethane (~inimum value) 
b1,t,l-Trichloroethane (4.9) and Trichloroethylene (0.3) (minimum values) 

CTetracbloroethylene 

dNo detectable emissions 

errichloroethylene (3.6) 

fTetrachloroethylene (~.8) 
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Table 2. Calculated Emission Rates (ug/mZ - h) of Target Compounds During Chamber Experiments 

Vinyl 
Cove 

Molding 

Bl a.ck 
Rubber 
Molding 

Poly
styrene 

Foam 
Insulation 

Linoleum 
Tile 

Carpet Particle 
Board 

Cove 
Adhesive 

Carpet 
Adhesive 

Latex 
Paint 

Glidden 

Aromatic 
Hzdrocarbons 

t-.) 
0 

Ben~ene 

Ethyl benzene 
.!!!:""Xylene 
Styrene 
.Q_-Xylene 
Isopropyl benzene 
~-Propyl benzene 
,!!Ethyl toluene 
1,3 ,5-Trimethyl

benzene 
2-Ethyltoluene 
1,2 ,4-Trimethyl

benzene 
1,2 ,3-TTi111etl\yl

benzene 

_a 

1.8 
5.9 
0.14 
1.9 
0.38 
0.68 
3.4 

1. 7 
0.41 

2.3 

1.4 

1.7 
6.9 
0.43 
3.9 
0.33 
0.72 
4.6 

2.7 
2.0 

7.1 

5.5 

15 
1.7 
6.2 
0.39 
1. 7 
().86 
0.44 

0.08 
0.07 

0.17 

0.03 

0.45 
0.92 
0.63 
0.89 
o. 41 
0.84 
3.2 

l. 4 
1.3 

4.7 

2.5 

0.83 

.Q63 

.027 

0.14 
0.20 
0.18 
o.os 
0.15 
0.22 

0.10 
0.07 

0.20 

O.Ofi 

547 
1185 

202 

211 
717 

301 
53 
.53 

281 

212 
97 

216 

151 

17 
12 
50 

1.9 
28 

8.9 
13 
57 

32 
18 

33 

20 

Aliphatic 
H:i:drocarbons 

c.t-Pinene 
n-Decane 
n-Undecane 
n-Dodecane 

0.19 
10 
22 
34 

l.4 
14 
29 
9.1 

1.2 
D.45 

0.23 
7.1 
6.4 

6.8 

3245 
2295 

360 
250 
llO 



Table 2. Calculated Emission Rates of Target Compounds During Chamber Experiments (continued) 

Vinyl 
Cove 

Molding 

Black 
Rubber 
Molding 

Poly
styrene 

Foam 
Insulation 

Linoleum 
Tile 

Carpet Particle 
Board 

Cove 
Adhesive 

Carpet 
Adhesive 

Latex 
Paint 

Glidden 

Oxygenated 
Hidrocarbons 

~-Butyl acetate 
Ethoxyethyl acetate 

0.42 

-t..J-
Chlorinated 

Hydrocarbons 

1,1,1-Trichloro
ethane 

Tricbloroetbylene 
Tetrachloro

ethylene 
Chlorobenzene 
~Dichlorobenzene 

~-Dichlorobenzene 

0.30 
0.12 

0.11 
1.8 

0.11 

0.31 
0.97 

0.38 
0.47 
0.20 

1.3 

0.18 

1.9 

289 

BNo detectable emissions 



Table 3. Average Concentration and Possible Sources of Volatile Organics in a Newly Constructed Office Building 

Average Concentration (ug/m3) 

Over 72-hour Measurement Period 


Compound 

Aromatic Hydrocarbons 

Xylenes 
Ethylbenzene 
Trimethylbenzenes 
Ethyltoluenes 
Propylbenzenes 
Benzene 
Styrene 

ti Aliphatic Hydrocarbons 

n-Decane 
n-Undecane 
n-Dodecane 

.C-Pinene 

Chlorinated Hydrocarbons 

1,1,1-Trichloroethane 
1,2-Dichloroethane 
Trichloroethylene 
Chlorobenzene 
p-Dichlorobenzene 
Tetrachloroethylene 
Carbon tetrachloride 

Indoors 

62 
54 

130 
40 
10 
3 
3 

520 
220 
180 

15 

17 
0.8 
o.s 
0.6 
0.3 
0.5 
0.4 

Outdoors 

5 
2 
0.5 
2 
0.4 
4 
0.6 

0.9 
0.4 
0.1 
0.1 

l 
0.2 
0.1 
0.02 
0.07 
0.4 
0.6 

Possible Sources (from Tables l and 2) 

Adhesives, paint, molding, insulation 
Adhesives, insulation, paint 
Carpet adhesive, paint:, molding, linoleum 
Carpet adhesive, paint, molding, linoleum 
Carpet adhesive, paint 
Outdoors 
Insulation 

Paint, molding 
Carpet adhesive, paint, molding, carpet 
Carpet adhesive, paint, molding, carpet 
Particle board 

Cove adhesive 
Linoleum tile 
Linoleum tile 
Insulation, molding 
Molding, insulation 
Outdoors, paint 
Outdoors 

tile 
tile 



IWHALATION EXPOSURE FR.OK VOLATU.E ORGANIC CONTAMlNAN'l'S IN DRINKING 'ifAt!R. 

(1) Lynn 	Wilder, Region III, Technical Assistance Team 1 

(2) Gerald T. Heston, On-Scene Coordinator 
(3) Michael Zickler. Sr. On-Scene Coordinator 
(4) Richard Habrukowich~ TATL, Technical Assistance Team 

An increasing number of groundwater/residential well water volatile 
organic contamination problems has raised questions concerning the amount 
of human inhalation exposure to these organics. Typically, health risk 
assessments of contaminated drinking water have only addressed the 
exposure for the ingestion of volatile organics. However, over the last 
several years, questions have arisen concerning the amount of exposure 
occurring through the inhalation route during typical home water use (i.e. 
showering). Results from a recent study showed that 80% of trlchloro
ethylene volatilized in a model shower system using C"oom temperature 
water. Thus, exposure to volatile organics during showering could make 
inhalation an important factor in health risk assessments of contaminated 
potable water supplies. 

EPA Region III 's ERS recently conducted a study undeC" the authority 
of SF 104 (b) to go beyond the previous laboratory study and obtain 
exposure inforl!lation from inhabitated homes. In this research, trichloro
ethylene concentrations were measured in the water and air over the 
duration of a typical showering period in several residences with 
trichloroethylene-contaminated drinking water supplies. From these 
findings, human inhalation ex~osures are estimated and compared with 
exposures from ingestion. 

(1 &4) 	 Roy F. Weston, Inc., Region III technical Assistance Team. 
53 Haddonfield Road, Suite 306, Cherry Hill, NJ 08002 

(2 & 3) 	 U. S. EPA, Region Ill Emergency Response Section, R14 Chestnut 
St., Philadelphia, PA 19107 
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Introduction 

Residential wells (groundwater) in a Pennsylvania community have been 
shown to be contaminated with high levels of trichloroethylene (TCE), and 
in some cases with low levels of tetrachloroethylene (PCE) and methylene 
chloride. As part of an EPA Region III, Emergency Response Section (ERS) 
CERCLA Removal, before in-house carbon filtration units were installed, a 
study was conducted to determine the amount of TCE that volatilized from 
the contaminated groundwater during showering, 

Typically, health risk assessments from contaminated drinking water 
have only addressed the exposure for the ingestion of volatile organic 
contaminants (VOC's). Drinking water standards and health advisory values 
for contaminated water are based upon ingestion exposure only. An 
increasing number of groundwater/residential well water volatile organic 
contamination problems have raised questions concerning the amount of 
human inhalation exposure from these organics. Specifically, questions 
have arisen concerning the amount of inhalation exposure incurred during 
typical residential water usage (i.e., showering). 

Physical prnperties of VOC's such as vapor pressure and limited 
solubility in water, make these contaminants favor the air phase in an 
equilibrium situation. Thus, greater concentrations will be found in air. 
Volatile organics tend to be more of a contamination problem in 
groundwater than in surface waters for several reasons. Surface waters 
have a large surface area in contact with air. Equilibrium forces tend to 
drive VOC's out of the aqueous phase and into the air. Since groundwater 
has less contact with air, equilibrium forces tend to keep most volatile 
organic contamination in the water phase. In the case of private wells 
using groundwater, most of the equilibrium process occurs once the water 
reaches a tap or showerhead. At these points, not only does the water 
come in contact with air, but the droplet form in which the water leaves 
the tap creates a large surface area ratio of air to water. This aeration 
process drives most of the volatile organics out of the aqueous and into 
the air phase. 

A recent study using a model shower systeml has shown that even 
with room temperature water, 807. of TCE volatilized from incoming water. 
When water temperature was increased, greater than 90% of TCE volatilized. 
Over the duration of the "shower" the concentration of TCE in air steadily 
increased, showing no signs of reaching an equilibrium with the water 
phase. Thus, exposure to VOC's during a typical showering period could be 
quite large, making inhalation exposure a factor in health risk 
assessments of contaminated drinking water supplies. 

Using the International Commission for Radiological Protection2 
rates and volumes for reference air intake, an estimated l to 1.2 cu 
meters of air is inhaled per hour for an average adult male or female. 
Thus, in a 15 to 30 minute shower, 0.25 to 0.3 cu. meters and O.S to 0.6 
cubic meters of air is inhaled, respectively. 

The amount of retained TCE in the body through inhalation has been 
estimated at 36-75%3. Using a TCE retention factor (RF) of 70, 70% of 
the TCE inhaled is absorbed by the lungs and the remaining 301. is 
exhaled. 
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The Drinking Water Equivalent Level (DWEL) for TCE is 260 ug/L (1.40 
mg/m3). Additionally, the 10-6 cancer risk level of TCE is 2.8 ug/L 
(0.02 mg/m3). The November 13, 1985, Federal Register proposed madmum 
contamination levels (PMCLs) of 5.0 mg/L (.027 mg/m3). 
Experimental Methods 

Air Analysis 

At each residence the MIRAN lA* portable ambient air analyzer was set 
up and calibrated. All bathroom doors and windows were closed and any 
fans turned off, One end of Teflon tubing was attached to the MIRAN inlet 
port; the other end was placed approximately I foot in front of the 
showerhead (5. 5 feet above the shower floor) above the spray. After a 
baseline reading was obtained for 5-10 minutes, the water flow rate was 
calibrated and the water was brought to room temperature. The shower was 
then turned on and allowed to run for 30 minutes. 

Grab air samples were taken for private laboratory analysis after the 
shower had run for 15 to 30 minutes. The inlet port of a 1 liter Tedlar 
bag was attached to the MIRAN outlet port and allowed to fill. Samples 
were placed on ice. 

After 30 minutes, the shower water was terminated, the Teflon tube 
was disconnected and a final baseline reading was taken for 5 to 10 
minutes. 

Water Analysis 

To calculate the well concentration of TCE. a water sample was 
collected in a 40 ml VOA bottle before the shower began. A duplicate 
sample was collected for private laboratory analysis. During the shower 
run, a water sample was collected every 10 minutes in two locations. One 
set of samples were collected near the MIRAN inlet tube, and the second 
set was collected near the shower floor. 

Samples were analyzed for TCE (headspace analysis) using a portable 
GC with a PIO detector (Photovac)"'. Standards and samples were analyzed 
in duplicate. As a QA measure, initial well water duplicate samples were 
sent to a private laboratory for analysis (volatile organic analysis by 
EPA Method 601). 

RHulta 

The results of continuous air monitoring in each of the four 
residences is shown in Table I. Concentrations were calculated for every 
10 minutes of the shower run and after 10 minute after the shower was 
terminated. 

Laboratory results of grab samples taken at 15 and 30 minutes after 
the start of the shower were typically 10-15% higher than these readings. 
These differences were probably due to dif ferenees in analytical methods 
and techniques. Therefore, results of the continuous air monitoring 
method (MIRAN) are conservative in nature. 
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From this data, assuming 0.3 and 0,6 m3 of air inhaled for a 15 to 
30 minute period. respectively, the TCE concentrations inhaled are 
displayed in Table II. The final column in the table displays the amount 
of TCE absorbed through the lungs, assuming a 0,70 retention factor (RF), 

As Table II displays, depending on the TCE concentration in water. an 
exposure range from 1.3 to 17.2 mg occurred over the duration of a 30 
minute shower. 

Results of grab water samples taken before and during the shower 
period are shown in Table III. Split samples analyzed by a private 
laboratory agreed closely with the initial water concentrations (time). 
Water samples were taken at two locations: at the "head" near the MIRAN 
inlet, and at the "feet" at the shower bottom. 

From the data in Table III, a rough percent volatilization can be 
calculated. These percentages were derived using the following 
calculation: 

%Volatilization•(initial TCE cone - TCE cone at sampling point) 
(initial TCE cone in water) 

Results of these calculations are displayed in Table IV. 

Conclusion 

The results of this study indicate that during a shower, significant 
amounts of TCE volatilize. In every case, inhalation exposures after 10, 
20 and 30 minutes exceed the DWEL. PMCL, and the 10-6 cancer risk. Table 
V compares the amount of TCE absorbed by the lungs with the corresponding 
DWEL and lOx-6 cancer risk value for that time period. 

The values of TCE absorbed (Table V} are conservative considering 
that the shower water was room temperature. Had the instrumentation used 
been able to withstand water vapor, much higher exposure values may have 
been found. 

Water analyses reveal that at room temperature, from 23-53% of TCE 
has volalitized by the time it reached the MIRAN inlet sampling port 
location ( s. 5 ft. above the shower floor). Samples collected near the 
shower floor indicate that TCE continues to volatilize as contaminated 
water droplets fall through the air. At a point just before reaching the 
shower floor, from 64-74% of TCE had volatilized from the shower water. 
If the water temperature had been increased to normal showering 
temperatures, a greater amount of TCE may have volatilized. 

Table VI compares the amount of exposure to TCE from the route of 
inhalation versus ingestion. At lower concentrations, inhalation and 
ingestion exposures appear to be equivalent. At higher concentrations, 
however, higher exposures occur through ingestion. 

When compared to Table VII, Table VI shows that both routes of 
exposure exceed all standards and risk values. Therefore, the treatment 
method of the contaminated water supply should address both routes of 
exposure. If, for example, affected residents were supplied with bottled 
water, but were still allowed to continue bathing and showering in the 
contaminated water, the amount of exposure through inhalation would exceed 
the DWEL, PMCL, and 
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10-6 values. Thus, by not completely addressing the problem, the public 
health may remain unprotected. 

Inhalation of volatile organics is a significant route of exposure 
from contaminated water supplies. lndeed, long-term health risk values 
are exceeded through inhalation alone, without even taking exposure 
through ingestion into consideration. Therefore, inhalation exposure 
values should be considered along with other exposure routes when drinking 
water standards and health risk numbers are formulated. The possibility 
of inhalation exposure should also be considered when contaminated water 
problems are addressed. 
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TABLE I. TCE Concentrations in Shower Air During a 30-Minute Showering 
Period. 

Resident Well Water Time TCE Cone. TCE Cone. 

Number Cone., ppb. Min. ppm mg/cu. M. 


1 725 0 0 0 
10 
20 
30 0.5 2.7 
40 

2 7. 97 5 0 0 0 
10 2.0 11. 9 
20 2.9 15.6 
30 3.5 21.0 
40 1.7 9.2 

3 720 0 0 0 
10 1.0 5.4 
20 l, l 5.9 
30 1.3 7.0 
40 0.1 0.5 

4 21,800 0 0 0 
10 6.1 32.9 
20 7.2 38.8 
30 B.9 48.0 
40 3.8 20. 5 

Dashed lines indicate no readings. 

TABLE II: TCE Inhalation Exposure Calculations During a 30-Minute Shower 
Period. 

Resident 
Number 

TCE Well 
Cone. t ppb. 

Time 
Min. 

Amount Inhaled 
<ms) 

Amount Absorbed 
( !!!S) 

Total 
<ms> 

1 725 0 o.o o.o 
30 1.6 1.3 1.3 

2 7 I 975 0 o.o o.o 
10 2.4 1.7 
20 3.I 2.2 

6,B30 4.2 2.9 
40 1.8 1.3 

3 720 0 o.o o.o 
10 1.1 0.2 
15 1.2 O.fl 
30 1.4 l. 0 2.0 
40 0.1 0.1 

4 21,800 0 o.o o.o 
10 6.6 4.6 
20 7.8 5.4 
30 9.6 6.7 17.2 
40 o.a o. 5 
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TABLE III. 	 TCE Concentrations in Shower Water at "Head" and "Feet" 
Locations During a 30-Minute Shower Period. 

Time 	 "Head" TCE 
Cone. (EEb)!1!.!!.:.. 

0 725 
10 
20 588 264 
30 384 140 

2 0 7,975 
10 S, 773 4,328 
20 4,<no 2,448 
30 3,840 1,668 

3 0 720 
10 704 226 
20 440 280 
30 504 206 

4 0 21,800 

10 9,984 

20 9,992 

30 10,924 


Note: 	 TCE concentration in water may fluctuate due to changed 
groundwater concentrations. 

Dashed 	 lines indicate no readings. 

TABLE IV, 	 Percent Volatilization of TCE From Water During a 30-Minute 
Shower Period. 

Resident TCE WEll Ave rage 1. Vol. Average % Vol. 
Number Cone. "Head" "Feet"EEh• 

1 725 33.0 72.1 
2 7,975 39.3 64.7 
3 720 23. 7 63.8 
4 21,800 52.8 74.2 

129 




I 

TABLE V. TCE Amount Absorbed During Showering Compared with Standards 
and Risk Values. 

Resident 
Number 

Time 
Min. 

TCE Absorbed 
( !!fi) 

DWEL 
S52. 

lOx-6 Risk 
(ms;) 

PMCL 

i.!?.s.L 
0 

10 
20 
30 

0 

l. 3 

0 

0.6 

0 

0.012 

0 

0.016 

2 0 
10 
20 
30 

0 
1.7 
2.2 
2.9 

0 
0.2 
0.56 
0,84 

0 
0.004 
0.008 
0.012 

0 
0.005 
O,Oll 
0.016 

3 0 
10 
15 
30 

0 
0.2 
0.8 
l .O 

0 
0.2 
0.42 
0.84 

0 
0.004 
0.006 
0.012 

0 
0.005 
0.008 
0,016 

4 0 
IO 
20 
30 

0 
4.6 
5.4 
6.7 

0 
0.2 
0.56 
0.84 

0 
0.004 
0,008 
0.012 

0 
o.oos 
o. 011 
0.016 

Dashed lines indicate no readings. 

TABLE VI. 	 Comparison of Ingestion and Inhalation Exposures of TCE at 
Various Concentrations in Potable Water. 

Resident Well Water Amount TCE Amount TCE 
Number TCE Contamination Inhaled (mg} * Ingested (mg) •• 

(ppb) 

725 1.3 	 1. 5 

2 7 ,975 2.9 15,9 

3 720 1. 0 1. 4 

21,800 	 6.7 

* After a 30-minute shower.

** Assuming a consumption of 2 liters of water. 


130 


4 43.6 



TABLE VII. Inhalation and Ingestion Values of DWEL, 10-6, PMCL. 

Inhalation* (mg) Ingestion** (mg) 

DWEL 0.84 0.52 
10-6 0.012 0.005 
PMCL 0.84 0.01 

* 	 Assuming a 30-minute inhalation time. 
Assuming a consumption of 2 liters of water.** 
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SAMPLING FOR. GAS PHASE NICOTINE IN ENVIRON
MENTAL TOBACCO SMOKE WITH A DIFFUSION DENUDER 
AND A PASSIVE SAM.PI.ER 

Delbert J. Eatough, Cynthia L. Benner, Jos~ M. 

Bayona, Fern M. Caka, Hongmao Tang, Laura 

Lewis, John D. Lamb, Milton L. Lee, Edwin A. 

Lewis and Lee D. Hansen 

Chemistry Department, Brigham Young Univer

sity, Provo, Utah 84602 


Nicotine is unique to, and a major constituent of, environmental 
tobacco smoke. The nicotine in mainstream smoke is present in the parti 
cles, while nicotine in freshly diluted environmental tobacco smoke is 
present mostly in the gas phase. Several other organic nitrogen bases 
including pyridine, vinyl pyridine, nicotyrine, myosmine and co tinine are 
shown to be present in the gas phase of environmental tobacco smoke by the 
use of a benzenesulfonic acid- coated annular diffusion denuder sampler . 
Benzenesulfonic acid was also used in a passive sampler to collect basic gas 
phase compounds from environmental tobacco smoke . The concentrations of 
nicotine and other nitrogen-containing organic bases were determined by ion 
chromatography , gas chromatography and gas chromatography-mass spectrometry . 
The passive sampler was calibrated against the annular denuder sampling 
system in experiments with samples from a Teflon environmental chamber and 
with samples collected in indoor environments with low to moderate concen
trations of environmental tobacco smoke. The results indicate that nicotine 
in the environment is present both in particles and in the gas phase, and 
that gas phase nicotine is removed from indoor environments at a faster rate 
than other constituents of environmental tobacco smoke, and therefore is not 
a surrogate for exposure to other components of environmental tobacco smoke . 

Introduction 

Environmental tobacco smoke (ETS) may be a major contributor to indoor 
air pollution in environments 1<1here smokers are present (l). The identi 
fication and quantification of ETS exposure is important because of irri 
tant and suspected health effects associated with involuntary exposure (1,2) 
and the large population which is exposed. Tracers of ETS used in the past 
include respirable (or total) suspended particulate matter (RSP), CO, nitro
gen oxides, nicotine, N-nitrosoamines, aromatic hydrocarbons, acrolein, and 
frequency of smoking. Of these various tracers, only nicotine is unique to 
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ETS (1,2). While nicotine is present at relatively high concentration where 
smoking occurs, the use of nicotine as a tracer of ETS is complicated by the 
fact that nicotine is found primarily in the gas phase in indoor environ
ments ( 3- 6) . Furthermore, gas phase nicotine may be removed from the en
vironment at a faster rate than aerosol nicotine or the particulate portion 
of ETS (1,7). Thus, the concentration of gas phase nicotine may underesti 
mate exposure to ETS (1, 2). In order to determine the appropriateness of 
nicotine as a marker for ETS exposure, accurate and sensitive methods are 
needed for determining both gas and particle phase nicotine indoors. 

The gas-particle distribution of a semi-volatile compound will be 
affected by the collection procedurfl as a result of volatilization of the 
semi-volatile compound from particles collected during the sampling process. 
Thus, any sampling procedure which attempts to first remove particles and 
then sample the gas phase material after the particle filter will over
estimate the concentration of semi-volatile components since gases evolved 
from the particles on the filter become indistinguishable from gas in 
equilibrium with the particles, The only way to reliably determine both the 
gas and particle phase concentrations of a semi-volatile compound is to 
first sample the gases and then collect both particles and evolved gases 
with an appropriate fUter pack system. The gas phase species may be 
collected with a diffusion denuder (4) or a passive sampler (9). 

This preliminary report describes the use of both a passive sampling 
device (PSD) and an annular diffusion denuder sampler to determine both gas 
and particle phase nicotine and other nitrogen-containing organic bases in 
ETS in an experimental chamber and in indoor environments. There are three 
objectives of the research reported here. The first objective is to 
develope techniques for the simultaneous determination of gas and particle 
phase nicotine and other nitrogen-containing bases in indoor environments; 
the second is to develope a PSD for the determination of personal exposure 
to gas phase nicotine; and the third is to test the use of these techniques 
in typical indoor environments. 

l:geriwnta1 

Samplin& Gas Pbase Nicotine. Gas phase nicotine and other bases were 
collected with benzenesulfonic acid (BSA) coated annular diffusion denuders 
(4). Two or three denuder sections were used to check for complete col· 
lection of gas phase compounda by the denuder surface. 

Particle Samplin1. The concentration of particle phase nicotine was 
determined by sampling with quartz filters placed after the BSA coated 
diffusion denuders. Nicotine lost from the particles on the quartz filter 
was collected on a BSA saturated filter placed after the quartz filter. 

Passiye Gas Pbase Nicotine Sampler. The concentration of gas phase 
nicotine was determined using the EPA PSD (9) (Scientific Instrumentation 
Specialists) with a 22 an glass fiber filter saturated with a 1 M BSA 
aqueous solution in the central chamber of the PSD. 

Enyiropmental Cbl!Dber Studies. The 30 m3 Teflon chamber and associated 
equipment have been described (4). Replicate experiments were conducted in 
which l, 2, 3 or 4 cigarettes (lRl Kentucky Reference, University of Ken· 
tucky) were burned in the chamber using a standard smoking cycle. After 
equilibration of the combustion products in the chamber for a few minutes, 
samples were simultaneously collected with both the denuder and passive 
sampling systems over a three hour period. The flow rate (10·20 slpm) 
through the denuder sampling ayste11 was controlled with Tylan mass flow 
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controllers. 

Indoor EnylroMent(ll Studies. Three denuder and passive sampling 
systems were used to collect ETS lo several indoor environments. Samples 
were collected just outside an office in which a single smoker was present 
and also in an office lunchroom with a few smokers present for short periods 
during the day. Samples were also collected in a home where two of the 
occupants were smokers. Samples were obtained over 6-8 hour periods. 

Analytical Techniques, Filters and BSA passive samplers were extracted 
with H20 in an ultrasonic bath. Diffusion denuders were extracted with 5 mL 
of H20. A fraction of the extracted sample was analyzed for nicotine by ion 
chromatography (4) using a UV-absorption detector. An aliquot of the 
solution was made basic with NaOH, and the nicotine was extracted into 
CH2Cl2. The nicotine and other nitrogen bases in the resulting CH2Cl2 
solution was determined by capillary column gas chromatography and gas 
chromatography-mass spectrometry (GC-MS) (10). Extraction efficiencies were 
determined both by standard spiking experiments and by repeat extractions. 

Reaulg 100 Diac:y111iqp 

The gas-particle phase distributions of various organic nitrogen bases 
in ETS determined from analysis of gas and particle samples with the annular 
diffusion denuder and from analysis of particles collected on a quartz 
filter (10) in the chamber studies are given in Table I. This gas-particle 
phase distribution ls affected by the concentration of nicotine in the 
chamber as shown by the data in Table II. The difference in the mole ratio 
of gas phase nitrogen bases to gas phase nicotine is little affected by 
changing the concentration of nicotine lo the chamber from 4 to 1 µmol/m3, 
Table II, because almost all of the nicotine ls present in the gas phase in 
both experiments. However, the ratio of gas phase nitrogen bases to 
particle phase nicotine is nine times larger when the concentration of 
nicotine in the chamber ls l µmol/m3 compared to 4 µmol/m3, reflecting the 
decrease in the percent of nicotine present in the particle phase from 10\ 
to 2\ for the two experiments. 

The gas phase nicotine may be reliably collected by the PSD as shown by 
the data in Figure 1 for samples collected lo both the chamber and indoor 
experiments, The collection of nicotine by the passive s&lllpler is expected 
to follow Ficks First Law of Diffusion, 

M • (CJ D A/L 
where (CJ is the concentration gradient from the PSD surface to the sampled 
air, D ls the gas diffusion coefficient (0.063 ca2/s for nicotine, ref 4), A 
Ls the cross sectional area of the diffusion channel, and L ls the length of 
the diffusion channel. For the PSD configuration used in this study, the 
expected value for M, the mass flow, ls 30. 3 cm3/min based on previously 
reported data (9). We expect that the value for Hin the sampler as used by 
us will be slightly lower than this value because the glass fiber filter 
does not flt snugly Lnto the center cavity of the PSD. The value for the 
mass flow determined from the data in Figure 2 is 25.4±0. 9 cm3/mln, in 
reasonable agreement with the previously reported data. Similar agreement 
has been found between empirical and theoretical llBSS flows for a passive 
sampler using sodiwa bhulfate as the acidifying agent for the collection 
surface (6). The data comparing the denuder and PSD for those samples 
collected in the indoor environments are shown in Figure 2. The line in 
Figure 2 is drawn· with the slope obtained fro• the data in Figure 1 and a 
zero intercept. As indicated by the data in Figure 2, the detection limit 
for nicotine with the PSD as used in this study la about S 1111lOl/m3 (0. 5 
µg/m3) and the precision ls about ±25t for a sample collected over an eight 
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hour period. The detection limit of the annular denuder for gas phase 
nicotine is more than an order of magnitude lower than that for the PSD. 
The reproducabillty of replicate denuder samples is about ±15%, thus making 
it possible to obtain accurate data even at low concentrations of environ
mental gas phase nicotine with sauple periods of less than an hour. 

Previously reported results using a BSA annular denuder to sample for 
ETS nicotine in the environmental chamber (4) showed that 92% of the 
nicotine was present in the gas phase, with total nicotine concentrations of 
about 2000 nmol/m3. The data obtained with the annular denuder in the 
present study was used to determine the gas-particle distribution of 
nicotine in both the chamber and environmental studies over a wide concen
tration range. The results, given in Figure 3, show that the gas-particle 
phase distribution of nicotine in ETS in the Teflon chamber varies only 
slightly with nicotine concentration below about 3000 nmol nicotine/m3. 
Linear regression analysis of this portion of the chamber data gives r .. 
0.91 with a slope of -0.00004±0.00033 'f(nmol/m3) and an intercept of 
97.5±0.8 t. However, the fraction of nicotine present in the gas phase in 
the indoor environments is highly variable. This may be due to the adsorp
tion of nicotine by non·ETS particles or to a more rapid deposition loss of 
gas, relative to particle, phase nicotine to indoor surfaces. The loss of 
gas phase nicotine in a chamber with metal walls is much more rapid than the 
loss of pyridine or vinylpyridine (7). Information on the relative import
ance of these two mechanisms can be obtained by comparing the mole ratios of 
gas and particle phase nicotine to other gases from ETS. 

Data are available in this study to test the relative importance of the 
two possible mechanisms which could contribute to the observed change in the 
gas-particle distribution of nicotine in the chamber as compared to the 
home. The concentrations of gas and particle phase nicotine determined for 
a set of triplicate samples collected in the home were 122±43 and 5. 0±1. 5 
nmol/m3, respectively. The extracts from the »SA denuders for these samples 
were analyzed for the various compounds shown in Table I. The mole ratio of 
the major gas phase bases to gas and particle phase nicotine for this sample 
set, along with the corresponding values obtained from the studies in the 
chamber, are shown in Table II. The mole ratios of pyridine and vinyl
pyridine to gas phase nicotine are 7 and 4 times larger, respectively, in 
the home than in the chamber. In contrast, the mole ratios of these 
compounds to particle nicotine are the same, within experimental error, for 
both the chamber samples at lower nicotine concentrations and the samples 
collected from the home. The results are consistent with the loss of gas 
phase nicotine (and myosmine) from the home atmosphere at a rate much faster 
than that for the loss of particle phase nicotine. In fact, the data 
suggest that particle phase, but not gas phase, nicotine may be a reasonable 
tracer for ETS. Additional data are needed to further characterize the 
deposition loss of various components of ETS. 

Nicotine is a semi-volatile compound, and particle phase nicotine 
cannot be accurately sampled on a filter because of loss of nicotine from 
particles during sampling. Thia point ls well illustrated by Figure 4 which 
compares the concentration of particle phase nicotine found using the 
annular denuder 1ampling system to that collected on the filter only. 
Particle phase nicotine lost from the quartz filters during sampling of ETS 
averaged 59±28 t of the total for the chamber samples and 41±30 t of the 
total for the samples collected indoors. The range in particle phase 

.nicotine lost during sampling on a quartz filter was 20 to 97 t of the total 
for the chamber samples and 4 to 94 t of the total for the samples collected 
indoors. Clearly, data obtained using a filter pack sampling system will 
not accurately reflect the gas and particle phase concentrations of ETS in 

13S 




indoor environments. 

The passive sampling device and annular diffusion denuder sampler 
described here can measure exposure to very low concentrations of environ
mental gas phase (and in the case of the denuder, particle phase) nicotine. 
Particle phase, but not gas phase nicotine may be a surrogate for ETS. 
Future studies should focus on the variations in the ratios of these poten
tial tracers as a function of amount of smoking, age of the indoor air mass, 
ventilation and types of furnishings, and presence of other sources. 
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Table I. Gas and Particle Phase Organic Nitrogen Bases Identified in Envi
ronmental Tobacco Smoke Equilibrated in a 30 m3 Teflon Chamber. 

Class 
Chemical wtt of Identified '61:11111 ~111am2YDSILH2l ~Q t Compound 
Qliu f:&l.'.t1i:h Q2111R2!.1Ddi ~II fhlH f:ll.'.t1!:1H 1n ~II f:hlH 

Particles 	 3.09±0.22g/mol CO 

Bases 10. 9±1. 2 	 Nicotine 10600±1700 920± 80 92.0±2.6 

Myosmlne 380± 30 110± 75 78 ±10 

Nicotyrlne 16± 6 61± 16 21 ± 6 

Cotinlne 21± 2 84± 44 20 ±15 

Pyridine 415± 18 < 5 100 

Vinylpyridine 752±460 < 5 100 

Bipyridine 79± 7 < 5 100 

Table 	II. Mole Ratio of Gas Phase Organic Nitrogen Bases from Environmental 
Tobacco Smoke with Respect to Gas Phase and Particle Phase Nicotine in 
Samples from a 30 m3 Teflon Chamber and from a Home. 

Nicotine 	 Mgle R1t12 w1th ResRe!:t cg N1!:2t1ne 1n Indicated Phase 
ThAU. S111mle f:l'i:1d1ne V1nylpyl,'.idlne B1pyr1d1ne Myosm1ne 

Gas Phase Lab High [] 8 0.039±0.002 0.071±0.043 0.007±0.001 0.036±0.003 

Lab Low [)b 0.053±0.008 0.066±0.012 0.005±0.006 0.027±0.003 

Home 0.307±0.059 0.249±0.037 0.007±0.002 0.037±0.003 

Particles Lab High []a 0.451±0.040 0.817±0.SO 0.086±0.010 0.413±0.048 

Lab Low {]b 5.20 ±0.8 6.47 ±1.2 0.49 ±0.55 2.65 ±0.29 

Home 7. 36 ±1.4 5.97 ±0.88 0.16 ±0.05 0.89 ±0.07 

8 Samples collected in the environmental chamber. (Nicotine(g)) - 4 µmol/m3 , 
\ total nicotine in gas phase - 92t. 

bsamples collected in the environmental chamber. [Nicotine(g)) - l µmol/m3, 
% total nicotine in gas phase - 98t. 
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Figure 1. Mass flow rate to the PSD vs the concentration of nicotine in en
vironmental tobacco smoke in a chamber and in indoor environments. 
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Figure 2. 	Mass flow rate to the PSD vs the concentration of nicotine for low 
concentrations of nicotine in environmental tobacco smoke in 
indoor environments. l1le solid line ls drawn with a zero inter
cept and the slope for the data in Figure 1. 
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Figure 3. 	 Percent of nicotine present in the gas phase vs nicotine gas phase 
concentration for samples of environmental tobacco smoke from a 
Teflon chamber, 0 , and from indoor environments, 0 . 
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Figure 4. Comparison of concentration of nicotine in particles determined 
using a denuder sampling system and that collected using a filter 
for samples of environmental tobacco smoke from a Teflon chamber,C 
, and from indoor environments,O . 
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ORGANIC VAPOR PHASE COMPOSITION OF SIDESTREAM AND 
ENVIRONMENTAL TOBACCO SMOKE FROM CIGARETTES* 

Cecil E. Higgins, Roger A. Jenkins, and Michael R. Guerin 
Organic Chemistry Section 
Analytical Chemistry Division 
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37831-6120 

Environmental tobacco smoke (ETS) has received considerable attention 
because of its contribution to indoor air pollution. 'While some studies 
have attempted to estimate the exposure of humans to ETS constituents by 
extrapolating from information gleaned from investigations of sidestream 
smoke (SS), few studies have reported a direct comparison between the 
compoaition of SS and that of ETS. !n the study reported here, we 
describe the relative compositional similarities and differences between 
the vapor phase of SS and that of ETS. SS was generated under different 
conditions, Both a new laminar flow chamber, which prevents significant 
alteration of the near-cigarette environment, and a modified Neurath 
chamber were used for SS generation. ETS samples were collected from an 
office environtnent. Vapor phase samples were collected on multi-media 
resin sorbent traps and analyzed using thermal desorption gas/liquid 
chromatography employing flame ionh:ation, nitrogen-specific, and mass 
selective detection. Influences on the compositional profiles by the 
manner in which the SS is generated are described, as well as the 
differences between SS and ETS composition resulting from phase
transition. 

*Reses:rch sponsored by the National Cancer Institute under 
Interagency Agreement (NIH) NCI No. YOl ·CP· 30508 under Martin Marietta 
Energy Systems, Inc., contract DE·AC-05-840R21400. 
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Introduction 

The impact of environmental tobacco smoke (ETS) on the quality of 
indoor air has been an issue receiving considerable attention. While a 
number of studies have been performed on indoor air composition (1, 2) , 
data regarding the specific contribution of ETS to the chemical 
composition of indoor air haa been limited (3). There are significant 
difficulties in determining both such a contribution and potential human 
exposure to ETS. For example, there are significant contributions to 
constituent levels from other sources, and exposures to ETS are often 
episodic and of varying concentration. To this end, investigators have 
sought to estimate ETS composition and potential exposures to it by 
extrapolating from the composition of sidestream smoke (SS) and mainstream 
tobacco smoke (MS), the latter being much more well·understood. There are 
at least two deficiencies with this approach. First, in the extrapolation 
to SS composition from that of MS, the obHxved variability of SS 
constituent deliveries h much less that those of MS, creating greater 
uncertainty in the SS composition than would otherwise be warranted (4). 
Secondly, in many procedures used to generate SS for chemical studies, the 
generation system may severely alter the environment immediately around 
the cigarette, nsulting in uncertainties about the relevance of the 
resulting material to that produced under smoldering conditions in a 
normal ambient environment. 

The purpoae of thh study was to compare, both qualitatively and 
quantitatively, the organic ~apor phase composition of SS generated under 
maximally relevant conditions with that of the vapor phase of ETS produced 
from the sue cigarette type in a field situation. A collection system 
was employed which provides for trapping of a wide volatility range of 
vapor phase constituents. The primary issue addressed wa• one of 
comparability: I• the relative compqaitlon of the vapor phase of ETS 
aubatantially different from that of the SS which produce• it? 

Experimental 

The trapping system con•i•t• of a stainless •teal t\\be, 20.5 cm long x 
0. 46 mm I. D. , packed with three aorbent uterialt, Approximately 1. 7 mL 
of 35-60 mHh Tenax-GC (Alltech/Applied Set.nee) b backed with 
approximately 0.8 lllL of 20·40 niesh carbotrap (Supelco, Inc.), a 
graphitized carbon black, which is, in turn, backed by 0,3 mL of Ambersorb 
X2·340 (20-60 mHh, Rohm & Haas), After conventional relin cl9.tning 
procedures prior to conatruction, the material i• packed in th4l stai~l••• 
steel tubes, separated by small plugs of •ilylated gl••• wool, and 
desorbed for Hveral hou.ra at 21o•c with heliwa at a flow of 20 aL per 
minute. Desorption flow 18 alway• in the direceion of the Alllbenorb being 
the upstream end, while collection flow ii in th• reverie direction. In 
this manner, constituent• breaking through .th• Tenax an retaimid by the 
Carbotrap, and •o forth. 

Pump• used to collect 1ample1 Yith the t~iple 1orb•nt trapa were flow· 
throttled diaphrapl pump• (Col••l'•~r Air Kadet). ITS sample• were 
collected at flow• of 500 mL per •bw.te, typf.cally fen: 60 llinute1. For 
collection of the more concentrated SS vapor pha,., flows <Jf 20·30 mL per 
minute for 10 minutes were employed. In order to ainiJlile colltction of 
•moke particulate phaae con1tituents on the trap, Teflon-coated gl..1 
fiber filter• {Pallflex TX 40 H 120 WW) were placed immediately upstream 
of the tnp. 
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To generate sidestream tobacco smoke, a laminar flow SS chamber 
developed at ORNL was employed (5). The system consists of a tapered 
glass chamber, into which air flows through two stainless steel 
laminarizing screens. The laminarized air acts to collimate the 
smoldering plume from the cigarette firecone. Temperature and relative 
humidity mapping inside the chamber indicated that the environment around 
the cigarette is not substantially different from that outside the chamber 
in a room- like environment. For these studies, air flow through the 
chamber was 30 L/minute, equivalent to 2.8 cm/sec in the vicinity of the 
cigarette. 

All cigarettes used in the study were Kentucky Reference 1R4F, a 
filtered, low-tar-delivery reference cigarette, quite similar to 
cigarettes currently popular in the U.S. market. The cigarettes were 
puffed during SS generation using an ADL/ll smoke exposure system (Arthur 
D. Little, Inc.) modified to smoke at one 35 mL puff per minute. 
Mainstream smoke (MS) particulate matter was collected immediately 
downstream of the cigarette butt on a standard Cambridge glaas fiber 
filter pad (6). MS vapor phase was expelled into a Tedlar gas sampling 
bag, so as not to contaminate the incoming air. For comparison purposes, 
some SS was generated using an enclosed, water-jacketed chamber (7). 

In order to produce an environment of ETS, 1R4F cigarettes were smoked 
on the same modified ADL/II as that described above. Also, as described 
above, MS particulate matter was collected on glass fiber filters, while 
the vapor phase was expelled into gas sampling bags. Cigarettes were 
smoked in a conventional office with a volume of about 37 m3, The 
ventilating system was a single pass through type, and air exchange rates 
(with the door shut) averaged 5.4 ACH. The door to the office was opened 
periodically to simulate human entry and egress. Temperature and relative 
humidity were not controlled, although typically averaged 38• at 24"C. 
Ambient particle concentrations were monitored using both an automated 
reporting piezoelectric microbalance (Model 5000, TSI, Incorporated, St. 
Paul, MN) and an OB.NL-modified, commercially available forward scattering 
particle concentration sensor (Model RAS· l, MI!, Inc. , Bedford, MA). 
Gravimetric analysis of particulate filters upstream of the triple sorbent 
traps yielded particle concentrations generally in good agreement with 
those determined with the automated piezobalance. 

Strw=tursl identification of individual constituents was performed 
using a gas chromatograph/mass spectrometer (GC/MS, Hewlett Packard Model 
598S). Quantitative al\&lyaes were performed by GC (Perkin Elmer Sigma 2), 
outfiteed with both a nitrogen/phosphorus detector (NPD) and a flame 
ionization detector (FID). Data visualization and reduction was performed 
using a Maxima Chromatography Workatation. In both eases, the vapor phase 
a-.plea were analyzed by thermally deaorbing the trapping system at 270"C 
with a helium gas flow of 10-12 mL/minute in an oven external to the GC. 
Desorbate was transferred via a 30 cm length (heated) of fwied silica 
capillary to a stainless steel cryoloop (liquid nitrogen) at the head of a 
60 m x 0. 32 mm ID fused silica capillary column coated with DBS (1. O 
micron film thickneH) • Temperature programming waa initiated when the 
liquid nitrogen bath waa removed from the cyroloop. The oven was held at 
o•c for 10 minutes, followed by programming to 230"C at 2.5" per minute, 
followed by a 30 ·minute hold. Column effluent waa aplit auch that about 
40t was directed to the NPD, and the remainder to the FID. Quantitation 
waa performed using external standard•. 
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Results and Discussion 

The manner in which sampling and analysis ia performed can have a 
significant impact on the results obtained. For example, nicotine is 
associated with the particle phase of mainstream tobacco smoke. In 
contrast, there is an increasing body of evidence (8,9) to indicate that 
nicotine resides exclusively in the vapor phase of SS and ETS. Thia is 
due to the more alkaline conditions which exist in the cigarette firecone 
during smoldering and the much higher volatility of nicotine in its free 
base form. However, because nicotine is retained on filters typically 
used to collect smoke particulate phase {9), one might be led to the 
erroneous conclusion that nicotine resides in the particulate phase of 
these matrices as well. For this study, the vapor phase was defined as 
that material which passed through the' filters under the conditions of 
sampling. While it was presumed that the Teflon coating of the glau 
fibers provides for a less absorptive and more inert surface, some 
preliminary evidence was obtained which suggests that even these type• of 
filters retain higher molecular weight nitrogen-containing compounds. 
Rasifying the filter surfaces with sodium hydroxide increased the amount 
of these constituents passing through the filters and being retained by 
the vapor phase traps. However, we have not yet developed a con11stent 
treating procedure, so that the work presented here does not compensate 
for retention of vapor phase constituents on filters. 

The material used in the traps to retain the species impacts on the 
visualized composition of the vapor phase. Tenax·GC is used in many 
laboratories as a near universal sorbent medium, but it is subject to 
relatively rapid breakthrough for C6 and lighter compounds (10). In our 
present •yatem, the use of a second stag& and a third stage sorbent 
significantly incuasu the nW11ber of constituents visualized and reducea 
breakthrough. Comparisons of constituent retention by Tenax-only and the 
triple sorbent traps indicated the retention of subetantially more 
volatile constituents, including acetonltrile, isoprene, 2·butanone, and 
acrylonitrile by the latter. In addition, breakthrough of most of these 
species, undar the sampling conditions of the experh1enta, were on the 
order of a few percent. Reproducibility of the sampling 1y1tem appears to 
be very good for most constituents. During 1imultaneou1 determination• of 
ETS atmospheres, relative standard deviation& (&SD) for determinations of 
acrylonitrile, benzene, pyrrole, and limonene ranged from 2·10•. For 
compound• such as ieoprene, 2·butanone, and toluene, RSDa ranged from 
15-30•. 

The system employed to generate the SS for •tucly potentially ha• an 
influence on the relative compodtlon of the amoke. For example, the 
vapor phase composition of SS generated ut1ing an encloaed, water jacketed 
chamber (7) w., compared with that of the SS gen.-rated using the OINL 
lAll!linar flow ay•tem (5). In order to compenHt• fO't differencH in the 
amounts of material collect•d, reeponau o'btaiS\M. for lndividud 
constituent• were normaliied to those of to1ueue. For many of the :major. 
more volatile con1tituents, relative ratios obtaf:ned for Che jacketed 
chamber were quite similar to tho" o'btaine4 uaing the lminar flow 
1ystem. However, for •ome of the .major, lH• volatile con1tituent1 
(ethylbenzene, m+p xylene, lilllOnene, pyrrole, atld pyridine), the relative 
ratio• were a factor of 2·4 lower. Within thi• range of variability, the 
overall compoaitional profile• were quite similar. 

Deliverie• of aelected SS vapor phase constituents generated u1ing th• 
laminar flow ay1te111 are repo~ed in Table 1. The variation. in the 
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measured deliveries ranged from a low of 13@ for toluene, to a high of 33% 
for ethylbenzene. Isoprene and toluene were the most prevalent organic 
vapor phase constituents eluting prior to limonene (the upper limit of our 
study). Propionitrile, 2-butanone, benzene, pyridine, pyrrole, lll+p 
xylene, and 11monene all were delivered at levels in the range of 200-400 
ug/cigarette. 

In Figures 1 and 2 are compared high resolution GC profiles of SS with 
that of ETS, using flame ionization and nitrogen specific detection, 
respectively. Qualitatively, the composition of ETS vapor phase from 
acetonitrlle through limonene is quite similar to that of ETS. However, a 
number of differences can be observed. First, in the FID profile, the 
major constituent elutin.g one minute after benzene appeared ln some 
chromatograms, but not all, making it difficult to identify using GC/MS. 
The major compound eluting immediately prior to limonene (tentative 
structural identification suggests that it may be a diol) appears 
predominantly in ETS vapor phase samples. Otherwise, the overall profiles 
are quite similar. For the nitrogen containing compounds (Figure 2), 
several of the higher boiling constituents, eluting after plcoline, appear 
to be present in the ETS vapor at proportionately higher levels than they 
are in the SS vapor phase. Experiments performed in our laboratory 
indicated that this was not an artifact of the sampling conditions for 
ETS. We speculate that more volatile consticuents initially residing in 
the particulate phase of SS im:medi~tely following generation may evaporate 
with time, to be.coll& pa:rt of th• va.pot phs.se of EIS. ge have also 
observed this phenomenon witb relatively high molecular weight 
hydrocarbons. such as neophytadiene, evaporating from the particulate 
phase of SS as it underg~es substantial dilution (11). 

In Table 2 are listed quantities of several major constituent• of ETS 
vapor phase f~r which confirmatory GC/MS and retention time matching using 
authentic standards have been performed. Comparison of the relative (to 
toluene) eo111podtion of ETS V&Jlor phase constituents (in Table 2) with 
that of SS constituents (in Table 1) indicates differences of only a 
factor of 2-3. All of this data was obtained at relatively high EIS 
particulate concentrations (330 ug/m3). While this partl.culate level 
represent• a relatively smoky environment, it is well withln the range of 
lavela reported for typical ETS particulate concentrations {12). 
Interestingly, for those constituents for which Maximum Allowable Exposure 
(MAE) levela have been established by OSHA, the level• obaerved in thi• 
study were often two to three orders of magnitude balow those 1111.its. 
However, the l'IVela determined here are substantially greater than those 
which might be predicted from the SS emission rates and SS particulate 
deliveries. For exs.mple, the amount of SS particulates generated from the 
ll4F using the generator described above h about 26 mg/cigarette (5). 
This includes any vapor phase constituents (such aa nicotine) adacrbad on 
the filter. Correeting this apparent particulate delivery for v•por ph..e 
nicotine retained by the particulate filtet and extrapolating the 850 
ug/cigarette SS toluene delivery to an ambient ETS particulate level of 
330 ug/m3 :would suggest an amblent toluene contribution of 1.2 ug/m3 , a 
factor of 6 less than that observed. Background levels of toluene were 
deten»illad to be about 10 ug/m3, or less than ZOI of the difference. It 
ls likely that evaporation of lower bolling constituents of SS particle• 
upon dilution into a larger volume reduce• their effective ma•• 
concentration. This, in turn, diminishes their afflcacy •• a predictor of 
ETS vapor phase levels. Wall losses, settling of the larger particles, or 
inaccuraclu ln the determlnation of the particle concentration by the 
piezobalance due to evapcn:ation of the pal'ticha liuring coll.action may 
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also contrlbute to lnaccuracles ln the eatlmatlon. Thls is addltional 
justlfleatlon for direct measurement of the constituent of intel:eat for 
the purposes fo exposure assessment. 

Conclusions 

Methodology for the characterization of the vapor phase of aideatream 
and environmental tobacco smoke has been presented, along with the levels 
of selected constituents. Examination of the high resolution GC profiles 
suggests that the relative composition of the major constituents of ETS 
vapor phase is resonably similar to that of the SS which produces it, 
within a range of 2-3. More detailed examination wlll be required to 
determine the relevance of this observation for minor constituents, at 
lower ETS levels, or for a widel' l'ange of cigarettes. Even at a 
relatively high ETS level (as deacl'ibed by particulate concentration), the 
concentrations of majol' ~apor phase constituents appear to be much lower 
than the Maximum Allowable Exposure limits established by OSHA, However, 
levels were determined to be higher than that which might be estimated by 
extrapolation from SS particulate deliveries. 
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Table 1. Deliveries of Selected Sidestream Smoke Vapor Phase Constituents 
Kentucky Reference 1R4F Cigarette 


ORNL Laminar Flow Sidestream Generator 


Constituent 

Acetoni trile 
Isoprene 
Acryloni trile 
Propionitrile 
2-Butanone 
Benzene 
Pyridine 
Pyrrole 
Toluene 
4-Picoline 
Ethylbenzene 
m+p xylene 
Limonene 

Deliveries*, ug/cigarette 
(mean ± one standard deviation) 

Nitrogen-specific Detector Flame Ionization Detector 

1090 ± 213 
a 

182 ± 66 
177 ± 57 

a 
a 

283 ± 79 
301 ± 101 

a 
126 ± 63 


a 

a 

a 


b 
2494 ± 724 
175 ± 36 
246 ± 72 
402 ± 53 
370 ± 75 
283 ± 69 
372 ± 93 
848 ± 113 

b 
119 ± 40 
311 ± 59 
332 ± 94 

a. No detectable response on nitrogen - phosphorus detector. 
b. Not well quantitated using flame ionization detector. 
*· N - 3 
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Table 2. 

Constituent 

Acetonitrile 
Isoprene 
Acrylonitrile 
Propionitrile 
2-Butanone 
Benzene 
Pyridine 
Pyrrole 
Toluene 
4-Picoline 
Ethylbenzene 
m+p xylene 
Limonene 

Concentrations of ETS Vapor Phase Constituents 

ETS particle level: 330 ug/m3 

ETS nicotine level: 120 ug/m3* 


Concentration. u1tm3~~~~~~~
Nitrogen·specific detector Flame ionization detector 

14 ± 3 
a 

2.0 ± 0.6 
4.4 ± 0.5 

a 
a 

11. 7 ± 0.6 
9.5 ± 0.7 

a 
8.8 ± l.1 

a 
a 
a 

15 ± 8 
47 ± 6 

4.5 ± 0.1 
b 

48 ± 17 
16 ± 3 
11 ± 0.6 
11 ± l 
70 ± 22 

b 
8.9 	± 0.9 

11 ± 3 
16 ± 2 

a. No detectable response on nitrogen • phosphorus detector. 
b. Not well quantitatied using a flame ionization detector.
* 	 ETS nicotine levels determined by the method of Hammond, et al. (13) 
using the filters ahead of the vapor phase traps. 
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Figure 1 Comparison of chromatographic profiles obtained with flame 
ionization detector (FID): sidestream vs, environmental 
tobacco smoke vapor phase. 
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STUDIES ON DUST DEPOSITIONS IN CERTAIN 
INDOOR AND OUTDOOR ENVIRONMENTS OF SECUNDERADAD 

S.H. Raza, B. Nirmala, M.S.R. Murthy 
Dept of Botany 
Osmania University 
Hyderabad, 500 007, India 

The paper presents the mcasunnent of clus t depositions in certain 
indoor and outdoor environments of Secundcrnbad. Railway Station plat
forms and a big domestic mess were selected for indoor studies, Nacharam, 
an highly industrially polluted area was selected for outdoor studi s. 

Size, weight and heavy metal composition from th dust sweeps of indoor 
environments were nnal.ysed. The concentration of air borne dust pari.:iclcs 
was J.06 - 5.4 g/m2/m in railway station wh •r• as in mess it was l .86 - 2.9 
g/m2/m, Dust d positions on the leaf surrnces of trc>r>s growing in indus
trial areas were quan.tified. Pithecolobium dulce is found to b a very 
good dust monitor. Pol)1f!thia longifolio is susceptibl' to dust pollution. 
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INTRODUCTION 

Dust pollution has been found to be a growing problem in major 

cities of India both in indoor and outdoor environments. Dust fall is 

undesirable due to its deleterious effects on air quality and human 

health (1). The need to monitor and control the elevated levels of 

particulate pollution in indoor environments has been subject of great 

concern. The provision of many conventional dustfall monitoring stations 

in outdoors for a detailed study is found to be very expensive. Phyto 

monitoring of dust can serve as a valuable and inexpensive alternative 

(2, 3). Hence an attempt has been made to analyse the levels of parti 

culate matter in indoors of Secunderabad and also toinvescigate the 

probable use of trees as monitors of dust pollution, For the study the 

leaf surface depositions of dust of two different sites were considered 

for comparative evaluation. 


MATERIAL AND METHODS 

Two different types of indoor environments, viz. railway station 
platforms and a domestic mess in Secunderabad were selected fo~ the 
purpose. Dustfall was measured by glass plate method. 10 cm2 glass 
plates coated with thin layer of, grease were kept at desired sites 
nearly 5 metres above the ground level. Weight of the duet deposition 
(g/m2), size of the dust particles (microns) and heavy metals viz. Fe, 
CO', Zn, Mn and Cu were analysed (4) from dust sweeps for 3 s.easons. 'Ihe 
leaf samples of 10 trees were collected in 3 different seasons from 
Nacharam industrial area (Industrially po,lluted area) and University 
Botanical Gardens (Control area) for the assessment of dust deposition 
in the outdoor environments, The leaf samples of trees growing under 
isoecological conditions were collected from 10 metre height and were 
analysed for the dust depositions as described by Bhatnagar et al (5). 
Chlorophyll of leaf samples was analysed (6). 

RESULT AND DISCUSSION 

The size and weight of dust particles of the two indoor environ
ments studied is presented in Table-1. It is evident that the dust 
accumulations were more in both the sites in sU111111er. The dust deposi· 
tion was also more in the railway station platforme than in domestic 
mess. It must be due to the burning of coal and large influx of pasaengers. 
The weight and size of dust particles was found to be increasing conei~ 
derably as a function of increase in the duration of exposure. There 
was nearly 20 times difference in 1 day and 30 day accumulation •. It 
shows that in the absence of continuova control, the dust depositions 
would create problems on human health. The size of the particles was 
not in the respirable range i.e., 0.02- 5mic·rons. The relationship 
between concentration of particulates with particulate diameter was fbund 
significant (Y • 0.83 + 0.32x; r • 0.71). The low values in dust 
accumulation in rainy 1ea1on 1ug1est that indoor levels respond very 
rapidly to changes in the ambient levels. 8.3-50 mg/m2 indoor deposition 
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rates are reported by Funso Akeredolu (7) in the domestic houses of 

Nigeria. The studies conducted by Michael etal (8) in Arizona reported 

mostly suspended particulates in the ranges of 25.5 - 28.Z (mg/m3 ), 

In the present investigation it is found that particulate matter pertai 

ning to concentration of the dust was considerably high which could be 

due to the emissions of wood and coal combustion. 


The composition of certain heavy metals of duet sweeps is presented 
in Table-2. The heavy metal analysis shows comparatively higher concen
tration in indoor environments of railway station. Mostly the heavy 
metals could be emitted from the combustion of coal and dust carried 
in by the incoming passengers (9). The sequence of concentration of 
heavy metals in the dust was Fe > Mn > Zn> Cu)' Co. However the 
study showed that the concentration of heavy metals did not exceed the 
normal limits in any of the two sites (9). 

!he amount of dust deposition on leaves in polluted area is ll'IOre 
than the dust on the leaves of less pollutted area. The same trend 
is observed in all 3 seasons. However the deposition of dust was minimum 
in rainy months (Table-3). There was a great deal of variation in dust 
trapping efficiency of trees. The,range,bde}ng 67-d88 g/~2 vas relatively
rich 1n pithe colobium dulce, Mang1fera ~a an Caas1a f1atua1a. 
In CaesaTprn& pulcherima-aD'd Azadirachta indica 37-60 g/m2 of dust deposi
tion was observed. In the ramaining trees such as ~olyalthia longifolia 
the deposition was found to be poor, the range being 6-37 g/m2, 
Pithecolobium dulce is a fast growing perennial and evergreen plant with 
a compact hedg~nopy. This could be the reason for its higher 
degree of dust trapping efficiency. Cone shaped canopy and deciduous 
nature might be cause of low dust trapping efficiency in Polyalthia. 
However.Oaesalpinia pulcherima, Cassia fistula etc. were found to 
be intermediate·in nature because of compound leaf character which rather 
acts as a seive for the dustfall. 

The concentration of chlorophyll got decreased in the leaves 
to the extent of 50% particularly in certain trees like Polyalthia 
longifolia, Dalbergia siasoo (Table-3). The reduction of chlorophyll 
in the leaves cou1d be due to the deposition of dust in layers. The simi
lar such observations were made in Cassia fistula 1 Dalbergia fol:rdtb.ia 
l,migifolia ( 10, 11 ), The point of interest 1S that the de~l~i-n_e...___ 
in chlorophyll conceneration in polluted areas would serve a measure 88 
of ai~ quality a~d the degree of suaceptibility of trees to dust 
pollution. 

CONCLUSION 

'!11e.knowledge.on heavy metal composition,size and weight of dust 
sweeps in indoor environment would serve as a measure of parti~ulate 
pol!ution, in minimizing.possible damages on human health. Trees 
resistant to dust pollut1on can act as sinks of pollution. The lllOrphology 
and canopy of the trees play a greater role in the dust trapping effici 
ency. Chlorophyll content of plants in polluted envi·ronment ia a 
pur~oaeful paral'!leter in caliberating the pollutant concentration in outdoor 
envi.romnent. 
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-----------------------------------------------------------

TABLE - I. Size (microns) and weight(g) of dust collected in two different 
indoor environments. · 

1 day 30 days 
----------------------------------------------------------------------~--

Size Weight Size Weight 

Railway w 9.7 0.23 48.2 5.1 
Station s 10. 7 0.27 49.4 5.4 

R 9 .1 0.25 18.6 3.0 

Domestic w 7. 7 0 .13 23.3 2.5 

Mess s 8. 7 0 .15 9.8 2.9 


R 7.5 0.21 19.6 l.B 

TABLE - II Composition of certain heavy metals of dust sweeps (ppm) 

Fe Co Zn Cu Mn 

Railway 
Station 

w 
s 

25.9 
66.0 

0.27 
0.50 

1.17 
1.23 

1.14 
2.11 

13.3 
14.6 

R 18.0 0.20 0.95 0. 76 10. 3 

Domestic 
Mess 

w 
s 

15.9 
13.9 

0.05 
0. 21 

0.95 
2.04 

0.55 
0.84 

6.6 
15.9 

R 9.9 0.33 0.95 1. 29 6.6 

W - Winter 

S Summer 

R - Rainy 
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______ 

---------------------------------------------------------------------------------------

TABLE - III Dust deposition on different trees and chlorophyll content. 
._.......---~----- ......--------

-------------~~------------------------------------~-------

LP HP 
Name of the tree s R w s R w 

Dust Chl Dust Chl Dust Chl Dust Chl Dust Chl Dust Chl 
-------------------------------------~-------- ......--------------------------------------
Azadirachta indica 17.4 2.3 7.9 13.9 12.4 9.9 37.5 1.0 24.3 12.8 32.9 6.5 
~aqua~ 23.2 3.6 6.3 11.4 16.3 8.4 33.4 1.4 15.0 8.4 15.0 7.0 
Caesalpinia pulcherima 34.9 2.4 24.3 15.9 43.3 11.6 48.3 1.1 35.4 12.4 37.3 8.0 
Cassia fistula 40.8 3.7 24.3 11. 7 31.3 9.3 88.0 0.6 46.3 9.3 54.5 6.4 
Dalbergia sissoo 12.6 1.9 4.3 12.0 6.4 8.0 41.6 0.4 6.0 8.4 4.4 5.4 

Esenia jamolana 12.4 2.1 6.1 12.5 9.6 10. l 34.8 1.6 9.6 7.6 16.4 10.0 

Mangifera indica 30.4 3.1 8.9 13.0 22.6 7.6 67.8 1.64 28.6 8.9 36.4 9.0 

- Pongamia glabra 13.0 3.9 8.0 11.8 10.4 7.3 25.6 2.4 4.5 6.4 15.0 6.4 

..,a "" Pol;plthia loyifolia 12.4 3.1 3.4 13.6 5.4 8.4 22.9 1.3 9.3 7.4 12.4 5.3 

Pithecolobium. ~ 54.3 2.5 24.9 16.1 34.4 12.4 76.3 2.7 34;3 11. 3 48.9 9.8 

LP - Less polluted area; 

BP - Highly polluted area; 

S - Su.Er 

R - Rainy 

W - Winter 

Chl - Chlorophyll (mg/g dry wt) 


Dust - g/a
2/m. 



LOSS OF NITRIC ACID WITHIN INLET DEVICES 
FOR ATMOSPHERIC SAMPLING 

B. R. Appel, V, Povard and E. L. Kothny 
Air and Industrial Hygiene Laboratory 
California Department of Health Services 
2151 !erkeley Way, Berkeley, CA 94704 

Seven inlet devices, primarily cyclones, were evaluated for nitric acid 
transmission efficiency at simulated day- and nighttime conditions. The 
units employed were fabricated from solid PTFE, perfluoroalkoxy-coated 
aluminum, PTFE-coated glass, and stainless steel. Transmission ef
ficiencies for precleaned units ranged from 18 to> 100%, and were 
generally lower under simulated nighttime conditions. Residence time and 
surface composition were the predominant design parameters influencing 
HN01 transmission. Devices with calculated HN01 residence times < 0.2 sec 
exhibited minimal HN08 loss. Atmospheric sampling provided more effective 
conditioning of the coated aluminum cyclone than did laboratory sampling 
of nitric acid in purified air. Solid PTFE or PTFE-coated glass inlet 
devices are preferable to the coated aluminum cyclone for atmospheric HN08 
sampling. 
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Introduction 

Results from the 1985 California Air Resources Board-sponsored Nitrogen 
Species Methods Comparison Study (NSMCS) 1 suggest that differences in 
measured HN03 between methods could be influenced substantially by the 
degree of loss of HN0 3 within sampler inlets. The use of one inlet system 
fabricated from polytetrafluoroethylene (PTFE) appeared to result in 
substantial HN0 3 loss. Other systems with PTFE inlet devices showed no 
such loss. In an effort to elucidate the problem, seven inlet devices 
were evaluated for nitric acid transmission efficiency at their normally 
employed flow rates. Most were cyclones employed previously by various 
research groups. The devices evaluated were fabricated from solid PTFE, 
perfluoroalkoxy (PFA)-coated aluminum, PTFE-coated glass, and stainless 
steel. 

Experimental Methods 

the devices evaluated are listed in Table I together with their internal 
volumes. Internal volumes include those of any additional plumbing ahead 
of the filter sampler used to collect HN03 • Nitric acid was generated 
with a Unisearch Aaaociates permeation tube maintained at 53•c. The acid 
was diluted to a total volume of 7 cfm with purified ambient air. The 
seven units compared were attached to symmetrically arrayed stainless 
steel port• of a cylindrical sampling manifold. The equivalence of the 
seven 1.5 in. ID port• was assessed by parallel HN03 sampling with open
face filter holder• connected. to each port containing Nylon filters. 
Sartorius 0.65 µm pore size Nylon filters were used in all cases. A pre
cision of 7.511; or better was obHrved at equal flow rates in two trials. 

Samplers operating at 16 to 28 lpm •amp led from the 1. S in. ports, and 
that at 10 lpm, from a 5/8 ita. lD poTt,. Each device employed a 47 mm 
Nuclepore open-face holder and Nylon filter attached at the downstream 
end. In addition to the seven devices, two open face Nylon filters 
("control filters") operated directly attached to sampling unifold ports, 
with one attached to each size port, aapU.ng at 10 and 20 lpm; respec
tively. Tranamisaion efficiency waa evaluated relative·. to the HN0 1
sampled with the control filter from the 'same size port. At 50' RH, HN01
concentrations measured with the control filter at 10 lpm were about 10• 
lower than those at 20 lpm, suggesting greater wall loss in the sampling 
manifold port. At SO• RH, no dg111ficant difference was mea1ured in th•' 
HN03 concentrations at the aro flow rat:u. 

All inlet device• were precleanAld with a l·hour, hot ·wat:er •cuak toltow•d 
by a methanol rinse and drying in part1cle·free air. Filter holder• ~•r• 
water washed and air dried •• above, 

Three, 6·h triah were performed at 50t RH, 2o•c, and three at· about 80t 
RH, ta•c to simulate day· and 1'ightttiale conditions, irespM:tively. · Second 
and third trials war• done immedt.ately· fo:llowing filhT chang.. , and 
reflect the effeoc• of conditioning from·pr:eoeding<tdah. Following· the .. 
third trial at each condition, the ·eyoloM• ore 'rineed with cwo, S· illl 
aliquou of 2. 7 mM HC03 " .. 2. l' aM coa·· :ton chro11atography •lu•nt solution· 
(IC eluent) to aueu recoverabtlity ·tra the wall8. NylO'l'l filtere war. 
extracted in IC eluent and, togeth•r with wuhtnga, ·•nalyzed by IC for 
nitrate. Supplementary experiment• ·are Mffriffd belo-it. · 

RHulta 

Tranamiuion efficiency -r'esult•' for the 6·h triala ara giYen m 'l'able t!:,. 
TheH ranged from l8t for the fint erlal Ylth the atalnleaa ateel c)'e-i0tte 
to 114t for the 1'dlon•coated gtau imitactor. At SOt aH;r all inl•ta 
ahowed incna:aing tran.amt.•ton 'tritb 1t\Crean4 e1uaulat1ve dosa-ge· (i'ipt• 



1) . The AlHL-design2 PFA-coated aluminum cyclone was initially quite in
efficient, but increased rapidly in efficiency with dosage, never 
equalling, however, that for the solid PTFE or Teflon-coated glass 
devices. Transmission efficiencies at simulated nighttime conditions were 
consistently lower than at simulated daytime conditions, excepting the 
stainless steel and FFA-coated cyclones. Most showed higher efficiencies 
for the initial trial (Figure 2). Greater retention of the acid by 
increased amounts of water remaining in the devices is probable. At both 
simulated day and nighttime conditions, the PTFE-coated glass impactor 
showed the highest transmission efficiency. 

Recoveries of nitrate from the filters plus washings of the devices 
following HN08 trials at simulated daytime conditions were about 60' for 
samplers a and b, (Table I), and 90 to 110% for the remaining samplers. 
In the simulated nighttime trials, except for sampler d (Table I), 
recoveries exceeded 90\. The higher recoveries for simulated nighttime 
trials may reflect diminished loss of HN0 1 by volatilization because of 
increased water buildup in the cyclones. 

Figure 3 shows nitric acid transmission efficiencies for the first 6-h 
trial at 50\ RH against calculated residence times within each device 
(including additional plumbing described in Table 1). An excellent 
negative correlation was observed regardless of wall composition or 
design. Devices with residence times< 0.2 sec showed> 80% transmission 
efficiency without previous conditioning. 

The AIHL·design PTFE and PFA-coated cyclones are nearly identical except 
for wall composition, To permit a direct comparison, both units were 
operated at 20 lpm without additional plumbing (i.e. with filter holders 
containing Nylon filters attached directly to the exit ports of each 
cyclone). Two control filters sampled in parallel. Figure 4 shows 
results for three successive trials at simulated daytime conditions. 
Dosages for each trial were about half those in the preceding experiment 
at 50' RH Even without the additional glassware, the PFA·coated cyclone 
shoved consistently lower transmission of nitric acid. Little or no 
conditioning effect w&s evident for this cyclone, whereas a small effect 
can be seen with the PTFE unit. A decreased conditioning effect ia 
con!listent with the lesser dosages employed. 

The reproducibility of the behavior of the PFA-coated AlHL design cyclone 
was assessed by sampling HNOs in parallel with two such cyclones. Table 
III shows the results fo:r thb comparison, indicating relatively little 
difference in transmission efficiency between the two units. The 
agreement ob•erved indicates that damage or imperfections in tha PFA 
coating is unlikely to be influencing HN01 transmission. 

The relatively low efficiency for transmission of HN0 1 observed with the 
.PFA·coated cyclone can be contrasted with that following c~nditioning by 
atmosphedc sampling. Following the NSMCS, this cyclone and it• attached 
glassware were evaluated for transmission of laboratory-generated HNOa 
with.out precleaning. !xpe~tmental te~hniquea uaed were the same as those 
described above. The nitric: acid concentration, 15.6 ± 2.0 #'g/ms, 
measured with control filters, was similar to that employed in the pr,sent 
work. However, sampling periods for each of three trials were two rather 
than six hours, providing mean doaages for each trial of 36 µg. For three 
trials, the mean nitric acid measured sampling through the cyclone and 
glassware was 15.2 ± 1.5 ~g/m1 . Thua, the average transmission effi~iency 
was not significantly different from lOOt. ln addition, comparison of 
NSMCS atmospheric nitric acid results obtained with the denuder difference 
methoda, in which both units were preceded by PFA-coated AIHL cyclones, 
showed, on average, daytime nit.ric a,cid result• which wel:e •bou~ lSt 
higher than these by Fourier transform :f.nfra-red •pectroscopy• •6 • 
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Accordingly, the atmospheric nitric acid results as well as laboratory 
trials with the ambient air pre-conditioned PFA-coated cyclone are in 
marked contrast to the present laboratory findings. 

Conclusions 

1. 	 Transmission efficiencies for nitric acid through initially clean 
inlet devices can vary gr•atly. 

2. 	 Residence time and surface composition substantially influence nitric 
act~ transmission efficiency through inlet devices. Residence times 
< 0.2 sec minimize HN03 loss. 

3. 	 Atmospheric sampl-ing provides more effective conditioning of inlets 
for HN03 transmisaion than does sampling of laboratory-generated HNOs. 

4. 	 Solid PTFE or PTFE-coated glass inlet devices are preferable to PFA· 
coated aluminwa for HN0 9 sampling. 
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Table I. Inlet Device• for Nitric Acid Transmission Efficiency 

Device Code Deyice volume. ml Samplina; Rate. 
lwD 

a AIHL-design PFA-coated 475 28** 

aluminum cyclone (with glassware)* 


b Andersen stainless s~eel (with ss extension)t 20 


c AIHL-design PTFE cyclone 83 
 20 


d RTI PTFE cyclone 60 15.6 


e PTFE-coated glass cyclonetf 75 16 


f PTFE-coated glass impactortt 35 16 


g U. Calgary PTFE cyclone 62 10 

(EPA. design) 

* Volume without glassware is 85 ml. 

** The PFA·coated AIHL cyclone was operated at 28 lpm but the nylon
filter sampler downstream sampled at 20 lpm. 

t Volume without stainless steel extension ia 85 ml. 

tt University Research Glassware, Carboro, N.C. 
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Table II. Efficiency of Transmission of Nitric Acid Through Inlet Devices 
(t)* 

Trials at Trials at 
Device ~Qi BU. 21°Q !H~i RH, lJ"~ 

'4Sl:4§ _A__ -L --L __A_ -L- _Q_ 

a 28.0 54.3 74.l 52.4 46.9 43,4 

b 18.0 26,5 38.4 65.4 31.8 27.l 

c 85.1 92 ..7 105 74.8 66.l 63,3 

d 81. 3 90.5 103 62.l 65.l 59,7 

e 91.3 95.5 105 65.0 68.8 59.5 

f 104 102 114 81.2 80.5 75,l 

g 74.3 88.4 91.9 65.6 58.4 53.2 

HliQa Qsi:n,entx1t~2n1 (&i1LJI•) 

20 lpm: 9.90 11.0 11,2 6.22 5.48' 4,17 

10 lpm: 9.07 9,66 .11.l (7.98)** 5.45 4.17 

Conditlons: 	6~h triala* sampling rates per Table I 


Suspect result, not ·used for calculation.
** 

Table I!l. 	 Comparison :of Two fFA·Ooatt4 AlHL.De•i&~'Cycl-9nas for HNO, 
Transmiaaion Efficiency (t) 

Deyic1Grial --4- -L --L 

l 35.7 40.3 47.9 

2 30.9 41;0 46.3 

HN01 Cone. (µg/m•) 7.,9,.:1: 0.6 8.6 :t 0:4 .7~0 ± 0.05 

a. 	 Condition•: · 3 hr aampling

20 lpm

20•0 

RH Range 53t-64t 
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A STUDY OF THE PERFORMANCE OF ANNULAR DENUDERS AND PRESEPARATORS 

by 

Teri L. Vossler, Robert K. Stevens, and Ralph E. Baumgardner, 

USEPA/ASRL, RTP, NC, 27711 


INTRODUCTION 

For the past five years a nUI11ber of investigators have been involved in 
developing reliable sampling and analysis procedures to measure ambient 
concentrations of HNO , SO , nitrates and sulfates, which contribute to acidic 
deposition. Filter picks ~onsisting of an inert filter followed by a treated 
filter appeared to provide reliable data for sulfates and SO . But measurement 
of HNO and nitrate has proven to be more difficult due to l~sses of HNO in 

3 3the sampling system (e.g., inlet) and difficulties in differentiating vapor 
phase HNO from HNO produced from the dissociation of NH NO during sampling. 
Denuder t~chnology bas been shown to circumvent this pro~lefu (l-3). In the 
California Air Resources Board sponsored Nitrogen Species Comparison Study, a 
variety of techniques, including those using denuder technology, were 
intercompared. One important finding of this intermethod study was the 
apparent loss of acidic gases (e.g., HNO and 80 ) in the Teflon inlet 
assemblies used by some of the participa~ts (4).

2
This report describes recent 

results from our efforts to design inlets to quantitatively transport HNO and 
SO to annular denuder tubes for their collection, while simultaneously 3 

2removing coarse particles ( > 2.5 ~m) from the air stream. Comparisons of 
results obtained with various types of inlets when coupled with annular 
denuders to measure SO , HNO , HNO , nitrates and sulfates will be discussed. 

2 3 2 

EXPERIM&NIAL 

Samplin&: Samples were collected using two annular denuder systems (ADS) run 
simultaneously. Various combinations of preseparators were employed for each 
sampling run to remove coarse particles. Preseparators tested were a Teflon
coated glass cyclone, Teflon-coated glass impactors and quartz impactors with 
no coating. These preseparators, along with the denuder tubes, were fabricated 
by University Research Glassware Co., Carrboro, NC. Each preseparator preceded 
two annular denuder tubes in series, which were for the collection of acidic 
gases, namely SO , HN0

3 
and HN0

2 
• The annular denuder sections were separated 

by a 25 mm open ~not annular) cylindrical space in order to allow the flow upon 
exiting the first tube to be restored to laminar conditions before entering the 
second tube. Details of the annular denuder tube design and operation have 
been described previously (2). The purpose of having the second denuder is to 
correct for deposition of particles and/or relatively unreactive gases which 
would have been collected with equal efficiencl on the first denuder and which 
appear as the ions of interest (i.e., NO-, NO , and SO·) in the IC analysis. 
All denuder tube assemblies were followea by J filter p~ck assembly. The 
filter packs consisted of a 47 mm 2 µm pore size Teflon filter for the 
collection of fine particles, followed by a 47 mm Nylasorb (similar to Nylon) 
filter for the collection of HN0 formed from the dissociation of NH NO

3
particles originally on the Teflon filter. Filters were each suppor~ed by a 
stainless steel screen and separated by a Teflon spacer. Teflon filters were 
weighed before and after sampling using a Mettler ME22 electrobalance in a SOt 

168 






relative hwnidity controlled environment to obtain total fine particle mass. 
The denuder tubes for the collection of acidic gases were coated with a 

lt glycerine and 1% Na CO solution in a 1:1 mixture of methanol and distilled 
water. A 10 mL portio~ 01: this solution is introduced into the tube, which is 
capped and rotated to completely coat the annular surface. The excess solution 
ls then decanted and the tubes dried by allowing clean air to flow through 
them. 

For five sampling runs a third annular denuder tube was used to 
separate out NH from the air stream. Because the diffusion coefficient of NH 
is three times tigher than that of HNO , a shorter (100 nun, vs 200 mm for HNO f 
annular denuder tube could be used to ~btain 99' collection efficiency of Nlf . 
A solution of 2t citric acid in methanol was used to coat the tube. 3 

Samples using paired annular denuder systems were collected over a 
period of four months in 19S6 and 1987 on the roof of the EPA laboratory in 
Research Triangle Park, NC, typically for 21.5 hours starting at 3:00 PM and 
finishing at 12:30 PM the following day. Each ADS.assembly was housed in a 
separate bo~ designed to shield against precipitation. A dichotomous sampler 
was run concurrently with four of the paired samples in order to evaluate the 
effectiveness of the ADS inlets to remove coarse particles. The dichotomous 
sampler fine particle fraction and one of the paired ADS Teflon filters were 
analyzed via XRF analysia so that comparisons could~ made, 

Sample Extractign and An•lysis: The ADS was assB.lllbled and dissassembled on a 
clean laboratory work table. Nylasorb and Teflon filters were each put into a 
clean, separate 100 mL polycarbonate container. Denuder tubes were extracted 
with two 5 mL portions of IC solution (0. 0045 M NaHCO and 0. 0018 M Na CO ) . 
This was accomplished by capping one end of the tube, 3 adding 5 mL of t~e~ 
extraction solution, capping the other end of the tube, rotating the tube to 
wet all surfaces, and then decanting the extract to a 25 mL polycarbonate 
vessel, Samples were dissassembled and extracted immediately after s&11pling 
was co~pleted. Samples and extracts were stored at 5°C until they were 
analyzed by ion chromatography for NO - , NO - and SO • through a 20001 Dionex 
IC unit. Filters were extracted ulttasonfcally ln4 10 mL IC solution for 20 
minutes prior to analysis. On some occaiaions when the average temperature0 . 
during sampling waa S 10 C, the IC chromatogram showt.d evidence of incOtl'plete 
oxidation of the S0 collected on the fir1t annular denuder in the form of a

1sulfite peak. However, the concentration associated wlth this peaK was s111&ll 
(S 5t) in relation to the total sulfate measured on the first denuder. 

For samples which included a third denuder tube for the collection of 
NH~, extraction was done with distilled water following the procedure described 
above. S&mple extracts were analyzed for NH by the method of colorimetry.

3 

RESULTS AHD DIS@SSIQN 

Ion concentrations measured in the second denuder were 1ubtracted from 
ion concentration• measured ln the firat denuder to correct for unreactive 
int~rfering apesies, as describe;,d previou•ly.•Th1s.correct1~n averaged lOt for 
NO , 2\ for SO and 16' for NO . The net NO • NO and SO concentration• 

3 4 2 2 3 4 were converted to equivalent concantration.s a• HNO , HNO ana SO , 
respectively. Particulate SO • was obtained from the Teflon filier extract

• 4 

~~~~!~8~xt!:~~i~~!:i~s~03 Th:48p::rtea:n;~ ~:~~l~~· d~';.~!dT~;i:~ :~!:fg~&~~r~.4•. 
(Percent difference ia defined aa hal:f2the difference of the two ADS reault• 
divided by the average of the two results). The duplication was not quite as 
good for HN0 and HN0 , whoae paired ra•ulta differed by an average of 6.4t and 

3 2 
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8.31, respectively. One anomolously high percent difference for HN0 and for 
HNO are not included in these results. Generally, the high and low 2values 
mealured for SO and HNO wer~ not biased toward one denuder assembly or the 
other, as indiclted by the average concentration for each denuder. This was 
not the case for HNO , as one denuder assembly yielded for most samples an 8% 
average higher concettration than the other. The cause of this phenomenon has 
not been determined. A sU1111Dary of these results is presented in Table I. 

The impactors designed for and used in this experiment provided a 
theoretical DSO cutpoint of 1. 7 µm (5), while the cyclone was designed to have 
a D50 cutpoint of 2.5 µm (6). The dichotomous sampler has a well characterized 
DSO cutpoint of 2.5 µm (7). The differences in cutpoints of the impactors and 
cyclone used in this experiment apparently had no effect on the HNO and SO 
collection efficiency, as evidenced by the lack of bias in the pair~d denuJer 
re:sults. 

The results obtained for samples which included a third denuder for the 
collection of NH were slightly better than the results given above for HNO 
and SO for the lirst 17 samples. Paired HNO concentrations differed by 5~5\ 
(compated with 6.3% for the previous samplesf, and paired S0 concentrations

2differed by only 1.8t (compared with 3.4\ for the previous samples). HNO 
concentrations agreed only to within 15\. Comparisons could also be made2 for 
paired particulate samples with this sub-database, as none of the filters were 
set aside for XRF analysis. Fine particle sulfate and nitrate paired results 
agreed quite well, to within S\. The paired NH results agreed to within 16\, 
compared with an analytical precision of 4\. Il is expected that contamination 
plays a greater role in NH measurement. A summary of these results is 
presented in Table II. 3 

The relative concentrations of gas phase HNO and particle phase NO 
an govnned by shifts in the equilibrium NH NO (a} .1 HNO (g) + NH (g). Table 

4 3- 3 3III shows the average ratio of HNO (gas) to NO (fine particles) as a 
function of average temperature an! relative hukidity for each sampling period. 
For samples where the average temper~ture was low ( < 6°C) and the average 
relative humidity was> 70%, HNO /NO was< 1; i.e., the NH NO dissociation 
constant was low. The gas-to-pa~ticle ratio was> 1 for th~1e3 low temperature 
SB.l\\ples with an avet:age relative h\lB\idity < 70\. Thia i& eo't\aiatel\t with the 
relationship of Stelson and Seinfeld (8) which shows the NH NO dissociation 

4 3constant to decrease with decreasing temperature and incre4sing relative 
huniidity, Furthermore, for higher temperature sampling periods (average 
temperature > l0°C) , the average HNO /NO - was > 2. The lowest values of this 
ratio for > 10°C sampling periods av~rag~d < 1 and occurred when the average 
relative humidity was > 90%. The gas-to-particle ratio was only 0.4 for a 
sample with average relative humidity of 98•, which is where the NH NO 
dissociation constant drops off rapidly. Thus, the data presented ter~ 
qualitatively follows the relationship presented by Stelson and Seinfeld for 
the dissociation of NH NO as a function of temperature and'relative humidity. 
However, the relationstip3 cannot be verified quantitatively because our data 
correspond to nearly a full day of sampling, which reaults in loss of detail. 

The differences in the D50 cutpoint between the denuder inlets and the 
dichoto~oua sampler proved to be a problem when coMParing the XRF re•ult• of 
the fine particle filters from the ADS and the dichotomous sampler. Elements 
whose size distributions extend above or below the DSO cutpoint of either 
SBlllpler will yield different results for the two sampler•. These comparisons 
are presented in Table IV. Note that although the ADS inlet for the first 
three samples listed had a lower cutpoint (1.7 µm) than the dichotomous sampler 
(2.5 µm), tbe total fine particle mass measured for thoae ADS samples was 
significantly higher than the fine particle mass measured for the corresponding 
dichotomous samples. (Gravimetric mass is measured to within a percent or 
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better). One possible explanation for thia result is that coarse particles are 
penetrating the inlet and denuder tubes and adding to the fine particle mass. 
The impactor stages were not greased for the prevention of particle bounce in 
order to avoid the possibility of interfering with the collection of acidic 
gases. 
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Table I · Average of Results Obtained with ADS 

Species Averafe Range Average % Difference 
µg/m 

HNO 
2 

1. 7 0.7 - 3.7 10.4% (8.3% w/out outlier) 

HN0 
3 

1.6 0.4 - 3.0 S.4% (6.4% w/out outlier) 

so 
2 

8.9 0.5 - 20 3.4% 

NO 
3 

1. 2 0.3 - 2.7 

so 
4 

4.7 0.2 - 10 

From 17 sampling periods of about 22 hours each between 
Oct. 27, 1986 and Dec. 7, 1986. 

Analytical precision ranges from< 0.5% for all species 
at > 1 ppm to 8% for sulfate or 2% for nitrate and nitrite 
at< 0.5 ppm. 

Table II · 	 Average of Results Obtained with ADS for 
Collection of Ammonia 

Species Averafe Range Average % Difference 
µg/m 

NH 0.32 0.10 . 0.57 16•
3 

HNO 1.03 0.64 . 1. 55 15% 
2 

HNO 1. 37 0.93 . 1. 95 5.5% 
3 

so 	 19.67 12.6 . 32.2 1.8% z 

NO 1.05 0.41 . 2.14 3.6% 
3 

so 2.99 2.38 . 4.68 4.6% 
4 

Fine Mass 	 16.2 13.l . 21.6 2.0% 

From 5 sampling periods of about 21.5 hours each between 
Jan. 21,1987 and Jan. 25, 1987. 
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I1bli! III - Atmospheric Conditions and Nitric Acid 
to Particulate Nitrate Ratios 

Start Avg. Avg. Total -Day Temp. RH Precip. HNO/N0
3oc(1986) % mm 

10/27 15.8 3.76 
10/28 11.2 81 3.05 
10/29 13.2 83 1.08 
10/30 13.7 78 3.10 
10/31 14.6 78 2.74 
11/5 16.8 92 1.06 
11/6 15.9 83 trace 1. 26 
11/7 14.3 98 trace 0.40 
11/16 8.9 2.57 
11/17 11.0 trace 2.97 
11/18 11.1. 77 trace 1.39 
11/19 5.6 67 7.2 1.01 
11/20 5.2 88 1.9 0.81 
12/4 3.8 57 2.00 
12/5 -0.45 65 1. 69 
12/6 -0.88 71 trace 0.64 
12/7 3.5 71 trace 0.48 

Illll1 lY - Elemental Concentrations of Fine Particle 
Fraction from XRF 

CONCENTRATION, ng/m3 

DATE SAMPLER MASS pp, AL K FE SI s 

10/29 Denuder 33,600 37 267 174 42 241 1970 
10/29 Dichot. 30,600 38 208 200 67 235 3030 

11/5 Denuder 47,300 34 216 183 20 128 2850 
11/5 Dichot. 43,500 43 178 229 52 230 4310 

11/6 Denuder 36,000 24 219 84 29 148 2400 
11/6 Dichot. 29,100 27 180 95 47 127 3690 

tl/18 Oenuder 15,400 ll 167 50 20 234 1600 
ll/18 Dichot. 11, lOO 8 133 50 11 209 1530 

Impactor preseparator used with denuder : 10/29, 11/5, 11/6 
Cyclone preseparator used with denuder : 11/18 
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EVALUATION OF METHODS USED TO COLLECT AIR QUALITY DATA 
AT REMOTE ANO RURAL SITES IN ALBERTA, CANADA. 

Eric Peake and Allan H. Legge
Kananaskis Centre for Env1ronmenta1 Research 
The University of Calgary
Ca1gary, Alberta, Canada T2N 1N4 

As part of a major study on acidic deposition in the province of Alberta, 
Canada (the Acid Oeposft1on Research Program), an atmospher-1c sampling 
system was designed to co11ect ac1d1c and basic gases. and f1ne 
particles, for subsequent chemical analysis. The Kananasl<1s Atmospheric 
Pollutant Sampler (KAPS) consists of a series of annular denuder tubes to 
collect n1tr1c ac1d, nitrous acid, sulphur dioxide and anROnia and du.aJ 
filter packs to collect fine particles. Large particles are removed by a 
cyclone at the 1nlet. The system has been 1n operation at a remote moun
ta1n site and at two rural locations in Alberta since August of 1985. 
Each s)lstem h mounted on an air quality mon1tor1ng tra~ler conta1n1ng 
tt\e necessary vacuum pump, mass flow controllers and a switching system
which allows sequential sampling on four units or repeated sampHng on 
each of the un1ts over a period of several days. A computer controls the 
sampling program and records flow rates. Sampling un1ts are prepared and 
anal)lzed in a central laborator)I. 

ihe ~APS system has proven 1n 1aboratory stu4\es and \n f 1e1d tr1a1s at 
remote at"ld rural locations to be an effective and reliable means of 
col1ect1ng acidic and basic gases. Using a 12 h samp11~g per1od, atmos
pheric concentrations of 'ess than 0.009 ppb S02 or 0.04 µg m-• KNO• can 
be collected for analysis by ion chromatography. ln the first 19 months 
of continuous f1eld operation, data recovery was O'ier 85% with most of 
the loss resulting from condensation in the unheated system. At a remote 
mountain site, where a 48 h sampling period was used, median concentra.
tions of S02, HNDJ, HN02, and NH> were low. 0.22, 0.12. 0.03, and 
0.25 t1t1 m-1, respectively. !he mean S02 concentration was o.56 µg m•, 
cons1derably higher than the median, whereas the mean HN01, HNOa, and 
NHa va1ues d1d not differ greatl)I from th~ med1an. Concentrat1ons of 
SOa, HN01, and NH1 at th& two rura1 s1tes, which may be influenced by 
area, point source, and agricultural emissions kere five to f1fteen tfmes 
greater than at the remote site. 
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Introduction 

In 1985, a mult1-year research program known as the Ac1d Depos1t1on
Research Program (ADRP) was initiated in the Province of Alberta, Canada. 
The AORP is sponsored by the Prov1nc1al Governme"t· the Canadian 
Petroleum Assoc1at1on. the Energy Resources Conservatton Board, and the 
Utilities Group, and has the objective of determining the current status 
and future potential for regional scale environmental effects of acidic 
deposition on ecosystems in Alberta. In order to meet this objective, 1t 
was necessary to develop atmospheric monitoring systems capable of 
measuring low concentrations of a variety of gaseous and part1culate 
pollutants which are known to affect a1 r quality and ecosystems·. 

Commercial analyzers are available to monitor some of these pollutants,
such as SOa, NO, NOa, NH1, CO, COa, and 01, but. w1th the 
exception of CO, COa, and Oa, they are not sens1t1ve enough to 
measure concentrations found in areas not directly under the influence of 
urban, industr1 al, or agricultural em1ssions. Furthermore. conrnerda1 
monitoring systems are not available to measure n1tr1c acid, wh1ch 1s 
believed to be a major contrfbu~or to acidic deposition in some areas of 
eastern North Amer1ca. A number of investigators have utilized filter 
packs and denuders to collect acidic gases wh1ch are then analyzed by
conventional wet chem1ca1 procedures.i.,a,1,•,1 An 1mprovement 
in the denuder methods was the 1ntroduct1on of the annular denuder wti1ch 
allows sampling: at relatively high flow rates fac111tat1ng the measure
ment of low concentrations of atmospheric gases.• This prompted an 
investigation of the annuiar denuder system for the collection of low 
concentrations of gases at a remote location and at sites in rural areas 
influenced by a potnt source and by area sources. A unique package was 
designed, consisting of a combfnat1on of annular denuder tubes 'to collect 
SOa. HN01, HNOa, and NH1. and filter packs to collect fine par
ticles for subsequent analysis by ion chromatography, by :ic-ray fluore
scence spectroscopy, and co1or1metr1cally. Th1s paper brtefly descr1bes 
the design, testing, and characteristics of the Kananask1s Atmospheric 
Pollutant Sampler (KAPS) and summarizes the preliminary results and 
exper1ences of 19 months of continual fte1d use at three sites. 

Experimental Methods 

Equipment Design 

The basic design of the KAPS system h shown in Ftgure 1. A Teflon 
cyclone with a p.rt1~1e s1ze cutpo1nt of about 2.2 µm depend1nq upon 
the samp1e flow rate', removes 1arge particles at the 1niet~· The 
flow 1s then sp11t 1nto two streams each of wh1ch fs regulated by a mass 
flow control unit (Ty11n Corpor&t1on, Carson, Ca11forn1a or Sierra 
Instruments, Carmel Valley, California). One stream passes 1nto a filter 
pack which collects particles for XRF analysis, the other stream enters 
three annular denuder tube$ 1n series. Eich tube has an 1nner diameter 
of 1.0 cm, an annulus width of 0.16 cm, and a length of 25 cm. The first 
two tubes are coated w1th sodium carbonate to collect ac1d g1us jnd tht 
third tube with citric add to collect annon1a. F1nt Plrt1~1es, ·Witch 
pass through ~he denuder tubes, are collected on a Tef1~n filter, 
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followed by a nylC1n filter to collect any volatne nitrate derived from 
the decomposit1on of particulate ammonium nitrate. The tubes and filter 
packs are mounted in a rigid tubular plastic case designed to w1thstand 
h1gh wind-s, and then sealed pr1or to shipment of the unit to the sampling
s1tes. The units are mounted on a metal stand in groups of four on top 
of the air quality mon1tor1ng trailers which contain flow control. 
timing, and computerized flow monttor1ng systems as well as instruments 
for collecting related meteorological and a'r Qua)ity data. 

Laboratory Tests 

A series of laboratory experiments was carried out to determine the optf
111um operating parameters for the KAPS system with respect to the amount 
of material collected for chemkal analysis and the eff1c1ency of the 
annular denuders. 

It was ffrst necessary to determine the detection 11m1t for 504 2 -, 

No.-. and No2- by ana1yzing coated but unexposed denuder tubes, 
determ1n1ng the standard deviat1on 1n these analyses, and then calculat
1ng the detect,on l~mit. On five dHferent days, a total of 24 tubes 
were coated with sodium carbonate and twelve tubes coated with citric 
acid. The tubes were e11:tracted twice w1th dist111ed i¥ater pr1or to 
ana1ys1s for an1ons by ~on chromatography (OioneK, Sunnyvale, California, 
Model 20201) or for Ntt-4+ by autoana1yzer (Techn1con Instruments 
Corporation, Tarrytown. New York). 

The capacity of the tubes to collect SOa 1 HNOs, and NH1, and their col
lection efficiency as a function of flow rate was tested. Sulphur dioxide 
emitted at tne rate of 1.24 µ9 m1n- 1 , was diluted with purified a1r 
at f1ow rates varying from 2 to 42 litres per minute us1ng a vacuum pump, 
Tylan mass flow controller, and a prec1sion standards generator (K1n-Tek 
laboratories, Inc., Texas City. Texas, Span Pac Model 271). Sulphur 
dioxide concentrations at the entrance and ex1t of the annular denuder 
tubes were mon1tored us1n9 a Tracor 27t:lH" Atmos1>hedt Su1phur Analyzer
(Tracor Inc .• Austin, Texas). Stud1es were also carr1ed out with a HNOa 
permeation source {Kin-Tek) and wtth an NH:e source (Metron1cs Associates 
Inc., Santa Clara, California). The denutler tubes were analyzed for 
so.-2 , No.-, and NH•? as previously described. 

lnterferentes ~n the co11e~tion and analysis of SO; and HN02 caused 
by the gaseous pollutants. hy~rogen sulphide, carbon dfsu1ph1de, and 
nitrogen dioxide, found dc>wn1o1ind of natural gas processing plants were 
evaluated. Gas standards were diluted us1ng the Kin-Tek ca11bratton 
system, a nitrogen oxides ana,yzer (Monitor labs, Inc., San Diego, 
Cal1for:nia, Hodel 8840) was used to measure H02 concentrations, and the 
Tracor 270HA mon1tored the sulphur spec1es. 

Field Trials 

The prec1s1on of the method was evaluated 1n two experiments us1ng six 
systems operated simultaneously at a now rate of 7 Lpm with a 12-hour 
samp11ng period. These tests were conducted at the Un1vers1ty of Ca1gary 
which 1s located upw1nd of the Calgary city centre. 
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Upon complet1on of the prec1s1on studies. KAPS systems were 1nstalled at 
three air quality mon1torfo9 stations. One station 1s located 1n a 
remote mouMta1n s1te 1n the Rocky Mountains. 70 km Wof Calgary, Alberta; 
the second 1s located in an agrfculturat area about l km SE of a natural 
gas processing plant, 30 km from Calgary; and the third site is 1 km W of 
that. plant. These systems have been in operation s1nce August of 1985. 
The sampling rate 1s 
every second day, <1r 
four days on a given u

10 Lpm 
a repet
n1t. 

with 
itive 

either 
12-hour 

two 12-hour 
sampl'ing p

samp11ng 
eriod on 

periods 
each of 

Results and D1scuss1on 

Laboratory Studies 

The mean amount of S04 2 - detenn1ned by the analys1s of 24 unexposed 
annular denuder tubes was 0.60 µg w1th a standard deviation of 0.40 pg 
per tube. Given a detection l1m1t of 4.65 ti~s the standard dev1at1on•. 
the detection limit was 1.9 pg per tube. Based on a 12-hour sampling 
period at 1 \..pm, this corresponds to 0.08& ppb S02 1n the ,atmosphere. 
The detect1on 11m1t for No.- was 0.04 pg m-• and for H02
was 0.09 µg m-a. 

The recovery efficiency of the annular denuder in collecting sulphur 
dioxide ranged from greater than 99% at a flow rate of 2 Lpm to 7~ at 
42 Lpm. The recover~ effic1ency at flow rates 1n the range 14 to 21 Lpm 
was high at 91 to 97%. Three replicate tubes, at a flow rate of 21 Lpm, 
showed retentions of 94. 91, and 97% of the introduced sulphur d1olC1de. 
Low flow rates g1ve a h1gh collection eff1c1ency but high flow rates have 
the advantage -0f more material being deposited on the denuder tubes, 
giving an effective reduction of the detecti-0n limits 1n terms of 
pg m-• of air. Thus, flow rates of 1 Lpm and 20 lpm were chosen 
f-0r subsequent tests. 

In one series of tests. 1600 pg of SOa was introduced over a 21.5 h 
period into a denuder tube at the rate of 1.24 pf m1n-1, together 
with purif 1ed a1 r at the rate of 7 lpm. Continuous monitor1nq of the 
output from the tube w1th the Tracor 270HA Atmospheric Sulphur Ana1yzer 
showed no breakthrough of S02 over this per1od. TMs was confirmed by 
attaching a second tube to the f1rst and ana1yzJng th• second tube for 
s~~2-. No ev1dence was found of upt~ke of h~dr~gen su1ph1de or 
carbon d1su1phide b~ the denuder tubes nor was there evidence of uptake 
or outgassing of SO:a by the Teflon cyclone and Teflon inlet s~stem. 
N1tr1c ac1d was reta1ned b~ the- sod1u .. carbonate denuder tube-s witli near 
1001 eff1c1en-cy as was a.1WDOn1a on tne c1tr1c acid" coated: tubes. Lossts 
of n~tr\c a~\Q, howevtr, IM~ be occurring in the inlet cyclone~• 

Denuder tubes coated w1th sodium carbonate: retain nitrous ac1d and· 1 
port~on of any NOa(') in the atmosphere. Thus, the NO,- ret1ined 
by the first tube n the KAPS system represtnts the l'!llX1mum HH01 
concentration and needs correction for NOa uptake. The mechan1s~ of 
Ntl2 retent\on may be conversion to HNOa in th• S'Jttem. • lf 
HN02 1s generated from NO:i w1th1n each denuder tube, the percento.;e 
retained by each tu~e should be nearly equal and can be used to correct 
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the nitrous acid data. When N02 from a cylinder was introduced through 
a series of three tubes, the N02 concentraticns, as measured w1th a NOx 
analyzer at the inlet of the f1rst tube and at the out1ets of the first, 
second, and third tubes were 302, 189. H 5. and 1()4 ppb, respect1ve l y. 
The percentage losses of N02 were 37, 7, and 6, on the first, second, 
and third tubes, respectively. These data fit the hypothesis assuming 
that the source of N02 was impure and contained about 110 ppb HN02. 

Field Trials 

The precision of the method was evaluated using s1x KAPS units simul
taneously sampling the ambient a1r at the University of Ca1gary. Atmos
pher1c concentrations of pollutants were low but the results presented 1n 
Table 1 sho~ reasonable precision. Using the ana1ys1s of the second tube 
to correct the data from the first tube for N02 and particle depo
s1t1on, concentrations were: S02, 3.13 µgm-•; HN01, 0.18 ug m-•; and 
HN02, 0.71 µgm-• in the Caigary atmosphere on the ntght of June 17, 1985, 
and 3.10. 0.18, and 1.54 µgm-• for S02, HN01, and HNOa, respectively, on 
the night of June 18. 

The KAPS system has been 1n operation at three field sites since August. 
1985. Median and mean concentrations of species collected on the three 
annular denuder tubes contained 1n each KAPS un1t are g1ven 1n Table 2. 
The median SOa concentration collected on tube l at the remote Fortress 
mountatn site was low, 0.48 ~gm-• when analyzed as SC4 3 -. The mean was 
much higher, 1.71 ~g ma-. When outlier values, greater than three standard 
deviations from the mean were removed, the mean was reduced to 1.09 µgm-•
still well above the median showing that the data are not normally dis
tributed. A median SOa concentration of D.077 ppb was determined by sub
tract1ng the tube 2 sulphate concentration from that of tube 1. The cor
responding median SOa concentration at Crossfield East, the rural site 
closest to a natural gas processing plant, was 1.06 ppb and at Crossfield 
West, 7 km in a predominantly upw1nd direction, was 0.95 ppb. Median 
nitric acid concentrations were 0.12, 0.15, and 0.14 µgm-•. median nit
rous ac1d concentrations 0.03, 0.14, and 0.22 µgm-•. and median NH• con
centrations 0.25, 1.14, and 1.44 µgm-• at the Fortress Mountain, Cross
fie'd West. and Crossf1eld East sites, respectively, reflecting the 
isolation of Fortress Mountain. 

Data recovery over the first 19 months of operat1on has been greater than 
85 percent. The major problems encountered w1th the denuder tubes were: 
wet tubes which resulted 1n a 5.2% loss of data; broken tubes, 1.21 data 
loss: and leaks, 2.4i data loss. The problem of wet tubes may be reduced 
by a cyclone dra1n and by heatfng the system above the dew point. Con
s1der1ng the rugged terra1n over which the un~ts are transported to the 
Fortress Mountain s1te, often under adverse weather conditions, the 
breakage of denuder tubes was low. This 1s partly due to the thick outer 
denuder tube wall,. 2.9 mm, and a r1g1d case surrounding each un1t. Other 
problems 1ncluded wet or ruptured filters, power failures, coniputer 
fa11ure, pump failure, and problems caused by a 11ghtn1ng strike. 

Conc:1us1ons 

The KAPS system, which contains annular denuder tubes and filter packs,
has proven, 1n both laboratory tests and field applications to be an 
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effective means of collecting both acidic and basic gases as well as fine 
particles for subsequent chemical analysis. W1th a detection 11m1t of 
less than 0.1 ~gm-• for S02. gaseous nitrate. and gaseous nit 
rite when us1ng a 12 h samp11ng period, it has the capab111ty of collect
ing low 	 concentrations of pollutants found in the atmosphere at remote 
and rural locations. The reaction of acidic and bas1c gases with collec
ted particles 1s m1n1mized and the amount of particulate nitrate, 1nclud
1ng volat11ized armion1um nitrate, can be determined. The units, which 
are prepared and sealed 1n a central laboratory, have proven 1n field 
operations to be rugged and functional in design. 
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Table 1. 	 Mean concentration and standard deviation of s1x replicate 
samp1~ngs of the Calgary atmosphere. flow rate 7 Lpm {µg m-1). 

June 17, 16:05 to June 18, 8:10 

F~rst Tube 4.95 ± 0.35 0.21 ± 0.06 0. 79 ± 0.07 

Second Tube 0.21 ± 0.06 0.03 ± 0.02 0.08 ± 0.02 

June 18, 17:30 to June 19, 08:10 

First Tube 4.90 t 0.26 0.22 ± 0.06 1.73"±0.ll 

Second Tube 0.25 t 0.10 0.04 ± 0.01 0.19 t 0.05 
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Table 2'. 	 Med1an and mean concentrations of species collected by KAPS 
annular denuder tubes at three locations (~gm-•). 

Tube 1 Tube 2 Tube 3 

so. 2 - HO.a N02 so. 2 - NDJ - N02 NH./ 

Fortress Mountain, n • 341 

Median 
Mean 
Revised Mean 

Crossfield 	West, 

Median 

Mean 


Crossfield East, 

Median 

Mean 


0.48 0.17 0.07 0 .15 0.05 0.04 0.25 

l .11 0.24 O.li 0.29 0.01 (),0& 0.31 

1.09 0.20 0.10 0.25 0.06 0.05 0.28 

n • 396 

4.49 0.23 0.21 . 0.41 0.08 0.07 1.14 

6.00 0.41 0.27 0.51 0.10 0.09 l.50 

n • 397 

5.18 0.22 0.32 0.47 0.08 0.10 1.44 
e.oa 0.39 0.51 0.75 0.12 0.15 1.89 
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Figure 1. Schematic of Kananask1s Atmospheric Pollutant Sampler (KAPS). 
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COMPARISON OF THREE AEROSOL SAMPLING 
TECHNIQUES AND THE DIFFERENCES IN 
THE NITRATE DETERMINED DY EACH 

Stanley A. Johnson and Rom sh Kumar 
Argonne National Laboratory 
Argonne, Illinois 

Ambient aerosol samples wer collected simult neously with thr dift rent m th
od , one a size fractiona.t d impactor sampler and two filter amplers. Infrared sp c
troscopy was used to analyz th coll cted ro ol using att nuat d total internal rcfl c
tion for the impactor samples and direct transmission through ultra-thin t fion mem 
bran filters for the filter samples. All sampl w r na.lyzed as soon p ibl after 
collectionj ome were reanalyzed after b ing stored in clo ed petri dish s for up to 10 
days. 

A major purpose of th study was to evaluate the neutralization of acidic sulfat 
a rosols after sample coll .etion by th filtration t chniques. No acidic ulfa.t wM founn 
in any of the sample colic tcd during th fi ld study. Howcv r, eigniflcant differ nc s 
w re obs rv d in th nitrate ontent of the samples colle t d by the dift rent sarnpl rs. 
Also, in veral sampl s coll ct d with th . ATR impactor th nitrat content d r a.sed 
upon storage. In som cas a the nitrat ab orbanc bands dimini h d to 'I. ro; in other 
cases th nitrate initially deer as d and th n r main d tabl ; m y t another c , a 
high level of nitrate p .rsist d ov r everal d y • The r ult indicate that two diff, rl'nt. 
typ . of nitrate compound w re pr <>nt in th sample , on or "volatil " th n th 
oth r, although the infrared spectra w re onsist •nt with botlh of th rob ing ammonium 
nitrat . 

ntrod ctlon 

Infrared (IR) sp ctrm1copy has be n us d for sev .ral years for th n.nalysis of ambi
ent erosols. 1•2 Typic lly, th a r sol ample is coll. ted by any one of v ral po i le 
ampling techniques, transfi rre<l to a suitable matrix, and analyi d by tran mission, 
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internal reflection, diffuse reflectance) or acoustic Fourier-transform infrared (FT-IR) 
spectroscopy. Techniques have been developed recently that permit direct FT-IR anal
ysis of samples collected by impaction on internal reflection elements,3 or samples col
lected by filtration on thin tefl.on membrane filters. 4 These newer approaches have the 
advantage of minimal sample handling and no special sample preparation, making them 
amenable to real time analysis. 

The direct infrared analytical methods3•4 were compared during a field study to 
evaluate the neutralization of acidic sulfate aerosols after sample collection. Samples 
were also collected using a set of denuder tubes ahead of the filter, to determine the 
effect on sample chemistry of removing ammonia and acidic gases from the sampled air 
stream. 

Experimental Methods 

The three aerosol sampling methods used were: (1) the "Canadian Filter Pa.ck" 
(CFP),5 {2} the Annular Denuder System (ADS),6 and (3) the Attenuated Total Re
flection (ATR) impactor.3 Aerosol samples were collected during the summer and fall of 
1986 at the Argonne dry deposition monitoring site, .-..35 km southwest of Chicago, IL. 
Because of the greater sensitivity of the ATR technique compared to that of the filter 
methods, a much finer time resolution is possible with the ATR impactor technique than 
either of the other two techniques. Thus while samples were collected over 24 h periods 
for the CFP and the ADS, consecutive 4 or 6 h samples were collected with the ATR 
impactor. The CFP collects all particles in the sample air stream.. The ADS removes 
large pa.rticles with a cyclone presepa.rator and the reactive gases with three consecutive 
annular denuder tubes, before the particles are collected on the teflon membrane tilter. 
The ATR impactor collects only 0.5-1.0 µm aerodynamic diameter particles. 

The collected samples were analyzed with a Digilab (Cambridge, MA) Model FTS
14 FT-IR using direct transmission through the tefton membrane filters for the CFP and 
the ADS samples, and total internal refiection for the ATR impactor samples collected 
on KRS-5 internal refiection elements. Infrared spectra from the filters and the ATR 
impactor have been quantified for NHt and so~- I but not yet for the N03. Therefore in 
the discussion below, only the infrared absorbance values are used for the N03 analyses. 
All samples were analyzed as soon as possible after collection, typically a. few hours, 
and stored in closed petri dishes. Some samples were reanalyzed after storage times of 
up to 10 days. 

Result. 

No acidic sulfate was detected in any of the eamplesj therefore the potential neu
tralization of acidic sulfates on filters could not be evaluated. However, some very 
interesting changes were observed in the N03 content of the samples, and these are 
discussed below. 

Figure 1 shows the FT-IR spectra of concurrent samples collected by the three 
sampling methods. The spectra in Figure la were obtained :within a few hours of 
sample collection; upon reanalysis of the sa.mples five days later, the spectra shown in 
Figure lb were obtained. The three spectra in Figure la are virtually identical, i.e., NHt 
(1400 cm-1), N03 (1340 cm-1 and840 coc1), and so:- (1100 cm-1and620 cm-1); aH 
exhibit similar relative absorbance. Further, even though the CFP and the ADS samples 
include a wide range of partide sizes while the ATR sample covers only submicrometer 
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particles, the major constituents of all samples were the same, ammonium sulfate a.nd 
ammonium nitrate. Figure lb shows that after five days of storage all species were 
essentially unchanged. Figures 2a and 2b show the spectra obtained immediately after 
collection and 6 days later for another set of samples. In Figure 2a the CFP and the ADS 
filter samples show a wea"k indication of N03 in the 1340 cm-1 region, while the ATR 
sample clearly shows strong N03 with both the 1340 cm- 1 and 840 cm-1 absorbtion 
bands. However, Figure 2b shows that the N03 disappeared completely from the A.TR 
spectra after 6 days, while the weak bands persisted in the filter samples. 

Nitrate W'tJS observed in one or more of the 4 h samples collected with the ATR 
impactor during 11 of the 15 daya of sample collection. In the CFP samples, N03 wu 
detected on only 7 days; and on the ADS filter No3 wu found on 8 days. The nitn.te 
"volatility" was observed only in the ATR impactor samples; in every case where N03 
was seen on the CFP or the ADS filters, it was persistent upon storage. The rate of 
disappearance of the N03 during sample storage was quite variable. In soltle cases all 
of the N03 disappeared in one day. In other cases, a rapid initial decrease wu followed 
by a residue.I N03 that WM stable with time. This could indicate nitrate from different 
sources, such a.s aerosol present in an aged air man along with fresh aerOE1ol il'ljected 
by local sources. In the one case where a high N03 persisted in the ATR aample over 
several days of storage (Figure l}) the N03 level was substantial throughout the 24 h 
sampling period. 

For the ATR sa.mplea that lost N03 on storage, a corresponding loss of NHt was 
also seen. Calculations indicated that indeed the No; and NHt losae11 were equivalent to 
a loss of ammonium nitrate, a.nd that the remaining NHt wu in the correct proportion 
with so:- for ammonium sulfate. It waa thought that perhaps a.ft.er e.nunonium nitrate 
was lost from the sample, the residual nitrate would correspond to a different compound. 
However, even in these samples enough NHt waa still left to balance both the so:- and 
the No;. Thetefore some other factor mu.at account for why some of the ammonium 
nitrate was volatile and sonie was more stabfo during atorage. 

The ATR impactor um.pies showed distinct diurnal variations, but no regular pat
tern waa apparent. Figure 3 presents spectra from six sequential 4 h ·l!IB.Dlplea taken 
with the ATR impactor. On this day all major ions changed substantially over the 24 h 
period. Note especially the fact that N03 goea from virtually nothing to a high level 
and back to almost zero. Also note that although both the so:- and N03 increued 
during the day, the maximum concentrations of the two ions did not occur in the same 
time period. 

Conclusions 

This limited field study shows that aamples collected by three different techniquesJ 
one a total filter sample, another a filter sample denuded of ammonia and acidic guea, 
1md an impactor sample of submicrometer particles onl)', showed very similar infrared 
absorption spectra. Finer time resolution, ATR impactor-collected samples sometimes 
showed the presence of "volatile" ammonium nitrate, which was not present in e..ny of 
the filter-collected samples. In addition to the "volatile" ammonium nitr11ote, a more 
stable ammonium nitrate W!l.8 also often observed in these aamplea. 

The ATR impactor samples showed significant diU?'n&l variation in the concentra
tions of NHtl No; ,and so~- from one 19ample to the next, which variation WA.I lost 
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in the filter samples. These data point up the desirabmty of i:onducUng :fine time reao
lution sampling, and of developing real time or near real time sampling and analytieal 
instruments. 
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Wet Deposition on Forest Canoiy at 
Mt. Mitchell, North Carolina 

Vinod K. Saxena and Ronald E. Stogner 
Department of Marine, Earth and Atmospheric Sciences 
North Carolina State University 
Raleigh, North Carolina 

One of the most recent examples of the severe environmental 
impact of global and regional air pollution has been identified 
to be the forest decline at high elevations in Europe and North 
America. First identified as "waldsterben" (death of forest) in 
West Germany and now commonly accepted as forest decline has 
been noticeable in e stern U. s. beginning 1980. Alarmed by the 
West German plight, the U. S. Environmental Protection Agency 
launched a project entitled, "Mountain Cloud Chemistry/Forest 
Exposure Study" in May, 1 985. Under the program, relevant at
mospheric chemistry and micrometeorological measurements have 
already started or are underway at the following locations: 
three sites at Whitef ce Mountain (New York), two sites at Hub
bard Brook/Mount Moosilauke Experimental Forest (New Hampshire), 
three sites in Mt. Mitchell State Park (North Carolina), three 
sites in Shenondoah Park (Virginia), one site at Whitetop Moun
tain (Southwestern Virginia), and one site in Maine. During 
summer, 1986, in the Mt. Mitchell state P rk, we erected two 
meteorological walk-up ewers, one (16.5 m tall) t the Gibbs 
Peak ( 2, 006 m MSL on the mountain ridge) and the other ( 22 m 
tall) at the Commissary Ridge ( 1, 760 m MSL on the eas ern 
slope). Although the southeastern U. S. experienced drought 
during the summer, 1986, the Gibbs' Peak tower was exposed to 
clouds during more than 70% of days. The direct cloud inte cep
tion by forest canopy is a major mechanism for cidic deposition 

t Mt. Mitchell and hydrological and chemicc 1 inputs are 
gov .rned by sediment tion, impaction and evapor tion p ocesses 
which, in term, are controlled by the prevailing windfield and 
cloud microstructure. 

* The rese rch was supported by U. s. EPA Contrac No. CR 
812444 - 02 - 0 and w. s. Fleming Contract No. 0-31734. Neither of 
these organizations have reviewed the paper. The authors re 
solely responsible for ts contents. 
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Results from initial runs of a direct cloud interception 
model indicate that wet deposition from such sources constitute 
a significant source of ionic input to the forest canopy. 
Values obtained compare favorably with those obtained by other 
authors. Our calculations i~dica1e that such sources contribute 
on the order of 1.75 kg ha- yr- of H+ ion deposition to Mt. 
Mitchell area forest. These numbers are even more significant, 
considering the drought conditions during the summer, 1986. Our 
results also indicate that short term cloud events (less than 
1/3 of a day) may contribute high amounts of ion deposition due 
to their high acidity and frequent occurrence. 

Introduction 

Forest decline at high elevation ecosystems has become in
creasingly apparent during recent years. Such decline is par
ticularly evident in mountain spruce-fir ecosystems, which often 
remain immersed in clouds for prolonged periods of time. Mt. 
Mitchell (2,038 m MSL, 35° 46'N, 82° 16'W) area forest, for ex
ample ~re exposed to clouds about 258 days per year on the 
average • This prolonged exposure to acidic clouds, may greatly 
enhance wet deposition of ionic substances at such sites. 

One type of wet deposition, which is parculiar to such 
mountain sites, is direct interception of impinging cloud 
droplets. Wet deposition amounts, on these mountain area forest 
canopies, may be significantly u2der estimated, if such sources 
are not taken into consideration • Direct measurements of wet 
deposition to forest canopies, through techniques such as: 
stemflow, throughfall and the use of surrogate surfaces, are 
difficult to accurately obtain as well as relate to the complex 
forest canopy. A more general and easily applied method is the 
use of deposition models. A model to calculate wet deposition, 
due to direct cloud droplet interception has been developed and 
is currently in use by the Mountain Cloud Chemistry/ Forest Ex
posure3?rogram (MCCP). The model is described in detail by
Lovett • We have used this model to calculate cloud water 
deposition rates at Mt. Mitchell. 

The model requires wind speed, temperature, relative 
humidity, solar radiation, liquid water content and droplet 
modal size. All parameters were obtained during the 1986 
summer, as part of the MCCP program. The measurements were made 
at the Mt. Gibbs site. This paper presents the results from 
model runs using the 1986 summer data obtained at Mt. Gibbs. 

Experimental Methods 

Two research sites were established in the Black Mountains 
of North Carolina. Each site is equipped with an aluminum walk
up tower, which extends about 10 m above the surrounding forest 
canopy. The first site is located at Mt. Gibbs. The second 
site is located at Commissary Ridge, about 0.75 km southeast of 
Mt. Mitchell and some 200 rn below the Gibbs summit site at an 
elevation of 1,760 m MSL. Table 1 list parameters measured 
during the 1986 summer at Mt. Gibbs. 
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Table 1 

Parameter 	 Instruments 

Temperature, Relative Humidity, Electronic Weather 
Wind Speed, Wind Direction, Station (Operated
Solar Radiation, Pressure, 	 continuously>
Precipitation 

Cloud Water Chemistry 	 Active and Passive 
Cloud Water Collectors 

Precipitation Chemistry 	 NADP Collector (weekly)
Ozone 1 so2 Gas Concentrations 	 Continuous Gas Monitors 

Droplet Size Distribution, Forward Scattering 
Liquid Water Content Spectrometer Probe(FSSP) 

Model Methodoloqy 

Meteorological parameters needed for model t'uns were ob
tained from data recorded by the electronic weather station 
(EWS). One hour averages were used for the model runs. Two im
portant deviations need to be mentioned here. First, the model 
uses values at the canopy-top (about 8 m, in our case), while 
our measurements were made at 16.5 m above the ground. Since we 
had no real-time turbulence data, to estimate vertical profiles, 
we have chosen to us~ the 16.5 m values directly here. 
secondly, Lovett et. al. define Net Deposition as Gross Deposi
tion (that is all water captured} minus Evaporation. Our ex
perience has shown that the model's evaporation scheme is ex
tremely sensitive to relative humidity measurements in the 95
100\ range. Presently, there are no tested, field worthy in
struments which are capable of accurate measurements of relative 
humidity in this range. We have, therefore, chosen to calculate 
Gross Deposition, neglecting evaporation. While both of these 
points will combine to over estimate the actual deposition,
there are other factors, which will be discussed later, which 
will combine to decrease the estimates. The resulting values 
may not be far from the true depoaition. 

The microphysical input parameters needed were obtained 
from five minute avera9es of one second FSSP data. These five 
minute averages were ueed to compute the one hour values that 
were used in model runs. Liquid water content (LWC) values were 
obtained from integration of the droplet size distribution data. 
The LWC values from our FSSP data compare well with LWC values 
obtained by other methods at other MCCP sites. 

Ionic deposition rates were obtained by multiplyin9 H+ con
centration values from cloud water samples collected hourly 
using the cloud water collectors listed in Table 1. Data from 
the 1986 summer show that there is no atatistioal difference in 
the chemistry of samples (333 hours were sampled) collected from 
either the passive or active collectors. We have used samples 
from the paasi~e collector. Field H+ concentrations were used 
in our computations. 
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Results and Discussion 

Droplet size distribution measurements were successfully 
obtained during three cloud events of 1986 summer. These events 
occurred on the following dates: July 5, August 30 - September 1 
and September 10 - September 12. The July 5 event was of short 
duration lasting only about five hours. The two remaining 
events were long events, lasting more than thirty six hours. We 
have used the July and August events for our estimates. The 
July event is typical of most short events at Mt. Mitchell in 
both physical and chemical composition. The August event is 
typical of long term events, physically, however it is about an 
order of magnitude less acidic than most long events. 

Figure 1 shows microphysical characteristics of the two 
events as recorded by the FSSP. The LWC, total droplet con
centration and average droplet size are shown for the two 
events. The July event was a valley fog event, probably en
hanced by orographic lifting. The event occurred in the early
morning hours and lasted until about noon. The event became ex
tremely patchy shortly after sunrise, with official cloud water 
samples being discontinued at 0630 EST. A sharp inversion was 
evident at sunrise, which completely dissipated by noon. Field 
pH measurements for the event ranged from 3.17 at the outset to 
2.99 at the end of the event. This drop in pH was probably due 
to the dissipation of fog droplets, thereby concentrating their 
solution contents. 

The August event lasted more than forty eight hours and was 
associated with a weak upper level disturbance. The event 
yielded light precipitation during the latter stages of the 
event. The profiles (Fig. 1) for this period indicate a drop in 
all three parameters, this we believe can be attributed to a 
shift to a size range larger than the effective cut off diameter 
for the Probe. Although the probe is capable of measuring 
droplets up to 47 um onboard an aircraft, we suspect the actual 
cut-off diameter is smaller (probably about 25 um) when used for 
ground based measurements due to lower sampling velocities. 
However, no laboratory tests are yet available to support this 
contention. The probe, probably will under-estimate the actual 
LWC in mature cloud systems. The above factor, coupled with the 
lower acidity of the August event will result in lower ionic 
deposition estimates for our long duration events. This in com
bination with the fact that the 1986 summer was one of extreme 
drought for the southeast region will tend to cause the es
timates of normal ionic deposition in the Mt. Mitchell area to 
be underestimated. This will be offset somewhat by the factors 
(previously mentioned) which tend to over-estimate deposition. 
We feel, therefore that, the resulting errors in our estimates 
are small. 

Wet deposition was calculated by one hour model runs using 
the data mentioned above. The data could then be combined with 
field chemica 1 data to produce hourly ionic deposition rates. 
Finally, knowing the total number of hours of each type of cloud 
event that occurred during the summer (May - September) and the 
average ionic deposition from these two representative events, 
we were able to estimate annual ionic deposition to the Mt. Mit
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Mt. Gibbs, NC. Values shown are five 
minute avera9es of one second FSSP 
data. 
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chell area ecosystems. Due to the drought conditions, it is 
likely that these annual estimates are somewhat low. 

Model runs for the July event i~dicate hourly wet deposi
tion rates on the order of 0.13 mm hr- from direct clofd inter
cepyion and ionic deposition rates on the order of 10- kg ha-1 

hr- from such sources. Runs for the August event ind+cate 
hourly wet deposition rates on t;te ordef of 0.27 mm hr- and 
ionic deposition on the order 10- kg ha- - from direct inter
ception sources. Extrapolating cloud occurrence data taken from 
the summer to the e~tire 1 year, yields annual ionic deposition 
rftes ~f 1.35 kg ha- yr- for short term events and 0.40 kg hf1- yr- for long term events. The total of 1.75 kg ha- yr
compares well wit~ that of Lovett et. al. who provided a value

1of 2.4 kg ha- yr- • These values are also obtained from actual 
measurements, while Lovett et. al. assumed a typical LWC and 
modal droplet size. 

Concluding Remarks 

Our results indicate that wet deposition from direct inter
ception sources is a significant source of ionic input to moun
tain forest canopies. values estimated from measured parameters 
obtained near Mt. Mi tche11, N. C. compare favorably with those 
obtained by other authors at other locations. 

Wet deposition rates from such so~ces were found to be on 
the order of a few tenths of mm hr- 4 , with fesulfing ionic 
deposition rates on the order of 10- kg ha- hr- for both 
short and long duration events. However, due to the more acidic 
nature and more frequent occurrence of short duration events, 
these short events may contribute more ionic deposition per year
than do their long duration counterparts. Finally, due to ex
treme drought conditions which existed during the 1986 summer in 
the southeast region, the estimates presented here may actually 
be lower than normal for Mt. Mitchell. Further work is in 
progress to refine our computations. 
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DRY DEPOSITION OF OXIDES OF NITROGEN 


o. Stocker, D. H. Stedman, B. Evilsizor and M. Burkhardt 
Chemistry Department 
University of Denver 
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Denver, Colorado 80298 

Eddy correlation is the beet approximation available as 
an absolute method for the determination of dry deposition. 
In ordet to perform an eddy correlation study of the flux of 
a pollutant gas, that gas needs to be measured with a time 
response of less than one second. We have shown that we are 
capable of making these measurements for ozone and for the 
oxides cf nitrogen NO and N0 2• In order to be sure to be 
determining all the important flux of the oxides of nitrogen 
out of the atmosphere, it is important to be able to 
determine .the flux of nitric acid (HN03). We therefore 
propose to build a molybdenum converter which will allow 
eddy correlation studies of nitric acid. 

Determining the co11centratio11 of peroxyacetyl nitrate 
has always been difficult. We have developed a fast 
portable method which can separate PAN from interferences in 
ambient air and monitor its concentration. 

Key words: oxides of Nitrogen, NO, N0 2, HN0 3, PAN, 03, 
lurninol, molybdenum and !oain-Y. 
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The dry deposition of many atmospheric species to 
various types of ground cover has not been characterized 
(1). The equation:

F' = CTW1" 
forms the basis for the eddy correlation technique. Average 
fluxes are measured directly by correlating the fluctuations 
in concentation, c 1 

, with the fluctuations in the vertical 
wind, w', without the need for assumptions involving eddy 
diffusivities or other inferred quantities (2). This method 
requires state of the art fast response instrumentation (> 1 
Hz) (3,4) to be deployed in the field along with computers 
for data acquisition and reduction. A micro
meteorological ly suitable site is required for eddy 
correlation studies. Ideally the site should be level, with 
a uniform surface (no upwind obstacles which could introduce 
a non steady-state turbulent flow). The atmosphere should 
also be well mixed so that chemical and dynamic steady-state 
prevails. 

Meteorolosical instruments 

The (u,v,w) wind components are measured using a Gill 
propeller anemometer mounted at a height of 5-7m on a tower 
upwind of the trailer which houses the instruments. Air 
samples are drawn from the tower into the trailer using a 
high volume sample pump (at a flow rate of ca. 18~ lpm) 
through 5/8 inch i.d. Teflon tubing, the chemical sensors 
draw samples from the main air stream. The time taken for a 
sample to travel the length of the tube and reach the 
analyzers is < 2 s. This lag is taken into account in the 
data analysis. The response frequency of the chemical 
sensors sampling through the intake tube is approximately 1 
Hz. 

The response frequency of the Gill anemometer is also 
about 1 H~, depending on the wind speed (5). The flu~ 
measurements thus sample the frequency spectrum from 1 Hz up 
to the averaging time of 25 minutes. At typical wind 
speeds, the loss of flux by neglect of longer scale eddies 
is probably insignificant. The loss of eddies faster than l 
Hz is predicted to lead to an underestimate of flux not 
exceeding 15\ (S). This correction can be included in the 
data analysis. 

A platinum wire thermometer is mounted on the tower in 
close proximity to the sample intake. Its response 
frequency is about 10 Hz. 

The NOx (NO, NO and PAN) ins tu rmen t monitors the 
intensity of light emmftted following the reaction of nitric 
oxide with ozone {6,7). The higher oxides of nitrogen 
(principally nitrogen dioxide and peroxyacetyl nitrate) are 
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reduced to nitric oxide using a heated molybdenum converter 
at 400° c, see Figure 1. The short length of tubing in 
front of our convertor has such an affinity for HN0 3 that 
the response to HN0 3 changes is over a minute. Using a 
radiative heating system, we propose to build a molybdenum 
convertor in which 400° C molybdenum is the first surface 
which is impacted by the sample air, see Figure 2. This 
configuration will allow eddy correlation studies of HN0 3• 

Chemiluminescent Ambient Air Monitors 

By altering the configuration of the Chemiluminescent 
Ambient Air Monitor (CAAM), see Figures 3, 4and s, the 
following species can be monitored: l)No 2 2)PAN 3)HNo 3and 4)0 3 • The first three species are measured by the 
chemiluminescence reaction of N0 2 with basic luminol 
solution (8). Detection of N02 takes place in the analyzer 
cell where luminol solution and ambient air come into 
contact. Light produce'd from the reaction of N0 2 and 
luminol is detected by an EMI 99248 (or Hamamatsu -R268) 
photo111u l tipl ier tube (PMT). The photocurrent is converted 
by the electrometer to a 0 to 10 volt output signal that is 
lineari ly proportional to the. N02 concenttation. The 
response of the chemiluminescent monftors is about 7 Hz. 

Ozone is measured by using the chemiluminescent dye 
Eosin-Y in ethylene glycol in place of luminol (9). 

PAN and HN03 instruments require special intake systems 
and operate at slower response rates. Eddy Correlation 
studies are not possible at these rates but the gradient 
method could be used to determine the flux of these species. 
The concentration of PAN can be found by coupling a CAAM 
instrument with a gas chromatograph. PAN and No2 are 
seperated using a polyethylene glycol 400 on chromosoro w HP 
column with NO free ambient air as the carrier gas. The 
peroxyacetyl n~trate can be separated and detected once 
every 15 seconds. The HN0 3/N02 analyzer is a variation of 
the luminol chemiluminescence aetector for No 2• A species
determinator intake system consisting of a hot-glass beads 
converter, a Cro3 converter, and filters of nylon and teflon 
is used for HN0 3 measurement. An automatic timing and 
valve sequencing circuit controls the intake air flow that 
alternates between readings for NOv.CNO, N02 , PAN and HN03 ) 
and for NO -HN0 3• During operanon the teflon filter 
removes particulate matter from the sample air. HN03 in the 
air sample is then converted to No 1 in the hot-glass beada 
trap. Excessive reduction is corrected by use of a cro 3converter just prior to the N0 2 detector. A valve 
periodically switchs a nylon filter 1nline which selectively 
removes HN0 3 from the air sample. The value for the HN0 3 is 
obtained as a difference between the two measurements. 
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Establishment of the National Dry Deposition Network 

lntrOduction 

In an effort to coordinate Federal Acid Rain activities, Congress 
passed the Acid Precipitation Act of 1980. This Act established a Task 
Force to develop and implement a comprehensive National Acid Precjpitation
Assessment Program (NAPAP) that would increase our understanding of the 
causes and effects of acid deposition. The program 7ncludes both research 
and monito~1ng data bases on which administrative decisions can be made. 
To fulfill this latter requirement, NAPAP established the National Trends 
Network (NTN). Since the NTN measures only the wet component of acid 
depos7tion, the NAPAP assigned EPA the respons1bi1ity to design, deploy. 
and operate a network to measure the dry components of acid deposition. 
EPA delegated this responsibility to the Envi~onmental Monitoring Rranch 
(EMB). Monitoring and Assessment Division {MAD), Environmenta1 Monitoring 
Systems Laboratory (EMSL), Research Triangle Park (RTP). NC. The EMS/MAD/ 
EMSL has designed a network which will consist of up to 100 stations and 
will be established over the next 5 years. This network is being estab
lished to address the followin9 objectives: establish a data base from 
which an estimate of dry deposition flux and deposition velocities can be 
made; determine the temporal and spatial distribution of dry deposit1on in 
tne U.S.; assist in determining the relationship between dry deposition, 
wet deposition, and environmental effects; and collect data to test and 
improve regional deposition models. 

Since there is no reliab1e mechanism to monitor dry deposition veloci
ties or dry deposition fluxes, the network will monitor the following 
parameters from which dry dep~sition veloc1t1es and fluxes can be esttmat
ed: particulate sulfate {So~- ), particulate nitrate (No 3·), nitric acid 
(HN03), sulfur dioxide (S02J 1 ozone {03/ 1 wind speed (WSJ, wind direct1on 
(WD). temperature (T1, delta temperature (6T}, so1ar radtat1on (SR}, rela
tive hum1d1ty (RH), and precipitation (P). Because of the uncertainties 
surrounding some of the sampling techniques and because of the complexity 
of the project, a prototype network of six stations was established by EMSL 
1n 1984. These six stat7ons evaluated the performance of monitoring equip
ment under expected operating conditions. The experience gained in this 
effort has guided E~SL in the final equipment selection and will be used to 
refine the station operattng procedures. These six stat1ons have become 
part of the 100 station network. The prototype stations are located at 
Research Triangle Parkf NC; Pennsylvania State University, PA; Oak Ridge, 
TN; Whiteface Mt., NY; and West Potnt. NY. A sixth statton is also located 
at West Point. ijy as a collocated station. These sites were chosen because 
of ex1st1ng mon~toring activities for acid deposition at each site and the 
interest in acid deposition of the principal investigators at the stations. 
The stations in the prototype network were installed and maintained by a 
contractor. The operation of the station is by agre~ent with the pr1nci. 
pal investigators at the stations. 

A contract was awarded in September 1986 to Environmental Science & 
Engineering, Inc. {ES&E) of Gainesv111e, Florida ta assume operation of the 
prototype network and to expand the network to 100 stations over the next 
five years. The parameters to be monitored are the same as in the proto
type network. F1gure 1 shows the proposed locations of the dry deposition 
monitoring stations. Oue to the need to evaluate the Regtnal Acid Deposi
t1on Hodel (RADM) by 1989, the first 40 stations wi11 be located in the 
eastern United States. The remaining 60 stations will be distributed over 
the contiguous Unite<! States. 
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Di scuss1 on 

In the prototype network, the particulate sulfate and nitrate, nitric 
acid, and sulfur dioxide were measured weekly using a stacked filter pack 
system currently in use in Canada.1 This stacked filter pack is operated 
over a 7 day sampling period and consists of two separate samples - one 
integrated over the daytime hours and the second integrated over the night
time hours. Both the daytime and nighttime samples consist of a single 
filter holder containing three filters in series. The first filter, made 
of Teflon, is for particulate removal and is analyzed for su1fate and 
nitrate. The second filter is nylon and is analyzed for nitric acid. A 
Whatman 41 filter impregnated with K2C03/glycerin analyzed for S02 is the 
third filter. The f1owrate of the system is maintained at 1.5 lpm by a 
mass flow controller. The filter holder material is made of Teflon. The 
Teflon filter samples are water extracted and analyzed using an ion chroma
tograph (IC). The ny1on filter, which collects gaseous nitric acid, is 
water extracted and analyzed by JC. The treated Whatman 41 filter is 
extracted with 0.03% hydrogen peroxide and analyzed for sulfate using a 
colorimetric procedure. In addition to the Canadian Filter (CF) pack
sampler, two other techniques suitable for routine monitoring applications 
were evaluated during 1986 at selected prototype stattons. These tech
niques include the PM10 Size Selective Inlet High Volume Sampler {SSI) & 
the Transition Flow Reactor Sampler (TFR)2. The filters collected in the 
network are supplied by EMSL/RTP, NC and analyzed by an EPA contractor. 
The continuous 03 and meteorological data are co11ected at the field sites 
on data cassettes which are returned from the stations weekly. Data are 
reduced and validated by EPA and the EPA in-house contractor. Avalidated 
data set is available from the EMSL/RTP, NC. 

One objective of the prototype network was to detennine method preci
sion under actual field condit1ons. Table 1 gives the precision in terms 
of the (%) coefficient of variation (i.e., standard deviat1on divided by
the mean xlOO). The precis1on for the CF pack pack and PM10 Size Select 
Inlet High Volume Sample (SSI) methods was estimated by the yearly average 
of individual week1y estimates of the% coefficient of variation (CV) 
between collocated instruments located at the West Point sites. · Daytime
and nightt1me estimates of precision were calcu1ated separately for each 
type of filter used by the filter pack. Alternativelys precision for the 
TFR method was calculated as the average% coefficient of variation between 
weekly measurements from the left and right channels of the same instrument. 
Estimates from different sites were pooled. With the exception of HN03 the 
"wfthin 11 instrument variation for the TFR was h1gher (less precise) than 
the ''between 11 instrument variation for both the CF Pack and SSI methods. 
However, for compa~ison purposes, neither of the collocated sites employed 
a TFR sampler. 

Prior to April 1, 1986, the collocated sites (003 and 004) at West 
Point, New York were equipped with sim11iar CF Pack samplers. No s1gnif·
icant bias between the two collocated sites was detected during th1s 
period. Beginning in April 1986, The collocated sites at West Point were 
outfitted ~ith CF Pack samplers with different filter holders, The CF 
Pack at site 003 used an all Teflon filter holder and the CF Pack at site 
004 used a Polycarbonate filter holder manufactured by Nuclepore. For 
the period beginning April 1986 until January 1987, a slight increase in 
the %CV was noted for some pollutants. 

A statistical test indicated that the increase in icv was due to the 
following s1gn1ficant biases: 
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1) HNo 3 (daytime) at site 003 was 9.Si higher than site 004. 
2) so4-2 (nighttime) at site 003 was 6.2% higher than site 004, 

and 3) so2 (nighttime) at site 003 was 14.9% n;gher than site 004. 

As a resu1t of these biases. CF ?ack estimates of precision are given 
tor the period prior to the change in filter holders. 

Table 2 summarizes the method comparisons. which are based on weekly
percent differences (i.e., Percent Di ff= (Meth 1 - Meth 2)/[(Meth 1 + 
Heth 2)/2] x 100. This ratio is approximately equal to the difference 
between the logarithms of the method ~easur~nents {i.e., \n (Meth 1) 
1n(~eth 2)) and 1 if certa7n assumptions hold, approximates a normal distrib
ution centered around zero with standard deviation proportional to the 
coefficient of variation3, Statistical outliers were removed and only data 
above the minimum detectable range for each method were used in the calcula~ 
tions. The large difference (156%) between CF Pack and SSI fs thought to 
be due to the 1oss in No 3- on SSI filters due to daytime tempe:-atures. Th~ 
CF Pack results were not affected by temperature as much since different 
samplers were operated for daytime and nighttime sampling and averaged to 
provide a full 24-h measurement for each wee~. The concentrations levels 
(µg/m3) over which these method comparisons apply are summarized in Table 3. 

There were not enough weekly pairs to make valid statistical tests for 
CF Pack vs TFR or TFR vs SSI using No 3- measurements. 

Summary 

The experience gained is the operat1on of the prototype network indi· 
cates that the Canadian Filter (Cf) Pack sampler provides the best avail 
able approach to monitoring for concentrations of acidic components which 
can attritate to dry deposition. The CF Pack sampler was simpler, more 
rel7ab1e. and more precise than the other units tested. As newer and more 
sophisticated des?gned sampl~rs are developed, EMSL will consider t~eir use 
in the NOON. Before a new sampler or techn1que wi~l be considered for 
inclusion in the NOO~. it must demonstrate reliable operation under actual 
field conditions. 

References 

t. 	 K. G. An?auf, P. Fe11tn, H. A. IV1ebe, H. I. Scn1ff, G. 1. Mackay, R. S. 
Braman, and R. Gilbert, "A Comparison of Three Methods for Measurement 
Df Atmospheric Kitric Acid and Aerosol Nitrate and Ammonium," 
Atmospheric Environment, Vol. 19, pp. 325-333 (1985). 

2. 	 K. T. Knapp, J, L. f)urham, and T. G. nlestad, "Po11utant Samp1er for 
Measurements of Atmospneri c Addi c Dry Deposition." En'li r-0nmental 
Science and Technology, Vol. 20, pp. 633-637 (1986). 

3. 	 Suggs, J, c., 11 The Distribution of the Relat1ve Difference of Paired 
Data," Proceedings. of APCA Spec1a1 ty Conference on Qual'l ty Assurance 
in 
Air Pollution Measurements, New Orteans, 1979, pp 210-llh. 

204 




- - - - - -

- - - - - -

- - - - - -

- -

Tahle 1 

Precision Expressed as the Average of Weekly Estimates of Coefficients 
of Variation (%) for Collocated Data. Canadian Filter Pack Estimates 
are Only for the Period Pr1or to April 1986. 

-2 
N03 #WKS S04 #WKS HN03 #WKS 502 #WKS %N02 #WKS 

Method Filter Time 
Teflon Day 8 6 5 9 

F11ter 
Pack Nlght 6 6 R 10 - - - - - 
(FP) 

Day 6 10 9 8 
Nylon 

N1gnt - - IO 10 11 8 - - - 

What- T1me 
man 'Day - 2 7 -

Nlgm; - - - - - - 5 10 - 
SSI Filter Time 

SSI Weekly 9 21 7 37 - - - 
TFR Filter Time 

TFR Weekly 43 10 21 82 18 74 31 67 22 62 
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Table 2, Method Differences Expressed as a Pe~cent (\) of Their Average 

Siu llei ghted 
Pollutant comea~i son N l 2 3 4 ~ fi Ave~a~e 

HN03 FP-TFR 4! :rr;g :nT -:-;:r -9.5 

N03 	 FP-SSJ 103 154.6** 1~4.0** 167.5** 163.6** 144.3** 155.9° 
FP-TFR 4 157.3 27.0 92.1 
TFR-SSJ 8 -41.1 146.3 5.8 

S02 	 FP-TFR 46 12.1 17.2* 55,7• 29.t•• 

S04 	 FP-SSJ 131 -6.l 0.6 -2.7 -2.7 ·3.8 -2.7 
F?-TFR 56 22.7 33. 3* 36.5** 31.8** 
TFR-SSI 28 ·29.6** -17.7* -24. o•• 

* indicates a statistically significant difference at the a• .OS level 
** for the a~ .001 level 

Table 3. Range of Pollutant Concentrations (µg/m3) 

Concentrations (µs/m3) 
Pollutant N Min Max Mean 

HN03 	 378 .18 19.84 l.86 

-
N03 462 .10 24.60 .83 

-2 
502 	 328 .27 52.59 8.54 

504 	 684 • 30 20.29 5.82 
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Measurement of Atmospheric Organic Acids: 
Considerations Regarding Sampling Artifacts and Potential Interferences 

Kochy Fung 

ERT, Inc., Newbury Park, CA. 


Introduction 

Low molecular weight organic acids, primarily formic and acetic acids, 
have been measured, although infrequently, in the atmosphere and in pre
cipitation in both rural and urban areas of the United States. These 
organic acids are emitted directly into the atmosphere from sources such 
as motor vehicles and can be formed in the atmosphere from the photochem
ical oxidation of a variety of organic compounds. Organic acids may pro
vide a significant source of precipitation acidity in rural and some urban 
areas. More recently, health effects researchers have hypothesized that 
low molecular weight organic acids may be substantial contributors to the 
total acidity of fog droplets in urban areas such as Los Angeles, with po
tentially important implications on human health effects from acidic fogs. 

In order to understand more completely the photochemical processes that 
can lead to the formation of low molecular weight organic acids in the gas 
and aerosol phases during urban photochemical episodes, as well as to 
assess the levels, the measurement of organic acids in ambient air is 
essential. However, atmospheric concentrations of organic acids have been 
measured only on a very limited bases, typically using an alkaline medium 
(filter or impinger solution) following a particulate prefilter for the 
collection, and analyzing an extract of the filter or the impinger solu
tion for the acids. For example, Kawamura et al 1 used the filter tech· 
nique and found an array of C1 - C10 organic acids in Southern California, 
with acetic and formic being the most abundant. This type of sampling 
approach using an alkali medium can suffer from some serious artifacts: 

• 	 hydrolysis of peroxyacyl nitrates to the corresponding acids. It is 
well-known that these compounds are extremely sensitive to alkali. 
Peroxyacetyl nitrate (PAN), a major air pollutant in smog, is hydro· 
lyzed to acetate2 or peroxybenzoyl nitrate (PBzN) to benzoic acid. 
The hydrolysis of these compounds is complete even in 0.005 N KOH 
and has served as the basis for the measurement of ambient peroxyben
zoyl nitrates. 

• 	 disproportionation (Cannizzaro Reaction}. Hydroxides promote the 
disproportionation (autoxidation) of aldehydes such as formaldehyde 
and benzaldehyde to the corresponding alcohols and acids. The rate 
of this reaction is dependent on the strength of the hydroxide. 
Since formaldehyde levels may reach as high as 48 ppb in some parts 
of Southern California, this reaction, if proceeds rapidly, can lead 
to serious errors in the organic acid measurement. 

• 	 Okidation of aldehydes by ozone or H202. Aldehydes, such as formal
dehyde and acetaldehyde, are commonly present in the atmosphere es
pecially in the urban environment. If these aldehydes are collected 
by the sampling mediwn and are converted to the corresponding acids 
by 03 or H202 in the sampliag air stream, aa artifact will result. 
However, these reactions are pH dependent, and become less favorable 
as the pH of the medium increases. 
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• 	 alkaline hydrolysis of esters. A recent report on hazardous pollu
tants in Class II landfills 4 by the South Coast Air Quality Manage
ment District indicates that substantial amounts of C1 to C4 alcohols 
and the esters formed from these alcohols with to C4 carboxylicc1 
acids, are emitted along with other organics from the five landfills 
monitored. However, no free organic acids were found, apparently due 
to the abundance of alcohols to esterify these acids. If organic 
acid measurements are conducted using alkaline collection medium, 
hydrolysis (saponification) of these esters which are also collected 
by the medium to the parent acids (carboxylite) may proceed. The 
rate 	depends on the strength of the alkali and the type of esters. 
Esters of formic acid, for example, saponify rapidlys. 

• 	 volatilization of salts of organic acids from the prefilter to the 
collection medium. It is probable under some atmospheric conditions 
that particulate formate or acetate on the prefilter are convented to 
the parent organi~ acids which are volatile via reaction with strong 
acids (e.g. HN0 3 , H2 S04 or HCl) in the sampling air stream and be 
trapped by the collection medium downstream. Ho~evert the formation 
of acetate or formate is not likely to occur unless there is an abun# 
dance of NH3 to completely titrate all of the strong acids that are 
in the air. It will also take a change of wind flow pattern to bring 
in aufficent strong acids from outside sources to neutrali~e the NH3 
before this volatization process can occur. Thus, this artifact is 
not expected to proceed appreciably. 

Experimental Approach 

The preceding discussion indicates that serious sampling artifacts are 
possible when using the existing technique for organic acids. The basic 
problem lies in the use of alkali which promotes the variety of undesir
able react.ions. Sampling may in fact be accomplished without complica• 
tion using an impinger containing only distilled water if one considers 
the true Henry's Law constants (25°C) for formic and acetic acid are 
~2,800 times larger than PAN. This indicates that water is a good collec• 
tion medium for the acids, but a very poor one for PAN. An experiment 
conducted in the authors laborabory showed that no decrease in PAN concen· 
tration was noted by the gas chromatograph with electron captuTe detector 
when a PAN test atmosphere at 60 ppb was drawn through a distilled water 
iiupinger at 1 lpm. In other words, little PAN is collected with this 
technique. Also the other problem associated with using an alkaline col
lection medium disappear because this collection medium is neutral. Fur
ther, significant improvement in the collection efficiency can be achieved 
if the trapping is conducted at ice temperature because the solubility of 
gases (the acids) in water are much greater. 

To assess the collection efficiency using this approach, tandem impingers 
were used to sample at 1 lpm scrubbed air which was drawn through an im• 
pinger containg a known concentration of acetic acid in water. An inline 
particulate filter prevented any droplets of acetic acid from reaching the 
sampling impingers. The front iinpinger contained 10 ml of distilled water 
and it was kept in ice during the one-hour experiment. The back impinger, 
not iced, contained 0.05 N KOH and was used for assessing breakthrough. 
By varying the strength of the acetic acid solution, different concentra
tions of acetic acid in air were achieved. Acetic acid was chosen as the 
representative organic acid because it is normally present in the atmos• 
phere and because PAN is a major interference in its measurement. Upon 
completion of sampling, the volume of liquid in each impinger was •easured 
and its content analyzed for acetate using ion chromatography. 
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Another experiment was performed to determine how the temperature of the 
impinger solution might vary as a function of flow rate and inlet air 
temperature. It was thought that if the temperature of the collection 
medium varied 1;.oo much, collection efficiency could suffer. A thermo
couple was used to measure the solution temperature under varying sampling 
flow rate (1-5 lpm) while the ambient air temperature was -23 :t 2°C. 

To assess how much interference PAN would have been if the collection was 
done using an alkaline medium, an ambient air sample was taken outside of 
the laboratory at Newbury Park, CA. A Teflon filter was used to remove 
the particles followed by two impingers in series. The upstream impinger 
with distilled water was iced. The second impinger with 0.05 N KOH was 
at ambient temperature. After sampling, the impinger solutions were anal
yzed for acetate using ion chromatography. 

Results &Discussions 

Table 1 shows the results of the collection of acetic acid using water at 
-0°C as the collection medium. It is apparent that excellent collection 
efficiency was acheived (average 90.S'U even at the highest acetic acid 
concentration tested (""640 ppb). The breakthrough as detected by the 
second impinger would not occur under ambient sampling conditions, since 
the concentration of acetic acid is in the order of a few ppb. 

The results in Table 2 indicates that fluctuations in temperature of the 
collection medium during sampling would not be a problem since increasing 
the flow rate from 1 lpm by a factor of 5 only brought the temperature up 
by 4°C. 

The ambient air sample collected with the tandem impingers showed --6 ppb 
of acetate in the front aqueous impinger and ""13 ppb of acetate in the 
back alkaline impinger. Thus ~19 ppb of acetate would have been collected 
if a single alkaline impinger was used, and all of it would have been 
taken as acetic acid. But actually, only 6 ppb was acetic acid, as mea
sured using the present technique. PAN, which would have been a serious 
interference, "'1'86 only collected by tbe second impinger using alkali. 

In conclusion, using ice water as an impinger collection medium for organ
ic acid is a viable technique and avoids major interferences which other 
integrating techniques have suffered. Further development and refinement 
of this technique will be pursued to address the other potential, though 
considered minor artifacts delineated earlier. 

TABLE l 
COLLECTION OF ACETIC ACID BY TANDOH IHPINGERS 

MICROGRAM PER SAMPLE 
CHaCOOH FRONT BACK 
SOURCE 1% IHPINGER, 2 IHPINGER 1 

3 

O. l 84.5 9.6 
82.8 7.7 

0.05 19.2 0.8 
20.2 N.D.°' 

0.01 4.2 N.D. 
3.9 N.D. 

1 1 lpm for 1 hour 
2 water, impinger iced 
3 0.05 N KOH 
4 not detected, <0.1 µg 
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TABLE 2 

CHANGES IN IMPINGER SOLUTION TEMPERATURE AS A 

FUNCTION OF SAMPLING FLOW RATES 


Flow Rate Water Temp. 
lQm oc 

1 	 1.0 
2 	 2.0 
3 	 2.0 
4 	 3.0 
5 	 4.0 
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TRIFLUORINATED POLAR AROMATICS: CANDIDATE RECOVERY 
STANDARDS FOR COMBUSTION STUDIES 

Charles H. LochmOller and Anna G. Edwards 
Department of Chemistry 
Duke University 
Durham, North Carolina 27706 

Mutagenlcity assays Indicate that, even In the absence of mammalian tissue 
homogenate activation, the moderately polar and highly polar extract fractions of 
combustion source samples exhibit high mutagenlc behavior. Polar compounds, which could 
be employed as Internal and recovery standards are needed to assess the results of field 
sampling as well as to improve analyte quanlllation by GCMS or LCMS. Prior to a field 
testing of such compounds, a complete evaluation of their analytical characteristics and 
suitability would be required. 

The suitability of several trlfluoromethylated compounds has been examined in the 
work completed thus far and further evaluation studies are in progress lo Improve Internal 
standard compound selection from among these choices. Fluorinated compounds were 
proposed because they are not widely found In the environment and because they are 
uniquely suited to mass spectrometric detection. The proposed compounds were evaluated 
for recovery from silica gel fractionation and reversed-phase, HPLC. Those moderately 
polar compounds which showed good recovery from silica gel fractionation, reversed phase 
column elution, and Identifiable MS fragmenta t ion patterns were : 
4 -am ino -3 - n I tro be n zotrl 11 uo ride, 2 ·am Ino -5 -n U robe nzo I rl 'fl uo ride, and 
4-methoxy-3-nltrobenzotrlfluorlde. For hlghly polar fractions, 2-amlno-5 
(triffuoromethyl)pyrldine and 2-hydroxy-5-(trlfluoromethyl)pyrldlne might serve as 
good reference compounds. Data collection for a Principal Components Analysis of the 
chromatographic behavior of these compounds is presently underway in our laboratory. 
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Introduction 

Results of the Ames Salmonella mutagenesls bioauay on wood smoke1,2 and diesel 
exhaust3 emission extracts indicate that moderately polar and polar compounds account for 
substantially more direct-acting mutagenlc activity than the relatively non-polar 
polycyclic aromatic hydrocarbons. Kamens IL.l.L.1 reported that the direct-acting 
mutagenlclty ot wood smoke particulate extracts was contained In the most polar fractions. 
When the extract was exposed to 0 3 and N02, In the dark, the mutagenlclty Increased 

substantially and compounds containing nitrogen were detected by GCMS. Kleindienst at 
al..2 reported that the mutagenlcity of both gas and particulate phase components of wood 
smoke emissions Increased with Irradiation In the presence of N02. Schuetzle i1...aL3 

reports that the moderately polar fractions of diesel exhaust particulate extracts exhibited 
the highest mutagenlc behavior; as much as 30% of the direct-acting mutagenlcity of 
unfractlonated fractions was attributed IO 1-nltropyrene. Thus, the potential health hazard 
of polar compounds, In general, and possibly of nitrogen-containing polar compounds, In 
particular, argues for a sound melhodolgy for their auay. 

An Internal standard compound should Improve not only control studies of 
environmental monitoring but polar compound auaying as weH. An lntemal standard should 
be chemically slmllar to the compounds aasayed, so that "• response reflects any physical 
or chemical perturbations to the system. Yet It should be sufficiently different from the 
compounds aasayed In order to make Its detection stmple and unquestionable. By definition, 
an Internal standard compound should not be present In the sample. Fluorinated compounds 
are proposed here for combustion studies because they dO not normally occur In the 
environment. The unique Isotopic abundance of fluorine should be readlly detected In high 
resolutlOn mass spectra. In low resolution mass spectra, compound detection should be 
possible from the fragmentation pattern. 

The candidate compounds were evaluated for their recovery from alllca gel 
fractionation and from reversed phase HPLC. The column recovery atudlea were performed 
first. Successive elution by hexane, methylene chloride and methanol was performed for 
silica gel fractionation. 

Principal components analys114 ot the candidate compounds baaed on their 
compound/mobile phase covariance In preaently underway to further establish the 
suitability of a given compound from among the choices. When applied to a large data 
matrix, It can determine how many factors account for the non-random variation In the data. 
Those factors can be uHd to Identify chemically slmltar compounds. In the present 
treatment, the HPLC capacity facto11 of the compounds In aqueous methanol and aqueous 
acetonltrlle mobile phues ware manured. By evaluating how the compounds clutter with 
data already available In our laboratory5 , a better evaluation of the suitability of an 
Internal standard will be possible. 

Experimental 

The trlfluoromethyt compounds were obtained from several sources. The Ell Liiiy 
Corp. donated 2,8·dlnltro·N,N·dlpropyl·4-(trlfluoromethyl)benzamlne (trlfluralln). 
Ishihara Sangyo Kaisha, LTD donated 2-hydroxy-5(trlfluoromethyl)pyrldlne and 
2-amlno-S(trlfluoromeihyl)pyrldlne. The following compounds ware obtained from 
Aldrich Chemical Company, Inc. : 4-amlno-3-nltrobenzotrlfluorlde (4A3NBTF); 
4-methoxy-3-nltrobenzotrlfluorlda (4M3NBTF): 2-amlno-5-nltrobenzotrlfluorlde 
(2A5NBTF); 2·methoxy·5·nltrobenzotrlfluorlde (2M5N8TF); and 
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2-nitro-4(trifluoromethyl)phenol (2N4TFPh). Acetophenone was obtained from Fisher 
Scientific. All solvents were HPLC grade from Mallinckrodt, Inc. Solvents were filtered 
through 0.45µm filters and degassed prior to sample preparation and column elution. 

The HPLC Instrumental set-up for the column recovery studies Included a Waters 
6000A Solvent Delivery System, a Perkin-Elmer LC-4206 Auto Sampler injection system, 
and a Hewlett Packard 1040A Diode Array Detector (HP 1040A DAD). Compound recovery 
from a reversed phase C18 column (Perkin-Elmer 5 µ.m particles, 12.5 cm, 0.46 cm ID) 
was performed In 80:20 (v/v) methanol:water. Compound recovery was determined from 
comparing pre-and post-column absorptivity ratios. The absorptivity ratio was defined as 
the ratio of the slope of the absorbance calibration curve for trifluoromethyl compound 
versus the slope of the absorbance calibration curve for acetophenone each at their 
respective ultraviolet wavelength maxima. The ratio of the slopes of absorbances of 
calibration solutions as measured in 1.0 cm cells in a Cary 2300 Spectrophotometer was 
defined as the pre-column absorptivity ratio. The ratio of the Integrated areas at each 
compounds wavelength maximum on the HP 1040A DAD was labeled the post column 
absorptivity ratio. The difference between pre-column and post-column absorptivity ratio 
in relation to the precolumn ratio defines the recovery of trifluoromethyl compound. The 
column recovery for solutions which gave an absorbance between 0.1 and 0.25 on the Cary 
2300 were measured first. Differences of two percent or less at this concentration range 
indicated no measureable compound column loss. A hundred-fold dilution of these 
calibration solutions produced chromatographic peak heights which were approximately 
seven times greater than the noise envelope of the HP 1040A DAD. The relative standard 
deviation of Integrated peak areas varied from twenty percent to five percent at this 
concentration level. Recovery measurements by reference to acetophenone were considered 
unsound and the difference between measured and expected peaks areas (based on dilution of 
the calibration solution) was computed to assess compound recovery. Differences of five 
percent or less at this lower concentration level were concluded to Indicate no measureable 
compound loss. 

Sample recoveries from silica gel fractionation were determined by a procedure 
developed by Battelle8. The trlfluoromethyl compounds were Individually dissolved In 
methylene chloride, and solvent exchanged to, hexane by rotary evaporation between the 
addition of two aliquots of hexane. The sample, now In hexane, was transferred to a slllca gel 
column which had been prepared In a disposable plpet. The hexane traction was discarded 
and methylene chloride and methanol fractions collected. These solutions were analyzed by 
RPLC with gradient solvent programming from 60% to 90% methanol:water. 

Data collectlon for the Principal Components Analysis was collected utilizing the same 
approach as that used for the column recovery studies. In addition, the column and eluant 
were thermostatted at 22°C . The aqueous methanol and aqueous acetonltrlle solutions were 
prepared by volume for isocratic elution of the compounds studied. 

Mass spectra of the compounds were obtained from two sources. Mass spectra from a 
Finnegan LCMS using water-methanol showed fragmentation patterns which suggest 
chemical ionlzatlon-llke conditions. Mass spectra obtained by direct probe Insertion Into a 
Helwett Packard 5988A GCMS gave fragmentation patterns under electron Impact conditions. 

Results 

Column Recovery 
The column recovery results on the candidate compounds are compiled In Table I. 

Except for 2N4TFPh, better than 98% recovery for all compounds at the high concentration 
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level was observed. The results for 2N4TFPh are not necessarny Indicative of appreclable 
compound loss on the C18 column. Studies of other polar phenols7 suggest that these 
compounds are appreciably Ionized during elution resulting In a concommitant shift in their 
wavelength absorption maxima. Because Ion-pairing conditions were not examined In this 
study, no additional work was performed on this compound. The difference between observed 
and expected Integrated peak areas for the diluted solutions are given in Table II. Except for 
trifluralln, column recovery was good at the low levels examined. The mass of the 
compounds, given In Table II, indicates picogram recovery of these trifluoromethyl 
compounds. 

Silica Gel Fractionation 
The results from silica gel fractionation are presented in Table Ill. Except for 

2ASTFP and 2H5TFP, all the compounds appeared In the methylene chloride fraction. The 
pyridine compounds precipitated from solution when the solvent was changed from 
methylene chloride to hexane. Adlfferent fractionation procedure would be needed for these 
very polar compounds. The recovery of the compounds which eluted in the methylene 
chloride fraction was good at both high (1 o5 pg) and low (1 o4 pg) sample levels. · 

Mass Spectra 
While greater fragmentation was observed with direct probe Insertion than in LCMS, 

loss of fluorine was evident In both low resolution systems. Because direct Insertion yields 
spectra which would be expected under electron impact conditions, those results will be 
discussed here. Except for 2M5NBTF and trmuralln, the Intensity of the (M-F) peak was at 
least 15% of the base peak for all of the compounds. The parent peak was the base peak for 
4A3NBTF, 2A5NBTF, 2MSNBTF, 2A5TFP, and 2HSTFP. For 4M3NBTF, the parent peak was 
56.2% of the base peak at m/z 174. Vet this compound had the most Intense (M-F) peak 
with a value of 30.6% of the base peak. 

Conclusions 

The column recovery, silica gel fractionation and mass spectra results Indicate that 
4A3NBTF, 2ASNBTF, and 4M3NBTF might be suitable Internal standards for recovery 
studies of moderately polar compounds. Each compound was recovered in high yields from 
the methylene chloride fraction. Each compound was recovered from the 018 column at the 
lowest quantifiable levels possible on our Instrumental set-up. Although 2M5NBTF was 
recovered In high yields as well, It was excluded from consideration because its (M·F) peak 
was very low. While slllca gel recovery results for 2A5TFP and 2H5TFP were Inconclusive, 
their recovery from the C 18 column and their (M-F) fragmentation peaks suggest that 
additional studies on these compounds might be used to determine their suitability as 
Internal/recovery standards for highly polar fractions. Principal Components Analysis 
based on compound/solvent covariance should aid In deciding If which compound shows better 
chromatographic behavior sultablllty for a given sample type. An analysis if the variation 
In capacity factors with solvent composition for proposed compounds In combination with 
existing data for nonpolar and polar compounds, such as those available In our laboratory, 
may have general value In reference compound aelectlon processes 
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Table I. Rev&rsed-phase, HPlC Column Recoveries 

Compounds 	 Percent Recovery 

4-amlno-3-nitrobenzotrlfluoride 99.94 
2-amino-5-nitrobenzotrifluoride 99.29 
4-methoxy-3-nitrobenzotrifluorlde 98.80 
2-methoxy-5-nltrobenzotrlfluorlde 100.21 
triflu ralin 98.83 
2-am ino-5(trifluoromethyl)pyrldine 98.80 
2-hydro xy-5(triflu oromethy l)pyri dine 99.97 
2- n itro-4 (tri fl uorom ethyl) phenol 43.66 

Table II. Column Recovery At Lowest Levels E>Camlned 

Compound 	 Rel. o/o Olff. Weight Range (pg} 

4- amino-3-nltrobenzotrlfluorlde 5.4 449 - 1'124 
2-am lno-5-nitrobenzotrlfluoride 9.2 1560 - 3903 
4-m etho>Cy-3- n itrobe nzotrifluorlde 1.2 903 - 2258 
2-melhoxy-5-nltrobenzotrlfluorlde 0.65 915 - 2288 
trif!uralin -27.0 1560 -3903 
2-amino-S(tr!fluoromethyl) py rldlne -0.98 1872 - 4680 
2-hydroxy-5{trlfluoromethyl)pyridine -0.45 1682 - 4206 
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Table Ill. Recovery From Siiica Gel Fractionation 

Compound 

4- amino-3 -nltrobenzotrlfluo ride 
2- amlno-5 -n ltrobenzotrlfluo ride 
4-methoxy-3-nltrobenzotrlfluorlde 
2-amlno-5(trifluoromethyl)pyrldlne 
2-hydroxy·S(trltluoromethyl)pyridlne 

·1 o5 pg 
•• 10~ pg 

Percent Recovery 
High Level" 

-5.2 (+/- 3.1) 
-5.9 (+/- 1.3) 
-8.2 (+/·0.3) 
0.0 
o.o 

Percent Recovery 
Low Level .. 

-5.2 (+/- 5.1) 
-8.8 (+/- 4.6) 
-5.0 {+/- 2.9) 
o.o 
o.o 
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MOBILE TANDEM MASS SPECTROMETRY FOR THE CHARACTER
IZATION OP TOXIC AIR POLLUTANT (TAP) SOURCES 

B.I. Shushan, SCIEXC, 55 Glen Cameron Rd., Thornhill, 
Ontario L3T 1P2 
G. DeBrou, Ontario Ministry of the Environment, Air Resources 
Branch, 880 Bay Street, Toronto, Ontario M5S 1Z8 
S.H. Mo &w. Webster, New York State Dept. of 
lnviroomental Conservation, 50 Wolf Rd., Albany, NY 12233 

The recent marriage of tandem mass spectrometry (MS/MS) to mobile Trace 
Atmospheric Gas Analyzer (TAGAe) technology has resulted in an analytical 
system capable of real-time direct air analysis for TAP's, VOC's and odor 
compounds at concentrations as low as a few parts-per-trillion. Thia 
direct analytical approach obviates problems associated with conventional 
trapping methods. Since their introduction in 1983, the design of mobile 
TAGAS MS/MS laboratories has undergone significant development. The 
latest design comprises a customized 3-0 foot transit motor coach confi
gured with a TAGAS 6000EM MS/MS system and ancillary equipment. This 
paper discusses the incorporation of a sorbent cartridge purge unit into 
the TAGA• system to assist in rapidly distinguishing between isomeric 
compounds (eg., ethylbenzene and xylene) using GC/MS/MS. Such isomer 
pairs are tndistinguiahable by direct MS/MS techniques. Another recent 
design addition is a meteorological station comprising wind speed and 
direction monitors. !be met. data are acquired and stored by the MS/MS 
data system and diaplayed continuously to the TAGA• operator. The met. 
station is .positioned on top of a 30 foot motorized telescoping tower 
housed within the m.obUe laboratory. Combining real-time TAP analysis 
with met. data, it was possible to rapidly and accurately characterize 
plume profiles and e111ission frequencies. The mobility of the TAGA• 
detector permitted the pin-pointing of point source and fugitive emission. 
Examples are provided for industrial emissions of methyl-ethyl ketone and 
dimethyl sulfide. A simple method of on-site calibration waa used based 
upon head space syringe injection. Under intractl.ve computer control, 
calibration constants were determined in ca. 5 minutes per compound within 
the ambient air matrix. Other recent software developments are presented 
including the ability to simultaneously monitor up to 128 different 
compounds with real-time output in concentration units. 
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Introduction 

The critical need to provide rapid analytical data in the field in 
response to the release (accidental or otherwise) of chemicals into the 
environment has prompted the development of portable• transportable and 
mobile analytical instruments.l Since air is the most mobile of the 
environmental media, it has the moat critical needs for timely analysis. 
The 'on-site' approach to air analysis has many advantages particularly if 
the detector is sensitive, specific, and capable of real-time response. 
Mobile mass spectrometers incorporating ion sources capable of direct air 
sampling (such as atmospheric pressure chemical ionization APCI) have been 
in operation since 1978 and have demonstrated efficacy in a nUD1ber of 
on-site applications including emergency response,2 plU111e tracking,3 
chemical waste dump site monitoring, and odor source characterization4 
to name but several. Mobile tandem mass spectrometer (MS/MS) systems have 
been in operation since 1983 and have demonstrated a much greater specifi 
city than single MS systems.5,6,7 The present work discusses 
applications of the TAGA• 6000EM mobile MS/MS laboratory for on-site 
analysis of toxic-air pollutants (TAP), volatile organic compounds (VOC) 
and odor causing compounds. 

Instrumentation 

A schematic of the TAGA• 6000EM ion optics is shown in Figure 1. A more 
complete description of the TAGA• instrument can be found elsewhere;8 
briefly, however, airborne compounds are ionized directly in the high 
pressure ionization source. Ion source p~eaaures can range from atmosphe
ric (as in APCI) to as low as 0.1 to 1 Torr {for glow- discharge CI). 
Under APCI the ion source samples streams of air at rates up to 9 l.sec-1. 
These high sampling rates eliminate wall- and memory-effecta permitting 
instantaneous response to airborne contaminants. Ionization occurs in 
this high flow of gas converting compounds into pseudo-molecular ions 
(ions indicative of molecular weight). The ions are focussed through an 
orifice into the high vacuum analyzer portion for MS or MS/MS analysis. 
The glow-discharge CI ion source samples air at rates of ca. 35 ml. 
min-1 through a heated direct air sampling inlet (DASI) which in turn 
samples from a high volume flow of air (up to 9 1 sec-1). Once again 
this high flow assures instantaneous response and minimal memory effects. 
The APCI source is very sensitive to polar compounds whereas the CI 
source, using charge transfer from N2+, 02+ and No+, is 
sensitive toward the chlorinated hydrocarbons and aroftlatica. 

Results and Discussion 

Figure 2 shows a typical identification of a VOC from a complex chemical 
mixture using MS/MS • The complexity of this mixture (ambient air con
taining auto exhaust) is represented by the number of peaks in the CI/MS 
apectrl.D shown in Pigure 2,(top) - each peak representa a paeudomolecular 
ion of a neutral introduced to the ion source. The colllplexity is typical 
of an urban air sample. Using MS/MS a Bingle ionized component can be 
isolated and identified in the following manner; &elected with Ql (the 
first quadrupole), fragmented by colliaions with Argon gas in Q2, and the 
fragment ions analyzed by Q3. nte result is a CAD (collisionally activa
ted decomposition) fragment ion spectrum of the constituent at m/z 106+ 
(Figure 2, middle). Subjecting thi& CAD spectrum to a library aearcb 
results in an identification of the 106+ ions as thoH of o•xylene 
(Figure 21 bottom). Such an identification takes a matter of second• to 
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accomplish so qualitative analysis of airborne mixtures can be rapid. In 
this case the CAD fragmentation pattern is typical of C2 substituted ben
zenes. therefore setting Ql and Q3 to the appropriate mass settings (say 
106 and 91 respectively) and continuously monitoring. the MS/MS detector 
becomes a real-time sRecific chemical monitor for C2-benzenes. Up to 128 
different parent/fragment ion pairs can be monitored at once in this man
ner. Real-time quantitation is possible using response factors stored in 
the computer. Response factors are derived through one of two calibration 
procedures: (i) a simple headspace injection technique which requires 
that the vapor pressure of the compound ls known and (ii) the use of 
precalibrated pressurized bottled gas mixtures containing standards which 
are diluted appropriately. The former technique uses user-interactive 
software to derive a five- point calibration curve in about 5 minutes. 

The quantitative and qualitative accuracy of the TAGA® 6000 mobile MS/MS 
has been tested under the auspices of the US EPA (Environmental Monitoring 
Systems Lab) vis-a-vis non-real-time techniques (eg., cryotrap GC) and 
results of these teats indicated excellent agreement amongst the technolo
gies. 9 One of the disadvantages of real-time MS/MS analysis cited by 
EMSL on this study was that some isomeric voe cannot readily be distin
guished. For example, although o-xylene scored highest in the library 
search for the 106+ ion in Figure 2. 106+ could also be due to ethyl
benzene, p- or m-xylene or a combination of these CS aromatics ie., their 
CAD spectra are very similar. This limitation has been overcome by the 
incorporation of a sorbent tube purge unit (En"!rochem, Unacon thermal 
desorber model 810A) which is coupled to the TAGAti MS/MS system's GC 
(varian 3400) by a heated nickel transfer line. The GC is interfaced to 
the TAGA® by a probe which inserts into the CI ion source. In the present 
work a 25m BP-5 (SG&E) capillary column (0.25 mmID coupled directly to the 
CI source) was used to chromatographically separate isomeric CB aromatics 
collected !Jy sorbent tube trapping. The GC/MS TIC trace of automobile 
exhaust in ambient air is shown in Figure 3. The individual constituents 
were identified by their molecular ion mass and MS/MS fragment ion spec
tra. The sorbent material used was a combination of Tenaxti and 
Ambersor~. The thermal desorber-GC/MS/MS combination will obviate many 
of the isomer differentiation problems associated with real-time MS/MS 
detection. In typical field use after mobile MS/MS monitoring identifies 
the location of a plume, sorbent samples can be obtained, capped and 
stored in the on-board refrigerator for later analysis by GC/MS/MS. This 
scenario could also be performed using SUMMA® cylinders and cryo-trap 
GC/MS/MS. 

In order to test the quantitative capabilities of this Thermal Desorber
GC/MS/MS combination. sorbent tubes containing 0 1 2.10 1 50 and 250 ng of 
chlorobenzene were sequentially desorbed into the GC/MS/MS while a promi
nent and specific (MS/MS) fragmentation reaction for chlorobenzene was 
monitored (ie. • W" ~ [M-cl]+ or u2+-+11+). The chlorobenzene was 
one of 10 standard components introduced into the tube via a multiple conr
ponent diffusion source. Because of the specificity of MB/Ms. the res
ponse to chlorobenzene was free of interference from the other 9 constitu
ents and this peak response was integrated (see inset Figure 4). Figure 4 
ahows the integrated response vs. amount injected which resulted in a 
linear calibration curve (R•0.9997} and a response factor of 3440 counts 
per ng. Because we are sampling using MS/MS and pulse counting, the inhe
rent instrument "noise" is eesentially zero (the inset of Figure 4, due to 
the 2 ng chlorobenzene desorption, shows a noise level before the GC peak 
evolution of 80 integrated counts. The signal. on the other hand. is 
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approx. 8000 integrated counts). If one assumes a sampling volume of 3 1 
of air per sorbent tube (1/2 hour sampling time), we are obtaining a S/N 
of 100 for a concentration level of 0.13 ppb (v/v) of chlorobenzene and an 
inherent detection limit of 4 ppt (S/N•3). The real-time detection limit 
for chlorobenzene using the same ion source ia ca. 2ppb in ambient air. 
Incorporating trapping, thermal desorption-CC/MS/MS, detection limits are, 
in this case, augmented by several orders of magnitude over real-time 
response. 

Another relatively recent addition to mobile TAGAe system& is the 
incorporation of meteorological data directly into real-time monitoring 
data acquisition permitting the observation of meteorological and concen
tration data simultaneously. Specifically, wind speed and direction are 
very useful in determining source location and characteristics. An exam
ple of such an analysis is sholrn in Figure 5 for the detection of methyl 
ethyl ketone (MEK) emanating from an industrial source. While the meteo
rological dats are being collected the mobile TAGA• laboratory remained 
stationary. 

The met data are collected using a Lambrecht model no. 1453 meteorological 
data collection head mounted on a JO foot motorized telescoping tower. A 
significant TAGA® response to MEK from this source was observed only when 
the wind was over 5 knots and cut of the East or East-Northeast. Depen
ding upon meteorological conditions and topography, plumes can be very 
well defined and quite narrow. As long as wind is variable (which it 
often is}, only with the use of a real-time detector system will an accu
rate determination of potential peak-exposure be possible to obtain. In 
this case, for example, the mean level was 10 ppb while peak-levels inside 
the plume' exceeded 100 ppb. These peak levels would not have registered 
using non-real-time technology (ie., time weighted average). 

Another ease where meteorological data are also valuable is when the 
source is intermittent. Figure 6 showa the TAGA• real-time response to 
dimethyl sulfide (OMS) which is being monitored in the vicinity of a paper 
mill. The significant feature to note about this figure is that the level 
of DMS varies considerably whereas the wind speed and direction are 
relatively constant. 

The large surge in DMS between 6 and 10 minutes is obviously not due to a 
meteorological change and must be a property of the aouree. Alt it turned 
out, this episode of OMS release was due to the purging of the pulp-diges
ters at this paper mill causing levels of DMS to riae up to approximately 
ten times higher than the TWA and, certainly high enough to cause odor 
problems in the surrounding neighbourhoods albeit for brief periods. Con
ventional trapping methods would not have been able to fully characterize 
this phenomena the time-weighted-average-TWA-concentration doesn't reveal 
temporal distribution. While odor probleaua may not impact on the health 
of the community odors are an important public concern. 

Generally speaking, odorous or irritating substances are polar, or 
reactive, or both, and these properties render these compounds difficult 
to trap and store especially for subsequent GC analysis. It has been our 
experience that direct detection by TAGA8 systems using APCI or CI is 
often the only way to detect these types of compounds at the low levels 
which these chemicals can cause sensory problems. Combining the ability 
to detect these 'difficult-to-analyze' compounds with the mobility of the 
TAGA• offers an effective and rapid way of pin-pointing the eouree and 
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eventually of abatement. An example of such a mobile monitoring 
application is presented in Figure 7. 

A mobile analytical survey was undertaken in response to odor complaints 
ln the vicinity of a rubber-products manufacturer. The TAGA® detector 
identified aniline and benzothiazole as possible contributors to these 
odot' complaints by stationary sampling in the neighbourhood. A mobile 
survey, was undertaken whereby these and other compounds were monitored 
while the mobile TAGA® laboratory criss-crossed streets downwind of the 
plant. The mobile portion of the survey took some 17 minutes, a short 
enough duration to ensure no great changes in meteorological conditions. 
The response to these analytes is shown in Figure 7, top. The distance 
away from the suspected source is indicated above each peak response which 
signifies a traverse of the plume. From these data it is apparent that 
both aniline and benzothiazole originate from the same source (their 
plumes tt'ack together). The plume concentrations decrease with increasing 
distance from the source however, the plume width remains fairly narrow 
and well defined even at 800 m. Such dispersion data are important when 
planning the location of stationary monitoring stations to continuously 
monitor the levels of TAP's emanating from such sites. Plotting up points 
of concentration versus sampling location renders a 2-D plot such as that 
in Figure 7, bottom. The plume contour is sufficiently well defined to 
pinpoint the source of contamination to the very building from where it 
originated. 

Conclusion 

This paper has demonstrated applications of the TAGA• 6000EM for on-site 
ambient air analysis for TAP, VOC and odor compounds in the ppt-ppb range. 
On-site and mobile analysis offers the flexibility and opportunity to 
change sampling protocols in response to changing meteorological condi
tions. Only the combination of real-time meteorological data with real
time concentration data provides key information for full characterization 
of the source, such as temporal variations. Mobile analysis provides 
plume tracking capabilities and spatial distribution of pollutants making 
possible rapid location of actual points of emission. Finally 1 the addi
tion of ancillary trapping-thermal desorption-GC/MS/MS methods overcomes 
problems of isomer differention and augments real-time detection limits by 
many orders of magnitude. 
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Figure 1: Schematic of the TAGA• BOOOEM mobile tandem mass spectrometer 
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Schematic of TAGA BOOOEM mobllt analytical laboratory 
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FQRI'ABLE PHOI'OIONIZATION SYSTEMS WITH 
o:H'1UNICATIONS AND DATA REI'RIEIJAL CAPABILITY 
FOR EMERGEOCY RFSPONSE TO roxrc CHEMICAL 
LEAKS AND SPILLS 

M. COLLINS 
PHOIOVAC INI'ERNATIONAL INC. 
741, PARK AVENUE 
HUNI'IOOI'ON I NY 11743 

R.D. YGim:; 
PHOIDVAC INC. I Unit 2 
134 OOOCASTER AVENUE 
THORNHILL, ONI'ERIO L3TlL3 CANADA 

In the current environmental, political and legal climate, there is a 
pressing need to .irrprove emergency response at toxic chemical handling am 
manufacturing sites. Associated with this is the vital requirerrent for 
sensitive automated field-portable instruments which can readily be 
deployed to site locations in emergency situations \'lhere there has been a 
leak or spill of toxic chemicals and where this has to be continuously 
rronitored. 

cne useful instrurcent which can be stationed at a perimeter boundary 
of a plant, landfill or underground storage tank site, is the total 
ionizables monitor which utilizes the photoionization detector. This 
instrument is microprocessor-controlled, self-calibrating, draws its own 
sarrples and can sequence 'r:rj multiplexi.ng through four channels. The unit 
can be calibrated to read directly in pp:n with progra:rcrnable "warning" and 
"Omger" levels. Cl'l-board RS232 interface with auto-dial telephone modem 
allCMS rexrote data transfer and built-in data logging capability enables 
prograrrming of sampling interval and duration. 

The total ionisables monitor can l::e used to establish the presence of 
chemical plunes and further identification and meas1.1rement of individual 
o:xrpounds can be monitored with the microprocessor controlled 10570 
portable photoionization gas chromatograph. 'l'tlis unit also has auto-dial 
llPdem with RS232 interface to transfer chromatographic analysis data. The 
analytical capability of the 10570 has been significantly enhanced by the 
use of wide bore capillary columns which have been encapsulated in an epoxy 
resin for field resilience. 
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Automated Total Ionizables Present (AVrorIP) Air Analyzer 

Instrurrent Features 

'lbe basis of the AUTOrIP is a sensitive photoionization detector (PIO) 
capable of detecting airborne chemical contaminants from 0 .1 - 2000 PPM. A 
built-in pump draws air sanple through the P!D and the extent of ionization 
of gases and vapors is measured in tenns of a calibrated parts per million 
(ppn~ output displayed in digital mode. 

'!he AUTOrIP is contained in a waterproof enclosure approximately 9 in. 
high, 12 in. wide and 5 in. deep and the weight of the instrument is 
approltimntely 15 lb. Figure l gives a. p:Lctodal view of the unit. Figure 
2 shows the layout of the program keyboard and indicators. Access to the 
keyboard is via a outer door with a window which permits viewing of the 
display and indicators. The keyboard and indicators are roounted to the 
inner door which can in turn be opened to enable the user to insert or 
withdraw various option cards. Four L.E.D•.s are also located on the inner 
door. Green indicates ..Normal 11 runnirq, amber and red indicate two ala:nn 
levels nwa.rningu and "Danger" respectively. The fourth L.E.D. signals a 
"Fault" with the system. AtmJl'IP is based on the 6809 microprocesso~ with 
up to 32K of program merooey and up to 1611: of data mem::>ry. A sanple probe 
line is connected to the unit and the line can extent up to 1000 ft. 

Operation 

"Program" and "Option" keys will enter the pxogram m:xie for chosen 
functions and these keys also enable nuneric: entry. The "Exit" key will 
abandon any program ohan;Jes made and return the user to the roonitorinq 
ioode. "Clear" will delete the latest entry and "Enter11 will take the user 
to the next step. 

The top line of the display is used to pronpt the next entry and the 
bottom line is used to enter the date and time. SWitching the AUTOI'IP 
"On", will prorrpt the user to enter the calibration interval (in minutes) 
foll~ by the concentration of the calibrant. '!be unit will then self
calibrate at the prograntned interval. Various pertinent paraneters 
indicating the two alann levels, date and time can be prograrrmed. OSiDJ 
the "'lest" key, and a series of test codes enables eletronic diagnostics on 
the system. 

The "cpt:ion" keys permit data logging over a sanple interval and timed 
duration. In the m.Jltiplexing mode, the frequency of each sanple input ani 
duration can be entered. For renote surveillance~ the baud rate is 
entered. With zoodem operation, the phone nlllttJer to call is entered. 

'lhe 10S70 Portable Photoionization G.c. 

'!be features. of this instrument are shown in Figure 3. 'I.be design of 
its Pro has been reported previously ( l, 2) and incorporates an ultraviolet 
light source excited by electrodeless RF coupling. 'lbe PID operates with 
air as carrier qas and acheives unprecl.dented sensitivity to a large nunber 
of gases and solvent vapor {beJWSJ'le can be detected to concentrations as 
low a o.l part per billion (ppb} in a lml sarrple of air). 
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Analytical Technique 

'lbe 10870 enploys the precolllltUl/backflush technique in order to 
:i;:erform continuous, unattended monitoring. A Teflon probe line, (which can 
extend up to 40 ft), is cormected to the instrument. Air sanple is drawn 
into the sarrple loop within the 10S70 via a small internal pump and a 
precisly determined portion of the sanple loop is automatically injected 
into two colUimS in series on a t:Uned basis. 

'lbe versatility of this precolumn/backflush configuration has been 
enhanced by the incorporation of wide bore capillary columns into the 
10S70. Fbr reasons of fragility, these colums have found limited use in 
field portable G.C.s but, an encapsulation method has recently been 
developed which protects the colt.rnns against vibrational or frictional 
damage. A typical chromatogram of a vapour mixture is provided in Figure 
4. '!his result was achieved using a 1Dm x 0.53rrm i.d. CPSil SCB, (Su film) 
capillary column configured as a precolurm/backflush system. 

Cormllnications Function 

'l11e 10570 is equipped with an RS232 interface and can be connected to 
a reroote terminal or specially prograrrmed cooputer. In addition, the 10S70 
has a telephone modem so that rerrote comnunications can be performed over a 
phone line. By programning the 10870 with the appropriate telephone 
number, the instrument can "call in" to an off-site location and a 
password system prevents access to the instrument by unauthorized 
i:;ersonnel. 

A new software package has been developed which allows chrana.tograms 
to be automatically stored on disc and the data to be subsequently 
retrieved. A reference chromatogram can be scale expanded and arroothed to 
subtract ghost peaks and other artifacts. Figure 5 shows a reference and 
last sanple chromatogram superinposed for conparison and verification of 
chemical identity. 

Conclusion 

With the capability to conmm.icate and be reiootely controlled, the 
AUl'Ol'IP and l0S70 G.C. enable considerable time saving in terms of the 
hours the envirannental scientist has to operate at the site. With the 
phone line connections, the terminal can be set up off-site at another 
faciltiy from which the situation can still be monitored safely. 
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Figure 1 Au omatic otal ioniz bles pres nt (AIJl'Ol'IP) 
ir analyzer. 
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Figure 2 Autotip keyboard and indicators. 
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FIGURE 5 CHROMATOGRAPHIC DATA :RETRIEVED FR<)( DISC 
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EVALUATION OF PHOTOVAC 10550 PORTABLE 
PHOTOlONIZATlON GAS CHROMATOGRAPH 
FOR ANALYSIS OF TOXIC ORGANIC POLLUTANTS 
IN AMBIENT AIR 

Richard E. Berkley 
Methods Development and Analysis Division 
U.S. EPA, Environmental Monitoring Services Laboratory 
Research Triangle Park, North Carolina 

Analysis of toxic organic vapors in air is usually done by 
~reconcentration from air, followed by GC/MS analysis. The 
preconcentration st•p is a source of numerous errors which limit the 
credibility of quantitative results. Also, the method is expensive and 
slow. A method of getting data quickly and inexpensively tor screening 
purposes ls needed. Also a method which does not involve preconcentration 
might provide a valuable supplement to GC/MS data. An instrument whicn may 
be capable of meeting these needs is the Photovac 10$50. It is a portable 
gas chromatograph equipped with a sensitive photolonizatlon detector. It 
is claimed to be capable of detecting 0.1 part per billion of benzene in 
air. 

During laboratory evaluation, the benzene detection limit ot the 
Photovac !OSSO was estimated to be 95 femtograms, equivalent to • 
concentration of 0.03 part per billion, The lnstrument was subjected to 
preliminary field evaluation in Houston, Texas. Low levels of apparent 
contamination by calibrant were observed. Several unidentified eompounds 
were present at high levels tor which the unit was not calibrated. The 
apparent maximum possible level of chloroethylene was O.S parts per 
~illion. Apparent maximum possible levels for multiply¥chlorinated 
ethylenes were less than 25 parts per billion. Apparent maximum possible 
levels of benzene and toluene were less than 10 parts per billion. 
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Introduction 
Analysis of vapor phase organic compounds in ambient air is usually 

done by gas chromatography using a mass spectrometer as detector (GC/MSJ. 
The principal advantage of GC/MS is its selectivity and range of 
applicability, [ts principal disadvantage is that preconcentration of 
analytes is necessary because GC/MS c3nnot tolerate large quantities of 
oxygen and water and because mass spectrometers cannot detect ambient 
levels of analytes in samples small enough to be chromatographed. 
Unfortunately, preconcentration produces many errors. Efficiency of 
collection and delivery to the GC/MS ~s low and variable for many 
compounds, and numerous artifacts are formed <ll. Although 
preconcentratlon and GC/MS analysis of organic vapors in ambient air is at 
best a semiquantitative method which ls eMpensive and labor-intensive, Its 
effectiveness in qualitative analysis makes it virtually indispensable. 
However, a method of analyzing pollutants directly without separating them 
from air, especially if it were based upon a completely different approach 
to sampling and detection, might supply data unspoiled by gross sampling 
errors. However, to detect one part per billion by volume of benzene in 
one milliliter of air would require the capability of detecting three 
plcograms. 

Photoionization detectors are sensitive enough to detect many toxic 
organic pollutants without preconcentration, Though more sensitive than 
GC/MS they are less selective, For such a sensitive detector, 
preconcentration would not be required so most sampling errors could be 
avoided. Without sampling errors, a chromato~raphic peak which appears 
within the retention time window of a particular compound must be due to 
the presence ct that compound or another with similar retention time. 
Positive identification is not established from such an observation, but 
the "identified" compound cannot actually be present at a higher level than 
indicated without some negative interference in the sampling or 
chromatographic processes, Therefore data tor most compounds would provide 
credible estimates of the upper limits of true concentrations. 

The Photovac 10550 is a portable gas chromatograph with a highly 
sensitive photoionizat1on detector. lt ls primarily designed for 
industrial hygiene analysis of airborne organic compounds. It is self 
contained, mounted in an aluminum case with internal electric power and 
carrier gas supplies. The unit measures 46 X 16 X 34 centimeters C16.25 X 
6.25 X 13.25 Inches> and weighs 11.8 kilograms (26 pounds>. It ls equipped 
with a microcomputer which controls samplinr and analysis and processes 
data, and it has a built-In printer-plotter. Thi1 unit po11a11es 
signlttcant advantages over conventional gas chromatograph11 

a. 	 It is portable. 
b, 	 Its detector is sensitive enouah to respond to ambient background 

levels of benzene, toluene, and the ohloroethylenes without 
preconcentration. It could be used as-i• to screen for these 
compounds in ambient air or near hazardous waste 1ita1. It also 
could be used to supplement or complement GC/MS analy1i1. 

c. 	 Typical analyte ooncentrations are far below lavals which could 
overload the column and lead to tailing or distortion of peaks. 

d. 	 It is tolerant of oxygen and blind to water. Separation of 
analytes trom alr is unnecessary. 

a. 	 It can b• transported without special preparation. 
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There are also some disadvantages: 

a. 	 Detection is not specific. "Identification" of a compound is 
evidence, but not proof, of its presence. 

b. 	 The unit may only be operated at ambient or slightly elevated 
temperatures. This li~its the quality of chromatographic 
resolution, and only compounds which have high vapor pressures at 
ambient temperatures can be analyzed. 

c. 	 Calibration standards of known accuracy are difficult and expensive 
to prepare. 

EKperimental 
An extrapolated detection li~it for benzene was determined CZJ. 

Aliquots of NBS Standard Reference Material No. 1605 (0.254 parts per 
million of benzene in nitrogen> were injected into the unit with 1as tight 
syringes at a constant gain of 50, and data for each injection were stored 
on disk. Output signal was sampled at intervals of 0.2 second, The 
benzene peak was displayed, and start and end points for the peak were 
determined by inspection and input to the computer. Peak area was measured 
by drawing a line between the start and end -points and summing the heights 
of all data above the line. The standard deviation of the 40 baseline 
points immediately before the beginning of the peak plus the 40 baseline 
points immediately after the end at the peak was calculated. The•e data 
were stored on djsk, and another program was used to retrieve them, plot 
peak area Cvolt•secondl versus amount injected lpicograms>, and perform a 
linear regression analysis. The slope was 0.502 volt*second/picogram with 
an intercept of 6.4 volt•second and a correlation coefficient of Q,999. 
The aggregate standard deviation of baseline points for all peaks was 
0.0238. The detection limit was taken to be twice the aggregate standard 
deviation of baseline points divided by the slope, or 95 femtograms. It 
was equi~alent to a concentration ot 0.03 parts per billion by volume of 
benzene at 25 C, which was lower than the manufacturer's c!alm ot 0.1 part 
per billion and much lower than required to detect 1 part per billion cf 
benzene in air. This was an extrapolated detection limit, the smallest 
sample actually injected being t.63 picograms. The detection limit of 95 
femtograms was lower than the value of 800 femtograms obtained by Clark and 
coworkers who used a Photovac 10Al0 chromatograph wlth the same detector 
(3). It was higher than the extrapolated detection limit cf 17 femtotrams 
obtained in our laboratory using the same method with a Photovac 10A10 
which was operated at maximum gain. 

Field operation of the unit was carried out fn Houston, TeMas during 
March, 1987. The calihration library was 1enerated upon arrivat in the 
field using as standards commercially prepared m1Mtures of six compounds in 
nitrogen. Most sampling was done from inside an automobile by using the 
sampling pump to draw in air through a length of teflon tubing. Typical 
data are shown in TABLE 1. It fs evident that contamination ot the unft by 
compounds ?resent in the MiKtu'e used for recalibration muat have 
contributed to the levels of some of the compounds observed. The levels 
actually present could not have exceeded the amounts shown. They must be 
presumed to define true upper limits to the levels ot target compounds 
which could have been present. Nevertheless, it Is apparent that this 
unit, as-Ls, should easily be capable of dete~ting the part per ml! lion or 
lower levels of benzene, benzene derivatives, and halocarbons which r•lse 
concern about public health when they are found near hazardous waste •ltas 
and other sources. 
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Results and Discusslon 
Several problems were encountered during ev•luation. The most 1eriou1 

were related to lack of temperature control in the column compartment. 
Sunlight falling on the instrument rapidly heated the interior. At a gain 
ot 100 this caused a large upward baseline drift. When the unit was moved 
out of the sun, the baseline drifted downward and disappeared from the 
chart for about half an hour. Retention ti•es and detector sensitivity 
also vary with temperature. The internal aolenold valves were another 
source ot heat. They are mounted adjacent to the column encloaure and 
generate considerable heat when energiied. Thi• can cause significant 
temperature excursions over time periods much shorter than the duration of 
a run. It was noticed that when the unit was manually recalibrated 
immediately after a calibration run, the indicated temperature often 
dropped by a centigrade degree during the short interval while the fir1t 
quantitation report was being printed, The te•peratura sensor 1• not 
located inside the column enclosure, ao it was not apparent how much column 
temperature actually was affected by the solenoid valves. 

Miscalibration <failure to calibrate the right peak> is apt to occur 
if automatic sampling Js attempted •t high gain. Extraneous peaks are seen 
at high gain in all calibration tases, even NBS Standard Reterence 
Materials. The number of them changes with temperature. Because the 
callbrant peak is identified by peak number, the appearance of variable 
numbers of eKtra peaks limits feasibility ot unattended operation at high 
gain. Whan a peak other than the calibrant receive1 the peak number 
designated for the calibrant, that peak becomes reoo3nized as calibrant, 
and its area is matched with the concentration information tor the 
callbrant bsing used by the microprocessor. Typically, the peak 11 much 
smaller than the real calJbrant peak, and necessarily has a different 
retention time. This puts the unit cata1trophically out cf calibration 
until the neKt time the true calibtant peak is tcund du~ing a calibration 
run. The only meant of preventing •uch error• 11 ti•ely action by the 
operator. Miscalibration could cau1e aeriou1 error1 in tlme-weithted 
averages of results obtained during unattended operation at high &aln. 

It is difficult to proYlde suitable calibration standards fer 1uoh a 
sensitive instrument. Part per mil lion level• of mo1t potential target 
compounds In nitro1en or air can be purchased, some of them traceable to 
NBS standards, and the1• are suitable tor compilinc calibration llbrarles. 
For field recalibration, levels in the low part per billion ranee are 
needed in order that the instrument can be operated at hi1h aain. Suoh 
standards are not widely available1 they are •~pensive to prepare; 
contaminants are likely to be present at levels 1lmllar to calibrant1 and 
storaae stability could be a problem. Such problems are not the fault ot 
the instrument manufacturer or of the producer• of calibration standard1. 
They are inherent problems of workinC at 1uoh low levels. 

Several minor software prob!••• were observed. The unlt wa1 not able 
to report results below one part per billion. It could be "fooledw into 
doin1 so by entering a calibration aas concentration which wa1 one or more 
orders ct macnftude hiaher than the true one and then making corretpondin& 
corrections to resultins data. It practlc•d regularly, 1uoh an expedient 
mu1t eventually lead to confualon. It would be better if the 1ottwar1 were 
adapted to report part per trillion levels. lnte1ration1 performed at htch 
gain may retar to the baseline level at the •tart of the run, rather than 
the baseline at th• time the peak tlutad. If th• ba1eline ha1 drifted, as 
lt ts likely to do at high gain, a considerable Integration error will 
result. Alto, the way in which th• baaeline 11 drawn tn tor an tntecration 
is dependent in a poorly-predictable ~•Y on which intearation parameters 
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have been entered. A better integratlon subrcutlne er a better explanatlon 
of it would be useful. When entering infcrmatlon into the microprocessor, 
mistaken key punches are irreversible. The operator has no optlon but to 
continue with whatever procedure was inadvertantly started. The 
consequences can vary from a loss of recalibration data to an annoying wait 
for the printer to finish printlng unwanted information. 
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Disclaimer 
Hentlon of trade names or commercial products does not constitute 
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TABLE 1. SAMPLING AMBIENT AIR IN DEER PARK AT A TAMS SITE. <al 

3-26-67 	J. P. Bonnette Junior High School in Deer Park. Partly cloudy. 
Wind NE light. Approximately 20 C. Texas Air Control Board 
Monitoring Site. 

Time of day 15:00 15: 13 
Chloroethylene 130* 
Retention time <seconds) 11.0 11. 4 

1,1-Dichloroethylene 	 2* 
Retention time (seconds) 43.8 44.5 

Benzene 	 D* Retention time (seconds) 131.6 131. 9 

Trlchloroethylene • 8 
Retention time <seconds> 204.. 8 207.6 

Gain 100 100 
Unit temperature CC> 32 31 

Time of day 15:24 15:37 15:49 16:02 
Chloroethylene I 121 93 89 
Retention time 10.9 11. 5 11. 5 11. 5 

1,1-Dichloroethylene • D ND ND 
Retention time 44.5 44.9 

Benzene I D D D 
Retention time 132.2 132.2 131. 9 132.2 

Trlchloroethylene I B 5 4 
Re tent 1on time 208.8 209.3 209.8 209.3 

Gain 100 100 100 100 
Unit temperature CC) 32 31 31 32 

• Calibration run. 

D Detected below 0.5 part per billion. 

ND Not detected. 

(al Concentrations are in parts per billion. 
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HALOCARBON ANALYSIS OF NHOC AIR SAMPLES 
BY GC/HEGABORE/ELECTRON CAPTURE DETECTOR 

A..J...... Sykes,
Radian Corporation
Analytical Chemistry Department
Research Triangle Park, North Carolina 

Harold G. Richter 
Office of Air Quality Planning and Standards 
Office of Air and Radiation 
U. S. Environmental Protection Agency
Research Triangle Park, North Carolina 

The U.S. EPA has for a number of years sponsored a Nonmethane Organic
Compound {NMOC} air monitoring program. For the past three years Radian 
Corporation has conducted the most intensive nation wide sampling and 
analysis program under contract to EPA. The primary gas chromatography
(GC) analysis procedure for NMOC measurement has been a cryogenic 
preconcentration direct flame ionization (POFID) method, trapping
approximately 300 ml of air on a glass bead trap, followed by ballistic 
heating to 90"C and detection by flame ionization. During the previous 
year's effort an additional GC analytical procedure was incorporated into 
the program. A 6-port gas sampling valve was used to inject 1 ml of sample

1onto a J&W OB-624 Megabore fused silica column with electron capture 
detection. The DB-624 column was designed to separate 27 volatile 
halocarbon priority pollutants without subambient oven temperatures. The 
detection limits of these halocarbons ranged from 2 to 35 parts per billion 
in each 1 ml of sample. Calibration standards were prepared in the range 
of 35 to 50 ppb by dilution of known amounts of each compound in 
hydrocarbon free air. Over 170 ambient air samples were analyzed during 
the program in addition to 2 EPA audit samples. 
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HALOCARBON ANALYSIS OF NMOC AIR SAMPLES 
BY GC/MEGABORE/ELECTRON CAPTURE DETECTOR 

lntroduct1on 

Radian Corporation has assisted EPA for the past three years fn 
acquiring an excellent database of NMOC data. The PDFID method, with argon
cryotrapping has proven to be a good procedure that can provide NMDC 
results from many air monitoring sites. There has been 
much interest in volatile halocarbons and "air toxics• in the urban 
environments, but the traditional technique of NMOC does not provide
halocarbon speciation or quantification. The work discussed here is a more 
in-depth study of NMDC air samples collected in July, August, and September 
1986, and has provided EPA and the States with additional information as to 
the halocarbon content at various NMOC air monitoring sites across the 
nation. 

Experimental 

Description of Analytical Procedure 

Ambient air samples were collected in evacuated 6-liter Summa polished
stainless steel canisters over a three hour period which resulted in 
approximately 15 psig of pressure. The canisters were previously cleaned 
by a series of four evacuations to 5mm Hg, and pressurizing to 40 psig with 
cleaned, dry a1r. These samples were analyzed for NMDC by the PDFID 
method. After argon cryotraping the ambient air on a glass bead trap, the 
GC oven was ballistically heated to go•c, and the response integrated over 
a 2-min time period. Propane was used as the calibration standard. 

The samples were then analyzed by GC/electron capture detection, which 
was selective for halogenated and other electronegative compounds (ie. 
oxygen and nitrogen containing). Agas sampling valve was used to inject
1-ml of sample onto a DB-624 megabore fused silica capillary column. The 
megabore column was 30 meter x 0.53mm i.d., and was developed by J &W 
Scientific, I~c. for purgeable organics as specified in EPA methods 601,
602, and 624. These methods are intended for analysis of water samples
using a purge and trap concentration technique, which Radian did not use. 
Method 601 also uses the Hall Detector which is specific for chlorine and 
bromine compounds, and 602 is for organic purgeables with flame ionization 
detection. Method 624 is a GC/MS procedure. 

Instrument and Conditions 

Instrument: Vai!•n 3400 gas chromatograph
Detector: Ni Electron Capture 8 range 10 
Data System: Spectra-Physics Model 4270 
Column: J &W, DB-624 Megabore, 0.53mm x 30m fused sflica 
Carrier gas: Helium• 5 ml/mfn 
Makeup: Nitrogen 8 25 ml/mfn 
Injection: Valeo 6-port gas sampling valve with 1.0 ml loop 
Valve Temp: loo·c 
Inj. Temp: loo·c 
Detector Temp! 2so·c 
Col. Temp: 3s•c to 14o•c • s•c/min 

Calibration Procedures 

A calibration stock solution (20ppm) in methanol of purgeable organics 
containing 31 compounds for EPA Method 624 analysis was obtained from ULTRA 
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Scientific. On1y 24 compounds were resolved or detected using the 
ECD/megabore column. Agaseous working standard was prepared by injecting 
a known volume of the stock solution into a stream of zero air flowing into 
a 6-liter stainless steel container. The container was then pressurized to 
a known volume. The working standard concentrations ranged from 17 ppb to 
35 ppb in air. One ml of the working standard was injected using the Valeo 
valve. The concentration in ppb of each compound was divided by the area 
counts to calculate its response factor. These response factors were 
multiplied times each compounds' area counts to obtain its concentration. 
The detection limits of the compounds of interest were 1 ppbV 1 except vinyl
chloride and ch1oroethane, which were 8 and 35, respectively. Gas 
chromatography/mass spectrometry was used t~ verify the elution order of 
these compounds.
retention times: 

The following fs a list of the compounds and their 

Compound RT111in Compound RTrnin 

Chloromethane 3.23 Bromodichloromethane 13.28 
Vinyl chloride 
Bromomethane 
Chloroethane 
1,1-dichloroethylene
trans-1,2-dichloroethene
Chloroform 

3.52 
4.13 
5.08 
6.09 
7.54 
9.54 

trans-l,3-d1ch1oropropene
cis-1,3-dichloropropene
1,1,2-trichloroethane
Tetrachloroethylene
Dibromoch1oromethane 
Chlorobenzene 

14.33 
15.63 
16.03 
16.47 
16.96 
18.68 

1,1,l-trichloroethane
Carbon tetrachloride 
1,2-dichloroethane
Trichloroethylene
1,2-dichloropropane 

9.93 
10.33 
10. 71 
12.21 
12.61 

Bromoform 
l,l,2,2-tetrach1oroethane
1,3-dichlorobenzene
1,4-dichlorobenzene
1,2-dichlorobenzene 

20.48 
21. 79 
24.22 
24.54 
25.41 

Results and Discussion 

Table I summarizes the halocarbon concentration data by compound. The 
frequency of occurrence gives the number of samples in which the compound 
was found. Only 15 of the 24 target compounds occurred at or above the 
method detection limits. The frequency of occurrence of these compounds
varied from a minimum of one for l,l,2,2-tetrachloroethane to a maximum of 
142 for c1s-l,3-dfch1oropropene. The average occurrence was 47. The mean 
concentration of the compounds ranged from 1.1 ppbV for carbon 
tetrachloride to 434 ppbV for chloroethane, averaging 45.2 ppbV overall. 
Chloroethane had the highest maximum concentration of 8327 ppbV. A closer 
look at comparisons between frequency of occurrence and mean ppbV
concentrations reveals that on1y vinyl chloride occurred above the average
for both. Bromomethane had the second highest occurrences, but only a mean 
concentration of 8.7 ppbV. Tetrachloroethylene had the fourth nighest 
occurrence at 92, with a low mean concentration of 2.9 ppbV.

Table II summarizes the halocarbon concentration data by site. The 
mean concentrations ranged from 16.8 ppbV for site #8 to 239.9 ppbV f-0r 
site #14. The measured maximum ppbV values ranged from 59 at site #3 to 
8327 at site #14. The average number of identifications among all sites 
was 47. The summary statistics in Tables I and II are representative of 
the samples collected at the sites and apply to those halocarbons 
identified. The statistics should not be used to represent all halocarbon 
compounds, or to be representative of average of concentrations across the 
country.

Two audit samples. designated "A 11 and "B" in Table III, contatning 
seven halocarbons each were provided by EPA-QAD. These audit samples were 
used to obtain an estimated accuracy of the sampling and analysis method. 
The c-0ncentrations in the original samples, and the measured resu1ts are 
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given 1n Table III. The percent b1as ranged from ·56.4 to -7.1, averaging
-27.-0. The absolute percent bias averaged 35.3. 

Conclusions and Rec011111endat1ons 

From the results of this work we can conclude that ambient halocarbon 
measurements can be easily conducted on NMOC air samples with adequate
detection limits and compound selectivity using a connerc1ally available 
Megabore fused silica column with electron capture detection. The Megabore
column allows good compound separation without subambient oven 
temperatures. This prevents water vapor in the sample from freezing and 
plugging the coiU111n. Direct 1nject1on onto the column was done without the 
need of preconcentration techniques. 

Reco11111endat1ons are to expand the current analytical system to measure 
air toxics by combining a versatile sample interface and multi·detector 
GC/Megabore column analytical system. Radian Corporation is current1y 
developing and will evaluate such a system which will include 
photoion1zation/flame ionization/electron capture detectors. The sample
introduction interface will allow a choice of unconcentrated, adsorbent 
trapping, or cryotrapping techniques to be used with gas chromatographs
with multiple detectors or with mass spectrometers. 
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Table I. 1986 HALOCARBON DATA SUMMARY. BV COMPOU~O 

Halocarbon 

Vtnyl chloride 

Bromomethane 

Chloroethane 

l.l-Oichloroethy1ene 

Chloroform 

l,l.l-Tr1chloroethane 

Carbon Tetrachloride 

Trichloroethylene 

cts-1,3-0ichloropropene 

1.1.Z-Trichloroethylene 

Tetrachloroethylene 

Dibromodichloromethane 

1,1.2,2-Tetrachloroethane 

1,3-Dtchlorobenzene (m} 

1,4-0ichlorobenzene (p) 

Overall 

Frequency
of 

Occ1.1rrence 

102 


127 


37 


3 


35 


91 


2 


17 


142 


14 


92 


z 

1 


23 


22 


Min 

7.9 

1.0 

8.6 

2.7 

1.3 

1.0 

1.0 

1.1 

3.2 

8.7 

1.0 

1.8 

1.2 

4.5 

2.9 

1.0 

Halocarbon 
Concentration, ppbV

Mean Max 

78.8 662.0 

8.7 126.0 

434.1 8327.0 

51.9 92.9 

8.Z 48.3 

2.5 5.9 

1.1 1.2 

7.0 68.7 

24.9 66.2 

63.1 228.0 

2.9 66.2 

8.0 14.2 

l.2 1.2 

24.2 163.0 

37.1 294.0 

45.2 8327.0 
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Table 11. 1986 HALOCARBON DATA SUMMARY. BV SITE 

Site Number of 
Code Ident i ficat ions 

l 44 

2 39 

3 24 

4 34 

5 39 

6 40 

7 45 

8 46 

9 42 

10 50 

11 37 

12 33 

13 44 

14 40 

15 35 

16 39 

17 51 

18 28 

Overall 710 

Min 

1.0 

1.0 

l.4 

1.2 

1.2 

1.1 

1.0 

l.O 

1.0 

1.0 

l. l 

1.0 

1.1 

1.0 

1.0 

1.0 

1.0 

l.5 

I.O 

Halocarbon 
Concentrations, ppbV

Mean Max 

60.9 611 

55.0 517 

17.4 59 

28.4 211 

13.7 79 

26.4 538 

39.6 1220 

16.8 82 

17.4 183 

30.0 513 

20.0 126 

49.7 1188 

23.5 294 

239.9 8327 

15.2 1701 

22.1 105 

38.6 343 

36.3 211 

45.2 8327 
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Chlorofonn 

1,l,l-?r1chlor,..than. 

Carbon tetrachlorld• 

l,2-Dlchloroethaae 

..,, 
t 	 tr1chloroeth7lene 

l,2-Dlchloropropane 

Tetrachloroethylene 

T•bh Ill. llALOCAlllKlll AUDIT SAMPLE RESULTS 

Audi~ s....,1. ~asure:d Percen't 

CAncentratloD.9, ppbV Coneen.t.ration:1., ppbV Bl•• 
A B A 11 A B 

27 13 21 13 -U.2 - 7.7 

~5 21 33 l1 -26.7 -19.0 

34 17 17 9 -so.o -47 .1 

55 27 24 13 -56.• -.51.8 

48 24 n ll -54.2 -54-2 

44 22 57 15 29.!i -31-8 

42. 	 21 30 18 -28.6 -14.3 

Averac• -21.6 -32-3 

Ovrerall aver.age -27.0 

Abaolute 

Percent. .Bl•• 

A 11 

22.2 1.1 

26.7 19.0 

50.0 47 .l 

.56.4 .51.8 

54.2 54.2 

29.S 	 ll.8 

28.6 	 14.3 

38.2 	 32.3 
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INTRODUCTION 

The Methods Development and An~1ysis Division of the Environmental 
Monitoring Systems Laboratory (EMSL) of the U.S. Environmental Protection 
Agency fs responsible for the development and evaluation of state-of-the
art and emerging analytical techniques for the determination of organic
compounds in ambient air. Recently a prioritized lfst of volatile organic 
compounds has been established by EPA. EMSL is focusing on further devel
opment of analytical methodology for the determination of these compounds. 

Developmental efforts during previous work (Contract No. 68-02-3487 
{WA-37 and WA-22}) resulted in the following: {l) an automated gas
chromatograph (GC) system that uses reduced temperature preconcentrat1on 
to collect volatile organic compounds (VOCs) and (2) documentat1on of 
adequate storage of volatile organic compounds in Sunma polished canisters. 
The automated GC system has operated 1n a sampling and analysis mode at 
several field sites using reduced temperature preconcentrat1on to enhance 
system sensitfvfty. Other sampling scenar1os have involved uti11z1ng the 
Sunma polished canisters to collect and temporarily store a sample pr1or
to analysis wf th the automated GC which was based at the research 
laboratory. 

The current task 1s a feas1b111ty assessment of non-cryogenic precon~
centratfon techniques. Specifically a prototype sampler was developed to 
collect and transfer voes to temporary storage vessels {Sunma polished
canisters). The sampler 1ncorporates parallel Tenax traps to sequentially
adsorb and desorb organic species 1n ambient a1r. Sample enrichment 1s 
achieved by utf lfz1ng less volume flow in the transfer process than 1n 
the collection process. This paper.discusses the design, construction 
and preliminary evaluation of the prototype system. 

EXPERIMENTAL 

tNSTRUMENTATION 

Backflushfng Sample Preconcentrator 

A diagram of the prototype backflush1ng sample preconcentrator (BFSP)
is shown in figure 1. All component parts have been mounted onto an 
aluminum carrying case and include the following: 
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(1) 	 An 8-port 2-pos1t1on switching va1ve and actuator (Hach
Company). 

(2) 	 Two Tenax traps (10 11 by 1/4 11 S.S. U-tubes) wrapped with heating 
wire. Each trap contains 0.7 grams of 35/60 mesh Tenax GC. 

(3) 	 Two temperature controllers (Omega Engineering, Inc.). 

(4} 	 Nitrogen (0-10 cc/min) and air (0-500 cc/min) mass flow 
controllers and console (Ty1an. Ine.). 

{5) 	 A dual diaphragm pump (Thomas Industries, Inc.). 

{6) 	 A timer for control of va1ve actuator and trap heaters (designed
and built at Battelle Columbus Oivis1on). 

The timing cycle for the backflushing sample preconcentrator is shown 
in Figure 2. At time zero trap ~o. 1 is 1n the desorption position with 
heat being supplied via temperature controller Ko. 1. Trap No. 2 is at 
room temperature and is in the collection position. After 7 minutes into 
the run. temperature controller No. 1 ts turned off to prepare trap No. 1 
for collection which will be initiated 8 minutes later (1.e •• 15 minutes 
from time zero). After 15 minutes into the run the valve actuator is 
activated so that trap No. 2 is now 1n the desorption position with heat 
being supplied vfa temperature controller No. 2. Trap No. 1 which has 
cooled to room temperature 1s now in the collection position. Approxi
mately 1 m1nute 1s required to reach the trap desorption temperature 
(18QOC) while five to six minutes 1s necessary to cool the trap to room 
temperature. The valve and heater timing intervals can be varied from 
several minutes to one hour. During the actual test runs. the BFSP unit 
was operated as follows: 

col'fection cycle: 15 minutes 
heat desorption cyc1e: 7 minutes 
desorption temperature: 1800C 
nitrogen flow: nominally 7 ml/min 
air flow: nominally 120 ml/min 

Expected concentration enr1ehment factors were ca1cu1ated as the ratio of 
the measured air and nitrogen flow for each experiment. 

Whole Air Canister filling System 

The canister filling apparatus consisted of the following. A stain
less steel pump (Metal Bellow Corp., Model MB-158) directed flow through 
a mass flow controller {Tylan MC-260) and into a stainless steel canister. 
The mass flow controller was mafnta1ned at 20 ml/mtn durtng samplfng. 

Canister Cleaning Apparatus 

In preparation for use with the BFSP un,t or with the whole air 
filling system. each canister was sequentially filled (15 ps1g) and evacu
ated (25 11 Hg) five times using ultra zero air as the flushing gas. After· 
the fifth evacuation the canister was sealed, transferred to a higher 
vacuum system and pumped down to 0.1 torr. A liquid nitrogen trap was 
utilized in this sytem to prevent organ1cs or1g1nat1ng 1n the pump oil 
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from back-streaming into the can. Fallowing the final evacuation each 
canister was connected to the appropriate filling apparatus. 

Automated Gas Chromatograph1c System 

Sample canisters were analyzed with an automated GC system employing
cryogenic trapping techniques. Briefly, the system is equipped with flame 
ionization and mass selective detectors. A 50 mby 0.32 nm f .d. 1 OV-1 
fused silica column (Hewlett Packard) was used to resolve the volatile 
organic compounds. Optimum analytical results were achieved by tempera
ture prograrrming the gas chromatographic column from -sooc to 1soac at 
BOC/min. Zero grade helium (Matheson) served as the carrier gas 
(3 mL/min). The column exit flow was sp1it so that 1 ml/min entered the 
mass spectrometer, while the remaining flow passed through the flame 
ionization detector. 

A Perma Pure dryer (Model MD-125-48F) with a tubular hygroscopic 
ion-exchange membrane was used to remove water vapor selectively from 
mixed gas streams. The dryer was purchased in a shell and tube configura
tion. Sample flow through the tube was maintained at 40 mL/min with a 
mass flow controller (Ty1an MC-260). A counter-current flow of dry zero 
a1r (200 ml/min) was used to purge the shell. 

PROCEDURE 

Laboratory test runs involved challenging the BFSP un1t wfth a dilute 
calibration mixture of 41 organic compounds (2 to 3 ppb each). The BFSP 
canister sample results were rat1oed with the results from the direct 
analysts of the dilute calibration mixture to obtain a measured enrichment 
value for each compound. These measured enrichment values were compared
with calculated enrichment values (ratio of airflow/nitrogen flow} fn 
order to determine collection/recovery of the 41 compounds with the BFSP 
unit. 

Two ambient air test runs were carried out at an unoccupied home. 
During each run two canister samples were collected; one with the BfSP 
unft and the other with the whole air collection apparatus. Again,
measured enrichment values were compared with calculated enrichments 1n 
order to determine collection/recovery efficiencies. 

RESULTS AND DISCUSSION 

Table 1 shows the experimental results from the two ambient air 
tests. Twenty compounds, 1dentif1ed by retention time and quantfffed
with a flame ionization detector during the tests, are listed in the 
table. Concentrations obtained from the analysis of whole air canister 
samples are shown, along wfth corresponding concentrations from the 
analysis of can samples collected with the BFSP unit. Enrichment factors 
for each compound are determined by rat1oing the two concentrations. In 
viewing these ratios ft fs evfdent that for n-butane and 1-pentane {com
pounds No. 1 and 2), compound breakthrough is occurrfng, as indicated by 
the lower ratios. 

For the remaining compounds a mean ratio of 17.3 (+ 13.81} was calcu
lated from the test No. 1 data while a mean ratio of 15:'4 (+ 9.91) was 
determined from test No. 2 data. Expected enrichment ratioi were based 
upon the actual flow ratio of air to nitrogen during each run. Ratios of 
17.4 and 15.7 were determined respectively for test 1 and 2. ln comparing 
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these flow ratios with concentration ratios determined experimentally, 
excellent agreement 1s observed (17.3 vs 17.4 and 15.4 vs 15.7). 

Exper1mentaily determ~ned breakthrough volume for n-pentane is 4.5 
liters per gram of Tenax (1). In the above exper,ments 1.8 liters of a1r 
(per 0.7 grams of Tenax) was sampled with each cycle of the BFSP unit. 
If one assumes a safe samp1ing volume to be approximately 50 percent of 
the breakthrough volume (i.e., 2.3 l/g), then the above sampled volume 
(2.6 1/g) indicates that n-pentane breakthrough is probably not occurring. 
However compounds such as n-butane and i-pentane {i.e., with lower break
through volumes) will not be efffcfently recovered under the experimental 
conditions used with the BFSP unit. 

figure 3 shows the results from one of the laboratory test runs which 
involved cha11enging the BfSP unit with a dilute mixture of 41 organic 
compounds (2 to 3 ppb each). Concentration enrichment fs plotted as a 
function of compound number. For most of the compounds a consistent 
enr1chment va1ue 1s obta1nea. ~O'ffever, for the more volat~1e compounds
lower enrfchment values are observed (compounds 1 through 11). Again, we 
believe that these compounds are not efficiently retained on the Tenax 
adsorbent under the experimental conditions used w1th the BFSP unit {t.e.~ 
breakthrough volumes are being exceeded). A mean measured enrichment of 
33.4 is obtained if one excludes compounds 1 through 11. This value com
pares well with the calculated enrichment of 35.0. In further examining
the data, one observes that ?eaks 40 and 41 (l,2,4-tr1chlorobenzene and 
hexach1orobutad1ene) show somewhat lower than expected enrichment ratios. 
Closer inspectfon of the BFSP un1t during the desorptfon temperature cycle 
showed that a maximum bed temperature of only l350C was obtained at a 
temperature set-point of 1sooc. Subsequent experiments utilizing a higher 
temperature set-point, resulted in better recovery of these two compounds. 

COHCLUS!ONS ANO RECOMMENOATlONS 

A prototype sampler has been shown to collect and transfer voes from 
ambient afr to temporary storage canisters. The system employs parallel
Tenax traps to adsorb and desorb organic compounds from an afr environ
ment. Samp1e enrichment has been achieved by ut1l1z1ng 1ess volume flow 
1n the transfer process (desorption step) than in the collectfon process 
(adsorptfon stepJ. Preliminary tests of the sampler have 1nd1cated that 
the system successfully functions as des1gned. Ca1cu1ated sample enrich
ments {15 to 35-fold) based on volUITle flow ratios were in excellent agree
ment with experimentally determined concentration ratios. 

The results of this study have demonstrated the feasib111ty of a 
non-cryogenic preconcentratian technique tbat can be used in the field in 
conjunction with sta1nless steel canisters to provide voe enriched 
samples. These enriched samples can then be transported to the laboratory 
for subsequent analysis. The primary advantages of this approach over 
conventional field sampling with Tenax cartridges are the following: 

(l} The somewhat nigh and variable amounts of individual compounds 
•(1 to 50 ng per cartridge) normally found 1n field 11 blanks 1 are 

not observed w1th the SFSP unit. We suspect that Tenax storage
and hand11ng cond1t1ons are pr~me contributors to the blank 
problems. S1nce the BFSP unit is used on a near real~t1me 
basis, the above problems are not of concern. 
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(2) The enriched canister sample from the BFSP unit can be conve
niently and repet1tively analyzed by one or more instruments. 

In the present study a preliminary evaluation of the backflushing 
sample preconcentrator has been completed. Additional studies need to be 
carried out using higher enrichment ratios and testing other adsorption/ 
desorption regimes. Other adsorbents need to also be examined for their 
ability to retain the more volatile organics. Compound selective 
adsorbents, such as the silver/silver oxide sorbent for N02 (WA-10), and 
dinitrophenyl-hydrazine sorbent for aldehydes, could be employed with the 
BFSP unit. With slight modifications to the BFSP near real-time monitoring 
of select compounds could also be achieved. 
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TABLE 1. COMPARISON OF CONCENTRATIONS (ppb) OBTAINED FROM THE ANALYSIS OF 
CANISTER SAMPLES DIRECTLY VERSUS THE ANALYSIS OF CANISTER SAMPLES 

N v. 
~ 

t. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 

12. 
13. 

14. 
15. 

16. 
17. 
18. 

19. 

20. 

COLLECTED WITH THE BACKFLUSHING SAMPLE PRECONCENTRATOR 

Retent fon Time Test It Test 12 
Compound 'Alnutes Dlrect fi~IS R'atlo filrect fiF~IS Rado 

n-Butane 5.38 12.6 56.4 4.5 4.6 17.2 3.1 
f-Pentane 7.86 12.3 143 11.6 3.6 38.0 10.5 
n-Pentane 8.13 9.3 151 16.2 2.6 38.6 14.8 
2-Hethylpentane 10.87 7.3 123 16.8 1. 7 25.2 14.8 
3-Methyl pentane 11.27 7.3 86.9 11.9 2T.4* * 
n-Hexane 11.81 7.3 125 17.1 1.6 25.6 16.0 
Methylcyclopentane 12.45 5.3 89.6 16.9 1.2 18.5 1S.4 
Benzene 13.10 7,3 103 13.6 3.8 50.9 13.4 

2-Methy1hexane 13.72 5.0 93.5 18.7 1.2 20.9 17.4 
3-Methylhexane 13.94 3.6 70.9 19.7 1.0 18.1 18.1 
n-Heptane 14.61 4.0 12.B 18.2 l.l 19.9 18.1 
Ethylcyclopentane 15.03 3.4 58.1 17.1 0.9 13. 9 15.4 
Toluene 15.94 15.8 270 17.1 8.6 128 14.9 
Tetrachloroethylene 17.09 11.0 190 17.3 6.4 95.4 14.9 
Ethyl benzene 18.33 2.3 41.2 17.9 1. 2 16.6 13.B 
.&p-Xylene 18.54 9.0 142 15.8 5.1 65.8 12.9 
Styrene 18.97 0.5 12.0 24.0 0.9 15.6 17.3 
0-Xylene 19.08 3. 1 56.1 18. l 1.8 26.8 14.9 
1.2.4-Trimethylbenzene 21.45 2.J 36.8 17.5 1.5 20.9 13.9 
1.4-0fchlorobentene 21.67 0.5 9.0 18.0 2.8 44.0 15.7 

•tont•1nAt1on. 



UPDATE ON CANISTER-BASED SAMPLERS FOR voes 

William A. Mcclenny, Joachim D. Pleil, and Thomas A. Lumpkin
EMSL, U. S. EPA, Research Triangle Park, NC 27711 

Karen D. Oliver 
Northrop Services, Inc. - Environmental Sciences 
Research Triangle Park, NC 27709 

Over the past year, data interpretation from testing and 
comparison studies of canister-based voe samplers has provided a basis 
for recommendations as to the better sampler components and sampling 
train configuration. Choice of components is of particular 
importance, since the sampled air ·must pass through the sampling train 
before it is collected and stored in the canisters. During this 
process, both additive and subtractive changes in the sample content 
are possible. Sample contamination from volatilized organics occurs 
without adequate cleaning of components. Contaminations, particularly 
from the Freons and tetrachloroethylene, have been noted, while losses 
of voes can occur from samples carried in a dry carrier gas, for 
example, from audit gas mixtures. This paper addresses the status of 
canister-based sampler design and use. 
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Introduction 

Canister-based samplers for the collection of volatile organic 
compounds (VOCs) in whole air were designed as a possible alternative 
to the use of solid sorbents such as Tenax-GC. The development of 
canister-based samplers evolved from the use of SUMMA• polished 
canisters in VOC analysis. 1 Experience with these samplers in the 
field during the past year has pointed up the need for modifications 
to the original sampler configuration designed by the Environmental 
Monitoring Systems Laboratory (EMSL) at EPA.2 Experience has also 
been gained in cleaning and certifying samplers before they are used 
in the field. This paper describes the updated sampler design, 
details of the certification procedures, and considerations relating 
to performing field audits. 

Sampler Design 

The updated sampler design is shown in Figure 1. The sampler 
includes an inlet, 2-µm filter, mass flow controller, pump (optional), 
Hagnelatcp valve, pressure gauge, timer, and thermostatically 
controlled heater and fans. Modifications to the previous design 
include the addition of a blower to continually pull fresh sample 
through the inlet manifold at -12 liters/min. The use of higher inlet 
flow rates dilutes any contamination originating in the inlet and 
reduces the chances that the sample will be altered by contacting 
active adsorption sites on the walls of the inlet. Another 
modification was the change from a heated inlet to an unheated inlet. 
As long as the interior temperature of the sampler is maintained at a 
higher level than the exterior temperature, the heated line was 
thought to be unnecessary when a high inlet flow rate is used. The 
sampler also contains an optional port for formaldehyde sampling with 
Sep-pak cartridges. 

Figure 1 shows a vacuum-assisted sampler with an indication of the 
position of a pump in the pump-assisted sampler design option. In 
such a "vacuum-driven" sampler, the evacuated canister is used to 
provide the differential pressure needed to pull the sample. Usually, 
flow rates are maintained by an electronic flow controller, which 
compensates for the decreasing pressure differential between the 
canister and ambient air until this differential reaches about -2 in.Hg 
(-6.8 kPa). Removing the pump results in a quiet sampler, which is 
desirable when sampling indoors. If positive canister pressure is 
required for analysis, the sample can be further pressurized with 
zero air after receipt in the laboratory. In a pump-assisted sampler, 
whole-air is collected at a flow rate of 10 cm3/min for 24 h. This 
results in a final canister pressure of about 20 pslg (138 kPa) in 6-L 
canisters. A pump-assisted sampler is useful when a larger sample 
volume is required, for example (1) for multiple analyses of the 
sample, or (2) when long-term, higher flow rate (as compared to a 
vacuum-assisted sampler), integrated samples are necessary for a 
particular study. 

Certification of Samplers 

During the past year considerable experience has been gained in 
cleaning sampler components and certifying samplers for use in the 
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field. GC-FID humid zero air test results of a badly contaminated 
sampler are shown in Figure 2 as an example of the problems 
encountered when sampler components are not clean. In addition, the 
possibility exists that some voes of interest may be removed from the 
sample through surface reactions within the sampling train. 

In general, components are disassembled and cleaned before the 
sampler is assembled. Nonmetallic parts are rinsed with deionized 
water and dried in the vacuum oven at 50°C. Typically, stainless 
steel parts and fittings are cleaned by placing them in a beaker of 
methanol, which is then put in an ultrasonic bath for 15 min. Next, 
this procedure ls repeated with hexane as the solvent. Then, the 
parts are rinsed with deionized water and dried in a vacuum oven at 
100°C for 12 to 24 h. Once the sampler ls assembled, we have found it 
helpful to purge the entire system with humid zero air for 24 h. 

The cleanliness of the system is then tested by challenging the 
sampler with humid zero air. The humid zero air is pulled through the 
sampler and analyzed with an automated cryogenic trap and GC-FID/ECD 
or GC-MSD. The sampler results are then compared with control 
analyses. Generally, samplers contaminated with -0.2 ppbv or greater 
of target voes are unacceptable. If the sampler passes the humid zero 
air tests, the next step is to challenge the sampler with ambient air 
spiked with selected voes at concentration levels expected in actual 
field sampHng (i.e., O.S to 2 ppbv) to test the sample integrity of 
the system. A canister is filled with spiked ambient air from the 
sampling manifold while periodic control samples from the manifold are 
analyzed in real time. The canister sample ls later analyzed and 
compared to control runs to determine whether any voes of interest 
were added or deleted from the sample. 

Once the sampler has been tested with humid zero air and spiked 
ambient air, the sampler is subjected to a second round of spiked 
ambient air tests with the interior of the sampler warmed to -t10°F. 
The results of this test are examined to determine whether the 
elevated temperature affects sample integrity. For instance, elevated 
temperatures may possibly result in accelerated outgassing of certain 
voes from sampler components, and this should be investigated before 
the sampler is certified for field use. 

Audit Procedures 

Another problem encountered during the early field studies was the 
poor results of the existing audit procedure for field samplers. 
Field audits were performed over -2 h at an elevated flow rate of 90 
cm3/min with no conditioning of the sampler. The audit mixture 
consisted of 10 to 50 ppbv of voes in dry nitrogen. The FID results 
of a simulated audit are presented in Figure 3, and these results are 
similar to those of audits conducted in the field. When the sampler 
was chailenged with a dry audit mixture, significant losses of a 
number of voes such as o-xylene and ethylbenzene were observed. When a 
humidifier was placed in line immediately following a dry audit, the 
subsequent humidified audit resulted in higher than expected 
concentrations of voes~ These audit results were the same for the 
original sampler and an updated sampler containing a blower pulling 
sample at 500 cm3/min through the inlet. When an audit was simulated 
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in the laboratory with only a humidified audit standard, no losses of 
voes were observed, 

Our interpretation of these results is the following: During 
normal ambient sampling, voe concentrations are generally 7 orders of 
magnitude lower than the ambient water vapor concentration (i.e., 
1 ppbv vs. 2-5~); thus, the excess water vapor occupies a high 
proportion of the available active adsorption sites in the sample path 
components' and the voes pass through the sampling train relatively 
undisturbed. However, when the dry audit gas is applied, the water 
vapor equilibrium shifts, and the adsorbed water is removed from the 
walls of the sampling path, thus greatly increasing the number of 
active sites available to trap VOCs. Because VOC molecules are less 
abundant than water molecules, equilibration is expected to take a 
long time. Also, when ambient air samples are subsequently taken, the 
ambient water vapor displaces the voes adsorbed during the dry audit, 
which then contaminate the sample. Currently, procedures for 
preparing hwnid audit standards are being developed by EPA. 

Conclusions 

The original canister-based sampler design has been updated and 
includes a blower to pull fresh sample past the voe sampling port at 
elevated flow rates. The use or the heated inlet line has also been 
discontinued in favor of an unheated inlet. Use of the pump is 
optional on the basis of the user 1 s need for a vacuum-driven sampler 
or a pump-based sampler. A certification procedure for samplers has 
been developed in which samplers are challenged with humid zero air 
and ambient air spiked with target voes. Poor results of field audits 
of canister-based samplers has led to the investigation of humidified 
audit standards. 
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NATIONAL AMBIENT voe OATA BASE 

Jitendra J. Shah. Emily Heyerdahl. and Ann Batson 
Nero and Associates, Inc., Portland, OR 97204 

Larry Cupitt, US EPA, Research Triangle Park, NC 27711 
Hanwant Singh, Menlo Park, CA 94025 

Every year a myriad of sources contribute to the growing body of litera
ture on ambient Volatile Organic Chemical {VOC) concentrations. Due to the 
diversified nature of this information, researchers would be well served by 
a uniform data base. To this end, a national data base was prepared for EPA 
by collecting, evaluating and consolidating ambient concentrations of voes 
obtained 1n the United States for the years 1970 to 1980. lt \ncludes 151 
potentially hazardous ambient voes. The data are evaluated for quality by a 
rating and ranking system. In late 1987, the updated data base w111 be 
available on IBM PC-compatible diskettes for use with dBASE III+, a colflller
cially available data base management program. 

Summaries of data from the existing data base and potential applications 
by other researchers w111 be presented. For examp1e, it could provide a 
foundatfon for evaluatfng the 1mp11cat1ons of state and federal regulations.
The suff1ciency of data for a part1cular chem1ca1{s) could be evaluated, 
allowing more efficient study design and allocation of resources. Measure· 
ments of specific chemicals can be compared as a function of sampling and 
analysis techniques. The data base also allows the comparison of a1r 
qua11ty in urban, non-urban, source-dominated and indoor areas. 

The assembled data base will be analyzed to answer basic questions such 
as: 
o 	 What is the likely range and distribution of ambient concentrations for 

various chemicals? 
o 	 Are there any detectable patterns or trends? 
o 	 Are there detectable chem1 cal "hot spots 11 or are the ambient concentra

tions relatively consistent over wide areas? 
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Introduction 

The anticipation of new regulations for air toxics has placed added 
emphasis on the measurement of volatile organic compounds (VOCs) in most 
states. As a result, the knowledge about ambient concentrations of VOCs has 
increased considerably in the last decade. A significant amount of informa
tion is now available on many VOCs in the atmosphere. In 1983, a national 
data base on VOCs was prepared for and published by EPA,1 This data base 
critically evaluated and consolidated published data on ambient concentra
tions of VOCs in the United States for the years 1970 to 1980. It is 
currently being updated to include ambient and indoor VOC data, and to 
include the years 1980 to 1986. The data base includes information on more 
than 150 potentially hazardous VOCs. In late 1987, the updated data base 
will be available on IRM PC-compatible diskettes for the use with dBASE III, 
a re1ationa1 data base management system. 

The objectives of the task to update the data base are: 
o 	 Review EPA 1 s existing VOC data base and correct any discrepancies found; 
o 	 Identify new published and unpublished VOC data, critically evaluate it, 

combine it with the previous data, and ana1yze the resulting data base; 
and, 

o 	 Provide the resulting VOC data base in a dBASE Ill format(s) designed to 
facilitate searching, sorting; editing, analysis and other manipulations. 

Methodology 

The existing voe data base contains comprehensive information on ambient 
VOC levels in the U.S. from 1970 to 1980. This data base was checked for 
erroneous entries, and converted to dRASE III format to be included in the 
updated data base. The major elements of the update procedure are: 

o Contact individuals and organizations measuring VOCs 
o Perform literature search, obtain data 
o Develop data assessment criterta {ranking and rating) 
o Review reports, extract and critically evaluate data 
o Update the data base 
o Perform Quality assurance procedures 
o Analyze data base 
o Distribute data base 

Contact Individuals and Organizations Measuring VOCs. A surv~ form was 
developed and an OMB clearance obtained. The survey form was sent to 
researchers who were identified as potentially having data. Data gathered
through E~A sponsored programs were also obtained. A telephone follow-up to 
a small group of researchers was necessary to obtain adequate response. 

Literature Search/Obtain Data. After several preliminary searches by
EPA and NAI, a major on-line literature search was performed using the 
Chemical Abstracts data base of the Dialog on-line system. The data base 
was searched for each of the 151 chemicals in the original data base by 
Chemical Abstract Service (CAS) registry number combined with key words to 
limit retrievals to the ambient and indoor atmospheres in the U.S. during
the years of interest (1980 to present}. 

The search yielded a list of 2769 references of which 600 were considered 
potentially useful and were reviewed for useful data. Table 1 lists some of 
the major databases which contain voe information. 
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Develo Data Assessment Criteria Rankin and Ratin • To fac111tate 
data eva uat on, t e ata qua ty w e u ge an reported in the form of 
rank1ng and rating. Ranking, a multi·d1git number gives a qua·ntitative 
evaluation of each of the chosen factors (Table II) affecting data quality, 
Ranking would he useful for data evaluation by researchers familiar with voe 
measurements. Rating, a single letter code, on the other hand. 1s an 
overall measure of data quality. The rating is determined from the ranking 
of factors and their relative importance. The data quality evaluation will 
be performed during the review of reports. 

Review Reports, Extract and Criticalll Evaluate Data. All reports and 
papers received from researchers or obta ned from the literature were 
reviewed and evaluated for measurements of ambient concentrations of voes. 
The information listed on Table III was extracted from the useful reports
and coded for data entry, Much of the information from EPA was obtained on 
diskettes, thereby reducing data entry time and errors. 

Update The Oata Base. The coded data from reports and from EPA disk
ettes were entered into dBASE III files contents as shown in Table III. 
DBASE 111 permits the specification of ranges of acceptable input values. 
This allows for immediate error checki,ng and correction. The existing data 
base contains 18,000 records: the update is expected to include more than 
70,000. 

Quality Assurance Procedures. The following elements constitute the QA 
procedure. 

o 	 Only experienced data entry personnel w111 be used 
o 	 Much of the data will be obtained on diskettes and transferred 

directly into dBASE III format 
o 	 Simple error checking techniques available in dBASE III will be used 

as app rop ri ate 
o 	 All software will be tested thoroughly before use 
o 	 Scatterplots and other techniques for identifying 1'outl1ers 11 as 

potentially erroneous data will be performed 
o 	 A certain number of reports {>10~} will be independently reviewed by 

two analysts, anomalies found will be discussed and corrected 
o 	 A thorough review by prominent researchers in this field will be the 

most important QC element to insure data validity 

Anallze Data Base. NAI will perform exploratory analysis on the master 
data ff e to address basic questions such as the following: 

o 	 What is the likely range and distribution of ambient concentrations 
for the various chemicals? 

o 	 Are there any detectable patterns or trends? 
o 	 How does ambient concentrations compare with TLV, or other proposed 

ambient guideline levels? 
o 	 Which chemicals are inadequately characterized? 

The last data base was widely applied and the new data base is expected 
to have even wider applications. Some of the specific po~egtial applica
tions in receptor modeling have been discussed elsewhere. • 

Distribute Data Base. In order to maximize the usefulness of the 
resulting data base, it will be available on ISM PC-compatible diskettes in 
dBASE III format. The resulting data base will be available from EPA or 
NTIS or from NAI in late 1987. 
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TABLE I. List of Data Bases Containing VOC Information 

Data Bases Type of Data Coverage 

National Ambtent/Indoor VOC Data Base 
(This Work) 

J,J. Shah, E.K. Heyerdahl4 >70,000 after update* Ambient/ 
~ A. Ratson, NAl Indoor * 

National Ambient VOC Data Base 
H.B. Singh &R. Brodzinsky, SR! lnt.l 17,700 data record~ Ambient 

Nonindustrial Sources of Pot. Toxic S~bs.S bibliographic Source 
G.£. Weant &G.S. McCormick, EPA citations 

Occidental Chemical VOe Database >10,000 data records Ambient 
J.H. Mackey &D.L. Eichler 

Occ1denta' Chemical Corp. 


Bibliographic Lit. Inform. System (BLIS)7 621 abstracts Indoor 
J.M. Shackelford &W.R. Ott, EPA 

Concentrations of Indoor Pollutants (CIP)8 283 extended Indoor 
S. Brown, LBL abstracts 

Indoor Air Information Retrieval {IAIR)9 483 bibliographic Indoor 
D. Chan &J.E. Howes, Jr., EPA c,tat1ons 

Interim DB for State &Local VOe Meas.10 814 data records Ambient/
W.R. Hunt. EPA Indoor 

*indoor workplace excluded 
**List of additional major studies to be included in this data base 

TAMS . 
TEAM (Total Exposure Assessment Methodology) -- Pellizzari &Wallace 
ATEOS 
Indoor Study of 40 East Tennessee Homes ·- Gafllllage &Hawthorne 
EPA/EMSL Chlorinated HydN>carbon Data 
Houston Oxidant Modeling Study 1978 
Versar Studies in Baltimore &Philadelphia (1984) 
NMOC -- R.L. Se11a. w. L. Lonneman 
NE Corridor Regional Modeling Project (NECR~P} 
SRI Data in EPA/600/3·86/047 
Westberg: M11waukee Ozone Study 1981, and Philade1ph1a Data Enhancement 

Study 1980 
Atmospheric Lifetime Study -- Rassmussen/Khalil 
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TA~LE II. Ranking and Rating 

Weight Factor 

10 Sampling and Analysis 
o appropriateness of sampling and analysis methods. storage. etc. 
o artifact or other problem with the methods 


10 Quantification 

o QC 
o QA 
o calibration procedures 
o observed concentration relative to the quantitation limit 
o external lab QA 
o internal consistency 

7.5 	 Representativeness 
o comparisons with others 
o internal consistency (ensemble data set} 
o spatial. temporal 
o quantity of data for purpose 

5 	 Oocumentat ion 

o objective of monitoring 

o meteoro 1ogy 
o comprehensiveness 

TABLE III. dBASE III File Structure 

CONCENTRATION FILE 	 METHODS FILE 
Reference Number 	 Referenee Rumber 
Site 	Number Site Number 
Chemical Number Chemical Number 
Site Type Sa mp 1i ng Method 
City Analysis Method 
State 	 Minimum Quantitation Limit 
Con cent ration 
Relative Stanrlard Deviation SITES FILE 
Number of Samples Reference Number 
Minimum Concentration 	 Site Number 
Maximum Concentration 	 Site Type 
Number of Samples Less than Latitude 

Minimum Quantitation Limit Longitude 
Start Oate Site Address 
Start Time City
Stop Date State 
Stop Time SAROAO Number 
Hours Between Sampling and Analysis 
Ranking REFERENCE FILE 
Rating Reference Rumber 
Sampling Duration Chemicals Measurement 
Comments Principal Investigator 

Authors 
Title 
Citation 
Year 
Objectt ve 
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JUNE-SEPTEMBER, 6-9 AM, AMBIENT AIR BENZENE 
CONCENTRATIONS IN 39 U.S. CITIES, 1984-1986 

Robert L. Seila 
Gas Kinetics and Photochemistry Branch 
Atmospheric Sciences Research Laboratory 
u.s. Environmental Protection Agency
Research Triangle Park, NC 27711 

Ambient air samples from 44 sites in 39 u.s. urban areas 
were collected in electropolished, stainless steel canisters on 
week days from 6 to 9 am during June through September of 
1984, 1985, and 1986. Not all sites were sampled all years.
samples were analyzed by capillary gas chromatography with flame 
ionization detection to determine c2 to c12 volatile hydrocarbon
composition. Benzene, which is carcinoqenic. and present in 
automobile exhaust and gasoline, was present in every sample.
Individual sample concentration• ranged from l.O parta-per
billion as carbon (ppbC) to 273 ppbC. The benzene median 
concentrations by site and year ranged from 4.8 ppbC to 35.0 ppbC
with the overall median being 12.6 ppbC. 
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Introduction 

Benzene is a known human and animal carcinogen (1) which has 
been designated as a hazardous air pollutant under Section 112 of 
the Clean Air Act (2). Benzene is present in gasoline and the 
emissions from gasoline fueled vehicles. Levels in gasoline 
range from o to 4% by volume with a national average of 1.3% (3). 
The major source of benzene in ambient air is mobile sources. In 
1982, for example, mobile sources contributed 85% of benzene 
emissions. Of this 85%, 82\ was due to exhaust emissions, 17\ 
from evaporative emissions, and 1% from refueling operations.
Gasoline-powered vehicles accounted for 95% of mobile source 
benzene (4). Stationary sources of benzene include fugitive
emissions, coke by-products, chemical production, gasoline
marketinq, benzene storage, and solvent use. Benzene is ubiqui
tous in ambient air. Data on ambient air concentrations of 
benzene and other hazardous organic chemicals were assembled by 
Brod2insdy and Singh from 241 references covering primarily the 
years 1970 through 1980 (5). They reported a median concentra
tion of 2.8 ppb by volume derived from 2292 measurements in 
urban/suburban areas of the u.s. Even with this large number of 
measurements, they were unable to perform trend analysis, because 
most concentrations were day-time measurements made during the 
warmer half of the year. 

EPA initiated a multi-year project in 1984 to obtain 6-9 am 
total non-methane organic compound (NMOC) concentrations from 
selected u.s. cities. Between 10 and 15% of the samples were 
analyzed to determine speciated hydrocarbon compositions. Ben
zene was one of the hydrocarbons determined. over the project's
three years more than 900 samples were analyzed. 

Experimental Methods 

Ambient air was sampled daily from 6 to 9 am from June 
through September each year. Sample& were pumped into evacuated, 
electropolished, stainless steel (ss) spheres and air freighted 
back to Research Triangle Park for analysis. The sampling proto
col and equipment are described in detail elsewhere (6,7). 

Benzene was determined on a Hewlett-Packard model S880A 9as 
chromatograph (gc) equipped with a flame ionization detector 
(fid) and outfitted with a dual valve cryogenic preconcentration 
system designed to condense 470-ml of air for injection onto a gc 
column. c2 to c12 hydrocarbons including benzene were condensed 
in an 18-cm by 3.2-mm o.d. ss trap containing 60-80 mesh glass 
beads at liquid oxyqen temperature (-183° C) and separated on a 
60-m, 0.32-mm i.d. fused silica column with a i.o-um thick film 
of DB-1 bonded liquid phase. The column temperature program was 
-50° c for 1 min to 200° c at a0 /min. The tid was operated at 
210° c. An IBM PC-XT with 640K RAM was used to receive and 
process the gc data. A National Bureau of Standards propane-in
air standard reference material was used for calibration of all 
hydrocarbons. The benzene limits of detection and quantification 
were estimated to be 0.04 and 0.12 parts-per-billion as carbon 
(ppbC) respectively. Benzene and other hydrocarbons were identi 
fied by retention time. 
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Results and Discussion 

Table I is a statistical summary showing the number of 
samples, median, minimum, and maximum benzene concentration in 
ppbC by year for each site. During the three years of the study
samples were analyzed from 44 sites in 39 cities. 'l'he five 

11-2 11cities with two sites are shown with a 11-1n or after the 
city in the table. Four of the Texas cities, Philaaelphia, and 
Washington, DC were sampled all three years. The other tour 
Texas cities, Atlanta, Birmingham, ~ansas City, and Richmond were 
sampled durinq two of the three years. The remaining 25 cities 
were sampled only one year. The total number of analyses for all 
cities over all years was 812, although the number per city
ranged widely from only three at Miami to 50 at Dallas. 

The individual sample benzene concentrations ranqed from a 
low ot 1.0 ppbC a.t orange in 1984 to 273 ppbC at Biri:ningham 
in 1986. The median concentrations ranged from 4.8 ppbC at West 
Palm Beach to 35.0 ppbC at Memphis, with an overall median of 
12.6 ppbC for all sites. For 1984 and 1985, the median percent 
benzene fraction of NMOC ranged from 1.2 to 3.1 with an average
of 1.9. The variation of benzene relative to NMOC was much less 
than the variation of the absolute or median concentrations. 
This suggests that benzene concentrations are hiqhly correlated 
with total NMOC, which is consistent with the high percentage
mobile source contribution to ambient air benzene concentrations. 
A high mobile source contribution to NMOC levels in urban areas 
is expected during the 6 to 9 am period. 

The contribution of benzene from mobile sources can be 
estimated by multiplying measured ambient air acetylene con
centrations by the benzena:acetylene ratio determined from a high 
mobile source area such as a tunnel (8). We calculated the 
vehicular benzene contribution for all of the 1984 and 1985 
samples usinq the ben~ene:acetylene ratio (0.92) that we had 
determined tor the Lincoln Tunnel in 1982. 'l'be results indicated 
that mobile source emissions contributed at least 90t ot the 
benzene present in 92% of the 1984 and 1985 samples. The citiea 
that showed ai9nificant evidence of sources other than mobile 
were st. Louis and Indianapolis in addition to four Texas cities, 
Beaumont, Clute, Oranqe, and Texas City. Texas City was the moat 
prominant with 36% of its samples indicating at least a lOt 
contribution by stationary sources. 

Conclusions 

Ambient air benzene concentrations for 6 to 9 am in the 39 
u.s. cities reported here were quite low. The site median con
centrations ranged from 4.8 to 35.0 ppbC and the overall median 
was 12 ppbc. The data also indicated that mobile sources were 
the major source of benzene in the vast majority of aamplea. 
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Table I. Statistical summa~ of benzene concentrations. 

concentrationt J2EbC 

Citl:'.: Year N Median Min Max 

Akron OH 1984 10 6.0 4.6 15.2 

Atlanta GA 1984 7 9.6 3.7 53.S 
Atlanta GA 1986 14 11.2 4.0 27.8 

Baltimore MD 1986 7 16.9 8.2 30.9 

Baton Rouqe LA 1985 16 8.3 2.4 23.5 

Beaumont TX 1984 9 10.7 s.2 33.l 
Beaumont TX 1985 19 14.1 6.8 49.4 
Beaumont TX 1986 13 11.3 6.2 36.9 

Birmingham AL 1984 ' 6 8.4 7.8 185.7 
Birmin9ham AL 1986 13 18.7 6.3 273.2 

Boston MA 1985 8 6.0 3.9 15.9 

Bridgeport CT 1986 16 8.9 3.5 JJ.4 

Brooklyn NY 1986 16 13.7 5.0 38,5 

Charlotte NC 1984 16 6.9 2.6 25.4' 

Chattanooqa TN 1984 12 22.0 8.4 65.4 

Chicago-1 IL 1986 8 27.3 14.1 48.4 
Chicago-2 IL 1986 14 20.1 3.8 30.3 

Cincinnatti OH 1984 7 10.4 6.4 22.5 

Cleveland OH 1985 17 23.7 !S. 2 60.9 

Clute 'I'X 1984 10 9.4 3.9 26.9 
Clute 'l'X 1985 17 12.0 1.3 34.8 

Dallas TX 1984 13 10.0 4.5 24.4 
Dallas TX 1985 23 12.6 5.7 34.9 
Dallas TX 1986 14 11.5 4.2 21.3 

Denver-1 co 1986 12 16.7 6.J 39.6 
Oenver-2 co 1986 13 24.5 17.9 39.!S 

El Paso TX 1984 8 18.8 6.0 39.2 
El Paso TX 1985 17 16.0 6.3 39,4 
El Paso TX 1986 9 20.0 6.9 41.6 

Fort Worth 'l'X 1984 13 14.2 B.6 37.4 
Fort Worth TX 1985 19 13.0 5.8 26.0 
Fort Worth 'l'X 1986 16 10.5 6.2 4.0.4 
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Table I continued 

City Year N Median Min Max 

Houston-1 TX 1985 22 16.1 5.2 50.9 
Houston-1 TX 1986 14 22.5 7.5 112.3 
Houston-2 TX 1986 12 22.7 10.9 31. 7 

Indianapolis IN 1984 10 18.9 9.1 76.2 

Kansas City MO 1984 11 12.4 5.8 34.8 
Kansas City MO 1985 18 9.7 4.1 22.6 

Lake Charles LA 1985 16 11.9 3.8 18.2 

Manhattan NY 1986 12 10.5 5.3 31.8 

Memphis TN 1984 8 35.0 17.8 47.0 

Miami FL 1984 3 12.9 7.6 17.3 

New Haven CT 1986 16 10.5 2.6 57.5 

orange TX 1984 10 8.5 1.0 14. 5 
Orange TX 1985 16 7.8 1.8 46.4 

Philadelphia-! PA 1984 7 15.2 8.5 27.8 
Ph iladelphia-1 PA 1985 13 15,6 6.3 31.0 
Philadelphia-1 PA 1986 14 6.0 1.9 17.9 
Philadelphia-2 PA 1985 11 19.6 6.9 51.0 

Portland ME 1985 13 10.4 2.4 18.l 

Richmond VA 1984 10 6,4 2.6 10.0 
Richmond VA 1985 14 9.8 4.7 18.5 

Salt Lake City-1 UT 1986 14 21.4 8.8 41.8 
Salt Lake City-2 UT 1986 13 26.1 9.7 47.2 

Scranton PA 1984 9 7.1 3.2 18.5 

St Louis MO 1985 18 11.1 3.8 72.7 

Texas City TX 1984 13 12.0 5.5 47.3 
Texas City TX 1985 15 12.6 3.4 119.4 

Trenton NJ 1986 16 13.1 8.0 36.6 

Tulsa OK 1986 12 7.7 2.6 65.2 

Washington DC 1984 10 17.8 13.8 33.5 
Washington DC 1985 ll 15.3 7.3 23. !5 
Washington DC 1986 11 5.6 3.7 25.3 

West Palm Beach FL 1984 8 4.8 2.6 9.7 

270 




NONMETHANE ORGANIC COMPOUND SAMPLING AND 
ANALYSIS PROGRAM 

Rober A. McAllister, Dave Paul Dayton,
Denny E. Wagoner
Radian Corporation
Research Triangle Park, NC 27709 

Harold G. Richter 
Office of Air Quality Planning and Standards 
Office of Air and Radiation 
U.S. Environmental Protection Agency
Research Triangle Park, NC 27711 

The program to measure nonmethane organic compound (NMOC) concentrations 
in ambient air has compl ted its third year using the cryogenic preconcen
tration direct flame ionization detection {PDFID) method. Forty- our field 
sites were located in (or near} 39 metropolitan centers in the United tates. 
Twenty-three states 1n eight EPA regions were involved. Twenty two siles 
participated in the 1984 study, 19 in 1985, and 23 in 1986. Integrated
ambient air samples were taken from 6:00 A.M. to 9:00 A.M. in electropolished
stainless steel canisters Monday through Friday from June through September.
Analyses were done at Radian Corporation's Research Triangle Park (NC)
Laboratory within three days of sample collection. 

N arly 5000 separate ambient air NMDC concentrations are included in the 
three-year data base. Care was taken to determine the data quality in terms 
of precision, accuracy, and completeness. For most of the sites which 
participated in the study for more than one year, a lowering trend of the NMDC 
concentration with time was detected, In Philadelphia, PA, for example, the 
NMDC concentration averaged 1.02 patts p~r million carbon (ppmC} in 1984, 
0.657 ppmC in 1985, and 0.450 ppmC in 1986. In 1985 ambient air amples were 
tested for their NMDC stability while being stored ln canister~ over fourte 1 n 
days. No change in NMDC concentration was discerned over that time period. 
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Introduction 

been !~: ~;st~:r~::{0i(~tr~~c~ ~i~~~s 1 ~~;z~!i~~~1~i~~t~MO~~:;~int~~\~~~s~f~z, 3 
The EPA-Quality Assurance Division (QAD) developed the POFID method because it 
is faster, simpler, and less costly to operate than the GCFID method. 

During the summers of 1984, 1985, and 1986, the PDFIO method was use~ ~:YG 
Radian to measure 4773 NMOC concentrations in ambient air, and was shown ' ' 
to have an accuracy and precision comparable to the GCFID method. The EPA-QAD
monitored the Radian NMOC measurements with a PDFIO instrument. The 
EPA-Atmospheric Sciences Research Laboratory {ASRL), using the GCFIO Method,
measured the NMOC concentration of a number of the same ambient air samples
collected for the NMOC monitoring program. 

Data Summary 

Table I shows NMOC concentrations at sites in the program for more than one 
year in terms of arithmetic averages (means), medians, and number (the count 
of val id samples received from the site in one year). The upper part of 
Table I shows six sites that participated in the NMOC program all three 
years. The lower part of the table lists the sites that were in the program
for only two years. Table II gives the same data for those sites in the NMOC 
program for only one year. 

Comparing the mean NMOC concentrations in 1984, 1985, and 1986 shows an 
overwhelming number of cases in which the average parts per million carbon 
(ppmC) decreased from year to year. There are 22 out of 26 comparisons in 
Table I showing a decrease of the annual mean NMOC concentration from year to 
year, or between 1984 and 1986. Many of the sites selected were in urban 
areas. or at locations where the major source of-NMOC is internal combustion 
engfnes (automobiles, trucks, etc.), or industrial sources. 

Precision 

Precision was determined by repeated analyses of site samples. 

Analytical Precision 

Table III shows the results of repeated analyses of site samples in terms 
of % difference, and absolute % difference. The Radian-vs-Radian mean % 1s 
the average difference between the second and the first analysis by a Radian 
channel. At Radian, four PDFID chann,lg were in use and designated Channels 
A, B, C, and D, respectively. Tests ' • involving analysis of ambient air 
samples by all four Radian channels established that there were no significant
differences between analyses among Radian channels. The mean %difference for 
the Radian-vs-Radian, 1984 through 1986 comparisons was -0.3536%, with a 
pooled standard deviation of 15.688%. Mean % difference for the Radian-vs
Radian comparison was similar to a bias for the second analysis compared to 
the first analysis. It was close to zero(• -0.354%). as expected. The 
EPA-QAD-vs-Radian comparison indicates that the difference averaged -8.875% of 
the mean of the individual EPA-QAD and Radian NMOC measurements. The negat;ve
sign indicates that the EPA-QAD NMOC measurements averaged higher than the 
Radian NMOC measurements. 
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The EPA-ASRL-vs-Radian comparison shows a positive mean difference of 
2. 015%, implying that the Radian measurements averaged higher than the 
EPA-ASRL measurements. 

The mean absolute % differences given in Table III are important
indicators of precision. They are the expected % differences for the three 
comparisons, Radian-vs-Radian, EPA-QAD-vs-Radian, and EPA-ASRL-vs-Radian NMOC 
measurements, without regard to sign. The Radian-vs-Radian mean absolute % 
difference comparison is a within-laboratory precision {or ana1yt1cal
precision) of the NMOC measurement by the PDFID technique. The EPA-QAD
vs-Radian mean absolute % difference comparison is an expected bias for the 
PDFIO method including the between-laboratory bias and the within-laboratory 
bi as. The EPA-ASRL-vs-Radi an comparison 1s an expected abso1 ute % bias 
between a GCFID method in one laboratory and the PDFID method in another 
laboratory, thus containing between-method bias and within-laboratory bias. 

The standard deviations in Table' III are all measures of precision,
either of the % differences or of the absolute % differences. The standard 
deviation of the absolute % difference is always smaller than the standard 
deviation of the % difference. Note also that the Radian-vs-Radian overall 
(or pooled) standard deviations are less than the corresponding EPA-QAO
vs-Rad1an standard deviations or the EPA-ASRL-vs-Radian standard deviations. 
This follows because in the Radian-vs-Radian comparison, the standard 
deviations (or precisions) are the within-laboratory precisions. For the 
EPA-QAD-vs-Radian, and the EPA-ASRL-vs-Radian comparisons, the standard 
deviations include both the between-laboratory (or between-method) and the 
within-laboratory components of the precision. 

The within- laboratory and between-1 aboratory components of bias and 
precision are fixed factors in this analysis; i.e., they apply to the 
particular laboratories involved, Radian {Perimeter Park, NC), EPA-QAD
(Research Triangle Park (RTP) NC), and EPA-ASRL (RTP, NC} laboratories in 
particular, and not to all laboratories in general. 

Table IV shows the separation of the between-laboratory standard 
deviations {precisions) from the standard deviations given in Table III for 
the EPA-QAD-vs-Radian and the EPA-ASRL-vs-Radian comparisons. In all cases 
the within-laboratory standard deviations (precisions) were assumed to be 
equal to the Radian-vs-Radian standard deviations (f'rom Table III). The 
between-1 aboratory standard dev1 at ions are larger than the analyt1cal 
precisions, the within-laboratory precisions. 

The mean abso1 ute % difference for repeated analyses in the Radian 
Laboratory was 9.83 with a standard deviation of 12.2%. The aver.age % 
difference of successive analyses in the Radian laboratory averaged -0.354% 
with a standard deviation of 15.7%. These values were used for the analytical 
precision of the PDfID method. 

Between-laboratory% differences were -8.9% for the EPA-QAD laboratory,
and +2.0% for the EPA-ASRL laboratory, both compared to the Radian laboratory,
w1th standard deviations of 16.3% and 19.5%, respectively. Between-laboratory
absolute %dtfferences were 15.0% for the EPA-QAD laboratory and 13.4i for the 
EPA-ASRL laboratory, both compared to the Radian laboratory, wfth standard 
deviations of 14.4% and 15.6%, respectively. 
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Sampling and Ana1yt1cal Precision 

Overall precision, including botn sampling and analysis variability, was 
determined by analyses of dupl1cate samples, s1multaneously collected in two 
identical canisters. The 3 differences between duplicate sample analyses and 
absolute % differences, means and standard deviations are given 1n Table V. 
The mean% difference is small {·0.2633), as expected, and the standard 
deviation of the 3 difference is 20.139%. The standard deviation of the 3 
difference is a measure of precision of the duplicate samples and their 
analysh and include the between-duplicate variabfl ity and the within
duplicate variability, or analytical error. The expected absolute % 
difference for duplicates 1s 11.690% with a standard deviation of 16.433%, 
again including between-duplicate variability and analyt1cal e"rror (or
analytical precision). 

Separation of the between-duplicate variability and the analytical is 
indicated in Table V. The calculation for separating the between-duplicate
variability from the analytical variability is similar to the calculat1ons 
illustrated in Table IV. The assumption is made that the Radian analytical
precision estimated in Table III applies also to the duplicate sample results. 
The between-dup1 icate var1ab11 ity (or precision) 1s slightly less than the 
between-laboratory and between-method variabilities estimated in Table IV. 

Accuracy 

Because the NMOC measurements encompass a range of mixtures of unknown 
compounds, it was not possible to define absolute accuracy. Accuracy was 
determfned relative to propane standards with internal and exte'rnal audit 
samples. 

Accuracy for the Radian measurements was monHored th"roughout the 
program. Four days per week a propane sample was prepared in-house and 
analyzed. The propane used to prepare the in-house quality control (QC}
standard _,as certified by the EPA-QAO and was referenced to the National 
Bureau of Standards. Standard Reference Material l667b. propane. In~house 
propane QC sample~ were prepared by diluting the certified propane with 
c1eaned, dried air . Percent difference between the measured NMOC concen
tration and the calculated NMOC concentration for the ~n-house QC standards 
showed an overall mean percent bias among Radian channels of 1.18%, ranging
from 0.91% to 1.44% for the four Radian channels. Percent bias was defined as 

~bias• ((NMOC (measured) - NMOC (calculated)}/NMOC (calculated)) x 100 

The results show excellent qualjty control for each channel considering that 
the bias results include errors caused by dilution of the QC sample 1n 
addition to the analytical error. 

External audit results were referenced to the EPA-QAO PDFID instrument. 
Table VI shows bias figures for all three years of the program for Radian 
Channels A.B.C, and D. and for the EPA-ASRL GCFID channel. The Radian percent
biases were all below 5% and were negative, showing the EPAwQAD NMOC 
measurement to average higher than the Radian measurements. The EPA·ASRL btas 
measurements are positive and are less than 6%. The EPA-QAD HMOC measurements 
for propane average greater than those for EPA-ASRL. 
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Completeness 

Completeness was defined as the percent of the total scheduled samples
that were successfully taken and analyzed, beginning wtth the first valid 
sample from the site. Completeness in 1986 from 23 sites ranged from 87 to 
100%, averaging 96.8%. Completeness in 1985 averaged 95.8%, and 90.6% in 
1984. 

Other Results 

In 1985, measurements were taken to determine 'ffhether the length of 
storage of the ambient air samples into the canisters affected the measured 
NMOC 	 concentration. For time periods up to 14 days after sampling, no 
discernible concentration difference was detected in 26 site samples selected 
at random. In the NMOC program, samples were generally analyzed less than 50 
hours after sampling, but never more th·an SO hours after sampling. 

Tables II through VI are available upon request by contacting
Dr. Robert A. McAllister, Radian Corporation, P.O. Box 13000, Research 
Triangle Park, NC 27709. (919) 541-9100. 
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TABLE J. llMOC CONCENTRATIONS AT SITES PARTICIPATING MORE THAN ONE YEAR 

llMOC Ambi~nt Air Concentration, pp..C 

1984 1985 1986 

S1te Code Mean Median Number Hean Median Number Hean Median NWDbez: 

B••umont, TX BMTX 0,89 o. 715 86 1. 769 1.679 93 0. 796 0.636 89 

Dallaa, TX DLTX 0.97 0.905 74 0.856 0. 7ll 82 0.724 0.648 57 

El Po.so, TX ELTX o. 93 0.820 69 0.707 0.662 90 0.486 0.413 18 

Fort Worth, TX FWTX 0.97 0.830 69 0.742 0.612 84 0.630 0.568 17 

Philadelphia, PAa PlPA 1.02 0.920 63 0.657 o.uo 11 0.450 0.342 69 

Wa1h1naton, DC llDC 0.81 o. 710 63 0.687 0.607 63 0.351 0.289 71 

Atlatita, OA ATCA 0.79 0.600 55 0.5U 0. 4!Sl 

BlrmLnaham, AL BllAL 0.99 D.705 56 1.019 0.582 92 

Clute, TX cux 0.82 D.610 72 0. 741 0.645 89 

Hounon, TXb HlTX 0.924 0.752 77 1.117 1.011 91 

lt&nsaa Clt7, HO XCKO 0, 79 0.625 68 0.535 0,424 92 


Wut Orenae, TX ORTX D.69 0.650 71 0,586 0.539 92 


Richmond, VA RVA 0.53 0.495 64 0.539 0.450 67 


Texao Cl.t7, TX TCTX 0.92 0. 780 69 0.603 0.433 16 


~••wn location. 


bCAHS l. 
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AUTOMATED MEASUREMENT OF NONMETHANE 
ORGANIC COMPOUND CONCENTRArIONS IN AMBIENT AIR 

Dave-Paul Dayton, Joann Rice 
Robert A. McAllister, Alston l. Sykes
Radian Corporation
Research Triangle Park, NC 27709 

Frank F. McElroy, Vinson L. Thompson
Environmental Monitoring Systems laboratory 
Office of Research and Development
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Research Triangle Park, NC 27711 

An automated preconcentration direct flame ionization detection (APDFID)
method for measuring nonmethane organic compound {NMOC) concentrations 1n 
ambient air has been developed and tested in the Radian Laboratory.
The prototype automated system incorporated the pri nc; pl es of the manual 
preconcentration direct flame ionization det ction (PDFID) method and obt ined 
and analyzed four 9-minute integrated amb ent air samples p r hour. Bias was 
determined on 17 field samples relative to the NMOC concentrations determined 
by the PDFID method. The average bias was -6.2%, with an absolute bias of 
10.7%. 

The relative responses of the APDFID and PDFID methods were determined 
for several types of organic compound standards, measured in terms of the 
ratios of the slopes of the calibration curves for the organic compounds to 
the respective slopes for propane. The ratios ranged from 0.953 to 1.422. 

Dry stand rd propane (2.84 ppmC) was humidified by bubbl 1ng through
HPLC-grade water. The concentration of the humidif ed propane was calculated, 
assuming that the dry standard had been saturated with water vapor. The 
concentrat 1 on of the humidified propane standard, measured by the APDF ID 
method showed a bias of -3.223 compared to the calculated concentration. 
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Introduction 

Measurements of ambient NMOC concentrations are used by states to develop
emission control measures needed to achieve compliance with the National 
Ambient Air Quality Standards for ozone. During the Summers of 1984, 1985, and 
1986, analysis of nearly 5000 ambient air samples have confirmed the 
usefulness of the PDFID method. 

Although accurate and efficient, the PDFID method is based on manual 
operation of the NMOC ana1ytical system to analyze individual air samples. To 
monitor diurnal changes in NMOC concentration in ambient air and to help
identify NMOC sources, an automated method 1s needed to permit repetitive, 
unattended analyses of ambient air for NMOC at field monitoring sites. 

This paper describes the development of an automated POFIO instrument for 
measuring NMOC concentrations in ambient air. The instrument, operating
procedures, and caltbratton results with propane and other organic compounds 
are described. The effect of water vapor on the system and a comparison of 
automated NMOC measurements to manual PDFIO results are discussed. Anumber of 
problems have arisen in the course of the development of tne instrument for the 
automated NMOC concentration measurement. One of the major problems and its 
possible solution is dfscussed. 

Apparatus and Operating Procedures 

Whtle the automated instrument and its operating procedures are still 
under development; the initial studie$ demonstrated that current technology is 
available to enable automated NMOC measurements successfully and reltably. 

The APDFID NMOC measurement is similar to the POFID NMOC measurement, 1n 
that 1t 1s basically a cryogenic preconcentration direct flame ionizatton 
method. An objective of the APDFID development program was to sample ambient 
air 60% of each hour. The analysis instrument selected is a program11able
VARIAN Model 3400 gas chromatograph utilizing a modified on-column injector.
Thfs instrument fs operated with a cycle consisting of 9 minutes for ambient 
afr samplfng and 6 minutes for analysis, resulting fn 4 cycles per hour and a 
sampling fraction of 60% of each hour. 

A s1x-port valve, mounted in the oven of the chromatograph, routes the 
ambient air sample through the cryogenically cooled trap, during trapping. and 
routes the carrier gas through the electrically heated trap to the flame 
ionization detector during analysis. The APOFID system incorporates an 
on-column injector. modified to accept the trap assembly. The trap assembly
consists of a brass block containing the trap, a heater, and a temperature
sensor within the block. The trap assembly is 1ocated in an insulated housing.
A solenoid valve controls the flow of 11qu1d nitrogen to the nozzle directing 
cryogen spray to the outside of the trap assembly. ~oth the trapping 
temperature (-170°C) and the desorptton temperature (130 C) are regulated using
active temperature. control. 
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A vacuum pump pulls the ambient air through the system, and a fl ow 
controller regulates the sampling rate. 

The beg1nn1ng of a sampling/ana1ysis cycle may be chosen as the point at 
which the previous sample has emerged from the trap and analysis has been 
complgted. At that point the trap/block temperature is being controlled at 
130±1 C, and helium carrier gas passes through the trap to the flame ionization 
detector. At that time, cryogen (1 iquid nitrogen) 1s sprayed onto the 
trappin8/desorption block; and the setpoint for temperature control is caanged 
to -170 C. When the temperature of the trap has been controlled at -170 C for 
about 30 seconds, the six-port valve is switched to draw a sample of ambient 
air at 12.l ml/min for 9 minutes into the trap, which is packed with glass
beads. 

The six-port valve is then switched to bring in the helium carrier gas, in 
the opposite flow direction, and at the same time, the ~etpoint of the 
trapping/desorption block temperature is changed to 130 c. The block 
temperature 1s increased at the rate of 150 C per minute and the released,
revolatilized organic compounds are measured by the FID and the response is 
integrated. The block temperature is then held for about 30 seconds to be sure 
that all the organic compounds (and water) in the 9·m1nute sample have been 
flushed from the trap. A new cycle is then ready to begin. 

Results 

The APDFID instrument was calibrated daily with two propane standards and 
zero air. The propane standaY'ds were certified by the U.S. EPA, Quality
Assurance Division (QAO), referenced to a National Bureau of Standards propane
Standard Reference Material No. 1667b. Three types of tests were conducted. 
(1) Tests were done to compare the measured APOFID instrument response for 
several organic compounds w1 th propane response. {2) Several canister a 1 r 
samples for which the NMOC concentration had been determined previously by the 
PDF ID method were ana1yzed by the APOFID method to compare the results. 
Finally, (3) measured concentrations of dry propane and humidified propane were 
compared to determine the bias that the presence of moisture has on the APDFID 
instrument. 

The organic species results are given 1n Table I. Calibration curves were 
generated for the six compounds shown in the table, using three concentrations 
of each (l.O, 3.0, and 6.0 ppmC} dt1uted from the original cylinder
concentration. Each concentration was replicated three times. Table I gives 
the slopes of the linear regressions resulting from the calibration data for 
each compound. The third column in Table I gfves the slope of the propane
calibration curve that was done the same day as the compound calibration curve. 

The ratio of the compound slope to the propane slope, given 1n the 
last column, compares the relative response of the compound with the response 
of propane in the APDFID system. Ideally, all of the ratios should be 1.000,
indicating that all of the organic compounds produced a response equal to 
propane, which is the compound of choice for calibrating the NMOC PDFID 
instrument and the APDFID instrument. The ratios for fropylene and butad1ene 
were considerably higher than 1.0, which is not typ1ca for the PDFIO method. 
Further work is anticipated to determine the cause of these unexpected results. 
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Analyses of ambient air samples by both the POFID method and the 
APDFID method are reported fn Table II. Sample ID Numbers 2899 through 2933 
were site sampi es co1 l ected during the 1986 NMDC Monitoring Program and 
analyzed first by a Radian PDFIO channel in September 1986 and then analyzed by
the APOFID between November 24, 1986 and December 12, 1986. Sample JD numbers 

"A 11with an suffix were locally collected and analyzed first on an 
EPA PDFID instrument and then on the APDFIO instrument. The NMOC 
concentrations are reported in parts per mill ion carbon (ppmC) by volume. 
Percent bias in Table II averages -6.2t relative to the PDFID concentration 
measurement; absolute% b1as averages 10.7. 

To determine the effect of water vapor on the APDFIO measurement, wet and 
dry propane were used in separate measurements. Dry standard propane with a 
concentration of 2 .84 ppmC was used to determine a calibration factor for 
the APDFID instrument. Dry standard propane (2.84 ppmC) was then humidified by
bubblfng through HPLC-grade water. The concentratfon of the humfdffied propane 
was calculated, assuming that the dry standard had been saturated with water 
vapor. The concentration of the humidified propane standard. measured by the 
APDFJO method showed a b1as of -3.223, compared to the calculated 
concentration. 

Discussion and Recommendations 

The preliminary results to date indicate the feasib11ity of an automated 
system to make measurements of NMOC concentrations in ambient air. Both the 
instrument and operating procedure are still in the development stage. 

One of the biggest problems encountered 1n the operation of the instrument 
was that occas1onal7y, 11quid nitrogen would pool at the bottom of the brass 
injector block and would collect between the temperature sensor and its ceramic 
packing. This would permit the top of th§ brass block to heat to a temperature 
higher than the control setpoint of -170 Ct while the temperature sensor and 
the bottom part ot; the column/block would rema1n at l tquid nitrogen 
temperature (-195.8 C). It is felt that the temperaturg control problem can be 
so1ved by add t ng a s.econd cryogen 1nject ion port 180 from the present
injection point, by enlarging the venting port between the column block and the 
chromatograph's oven, and by adding a small heater tn the bottom of the cavity
where the liquid nitrogen is current1y collecting. 

The data quality may also be improved by optimizing the gas sampling rate 
to assure that enough samp1e is being trapped to give reproducible results with 
improved accuracy, 
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Table I. ORGANIC SPECIES RESULTS 

Compound/Propane
Compound Propane Slo~e Ratio 

Compound Slope Slope ADFIO 

Propylene 468,426 334,665 l.400 

Benzene 354,773 350,829 1.011 

Ethane 327,805 344, 117 0.953 

m-Xylene 366,863 344,996 1.063 

1,3-Butadiene 521,729 366,988 l.422 

Table II. BIAS OF THE NMOC CONCENTRATION 

PDFID APOFIO
Sample NMOC, NMOC, Absolute 

IO ppmC ppmC \ B'\ua '4 Bias 

2899 0.459 0.497 8.3 8.3
2899 0.459 0.513 11.8 11.8
2900 l.679 1.407 -16.2 16.2
2924 1.319 l.324 0.4 0.4
2924 1.319 l.317 -0.2 0.2
2928 0.647 0.382 -41.0 41.0
2928 0.647 0.721 ll.4 11.4
2930 l .053 1.095 4.0 4.0
2930 1.053 1.003 -4.7 4.7
2931 0.210 0.178 -15.2 15.2
2933 0.876 0.598 -31. 7 31.7
2485A 0.512 0.502 -2.0 2.0 
2899A 2.023 1.769 -12.6 12.6
2928A 2.024 1.798 -11. 2 11.2
2929A 0.508 0.467 -4.l 4. l 
2929A o.soo 0.515 3.0 3.0
2930A 0.496 0.472 -4.8 4.8 

Average -6.2 l0.7 

a % Bias • [(APDFID NMOC - POFID NMOC}/{PDFJO NMOC)] x 100 
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ANALYSIS OF VOLATILE ORGANIC SAMPLING TRAIN SAMPLES 
USING MEGABORE GAS CHROMATOGRAPHY/MASS SPECTROMETRY 

T. A. Buedel, J. T. Bursey,
J. B. Homolya, R. L. Porch 
Radian Corporation
Research Triangle Park, NC 
27709 

R. G. Fuerst, T. J. Logan, M. R. Midgett 
U. S. Environmental Protection Agency
Research Triangle Park, NC 27711 

Analysis of volatile organic sampling train (VOST) samples by capillary gas
chromatography results in increased chromatographic resolution for the 
characterization of products of incomplete combustion in stack emission 
samples. A megabore column was selected to provide the highest sample
capacity for the wide dynamic range of compound concentrations encountered 
in VOST samples coupl~d with the be~t possible chromatographic resolution. 
VOST samples on Tenax and/or Tenax /charcoal cartridges are thermally 
desorbed onto the analytical trap of a commercial purge and trap apparatus, 
from which the organic compounds are desorbed directly to the head of a 
megabore column operated initially at subambient temperatures. The VOST 
target compounds are identified and quantified by a computerized gas
chromatograph/mass spectrometer system. All of the VOST target compounds
exhibited response factors with coefficients of variation of less than 253 
when using triplicate analyses at four concentrations. The megabore column 
analysis time for the VOST target compounds is approximately 30 percent
faster than the present VOST protocol where a packed chromatographic column 
is used. 
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Introduction 

According to the Resource Conservation and Recovery Act (RCRA), owners or 
operators of hazardous waste incinerators must operate these facilities in 
a manner that does not endanger human health or the environment. The Code 
of Federal Regulation (CFR), Title 40, Part 264, states that an incinerator 
must achieve a Destruction and Removal Efficiency (DRE) of 99.99% for every
Principal Organic Hazardous Constituent {POHC} described in the Trial Burn 
Permit. In the present methodology for the sampling and analysis of 
samples taken of the emissions from hazardous waste incinerators, samples
of stackRgas are collected on a let of sorbent cartridges, one containing
Tenax GC and the other Tenax GC combined with charcoal. The cartridges 
are thermally desorbed through 5 ml of water and the organic compounds are 
collected on an analytical sorbent trap. The adsorbed organics are then 
desorbed onto the head of a 3.0 11111 x 2 m glass column packed with 1% 
SP-1000 on Carbopack B and analyzed by a computerized gas chromatograph/ 
mass spectrometer system. 

The analytical methodology for VOST focuses on target compounds in order to 
determine the DRE. The key questions ·in a trial burn are, of course: Has 
the incinerator performed successfully in the combustion of the compounds
of interest? Have these compounds been effectively removed (99.99% or 
better) from the emissions? For the limited number of compounds of 
interest, analytical standards can be analyzed to determine retention times 
accurately and, unless compounds with ions of exactly the same masses 
coelute exactly, the target compounds can be deconvoluted from potentially
interfering species. However, when the question of possible formation of 
PICs is being addressed, the PICs are not target compounds, as their 
1dent1ty is not known in advance. The analyst is required to perform
qualitative analysis and the quality of the mass spectrum obtained is 
critical to the success of the mass spectral interpretation. Automated 
deconvolution techniques can be untrustworthy and extensive use of manual 
mass spectral deconvolution techniques is time-consuming and requires
extensive training and experience on the part of the analyst. 

Improving the analytical process by improving the chromatographic
resolution 1s one route to the production of mass spectra of better 
quality: improved chromatographic resolution decreases coelution of 
compounds and the mass spectra hence exhibit fewer interfering peaks. The 
megabore capillary column (0.53 mm diameter) has sample capacity
approaching that of a packed column while retaining much of the peak
resolution traits of a narrow or wide-bore capillary column. The resulting
improvement tn chromatography is dramatic: Figure I shows a typical VOST 
sample analysis using a packed column, whtle Figure II shows a comparable
field sample analyzed on a megabore column. An addttfonal benefit of the 
use of the megabore column is evident upon the examinatibn of Figure II: 
in the same elution time as the packed column analysts. the megabore
analysis shows the elution of naphthalene and dichlorobenzenes. 
Naphthalene w111 not elute from the packed column 1n analysis times of an 
hour or more; the dichlorobenzenes do not resolve completely on the packed
column. On the megabore, the three dichlorobenzene isomers exhibit base· 
line resolution and naphthalene elutes 1n approximately 20 minutes. The 
ability to analyze compounds with good chromatographic resolution on the 
megabore is limited only by the ability to purge these compounds from the 
sorbent cartridges and the water successfully and quantitatively. 
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Experimental 

Two GC/MS configurations were used to evaluate the megabore VOST 
methodology. Both systems used a quadrupole mass spectrometer. One 
system, the Finnigan-MAT 4500 has differential pumping, using diffusion 
pumps. The other system, the Finnigan-MAT 5100, has no differential 
pumping but uses a turbomolecular pump. The chromatographic column was the 
same on both systems, a OB-624 (J&W Scientific), 30 m long with a film 
thickness of 3 microns. The column was operated at a flow rate of 2-2.5 
mt/min, over a temperature range of -20°c to 29S0 C, and coupled directly to 
the ion source of the mass spectrometer. The subambient temperatures are 
used to obtain chromatographic resolution of gaseous target compounds.
Although the VOST method as presgntly forwulated is restricted to compounds
in the boiling point range of 30 C to 100 C, there is widespread interest 
in the quantitatfon of chloromethane, bromomethane, ch7oroethane, and vinyl
chloride as POHCs and PICs. Therefore, a goal of the development of the 
megabore techni9ue was to obtain analytical data for the gases with boiling
points below 30 C. The composition of the analytical column of the purge
and trap apparatus was varied as an experimental parameter, since the 
analytical trap described in the present VOST protocol entrained too much 
water far successful use with the megabare co~umn. The analytical trap 
ultimately used was composed of 90% Carbotrap /10% charcoal (w/w), using a 
1 minute dry purge on the 5100 but no dry purge on the 4500 system. 

Results and Discussion 

Using the EPA Method 624 purgeab1e standards (commerctaR1y avatlable), 
target compounds were loaded on and purged from a Tenax /charcoal
cartridge. Relative response factors were calculated for the compounds of 
interest relative t~ d6 ~benzene, in accordance with the present formulation 
of the VOST method. Bromofluorobenzene and d -1,2-dichloroethane were 
spiked an the cartridges as surrogates. Reproaucibility of these response 
factors, as expressed by the relative standard deviation of rep,icate
determinations over the calibration range, was used to evaluate the 
acceptability of the method. Results for both systems, with the target 
analytes at a level of 100 ng, are shown in Tab1e I. Coefficients of 
variation for the VOST target compounds are all in a reasonable range
(5-22%). The coefficients of variation for the gases are higher but all of 
the gases are observed. Analytes, surrogates, and quaftt1tation standards 
were again spiked onto VOST sampling cartridges (Tenax /charcoal
composition) and thermally desorbed into the analytical apparatus. The 
calibration curve was prepared using an EPA Method 624 standard in tripli 
cate on both systems, with the analytes at concentrations of 25, 50, JOO, 
and 150 ng; the results for both systems are shown in Table II. Repro
ducibility of the calibration curve for each mass spectrometer, expressed 
by the coefficients of variation, is comparable. The chromatographic
peaks, even at the longer retention times, tend to be 8-14 seconds wide. 
The goal of improved chromatographic resolution is met with the use of the 
megabore fused silica capillary column, and the reproducibility of the VOST 
method using the packed column for chromatographic analyses has not been 
sacrificed for the improvement of chromatographic resolution. In addition, 
the t1me required for performance of the chromatography for the VOST assay
is decreased by approximately 30%. 

As a final test of the modified method, a blind quality control sample was 
prepared and analyzed in triplicate, using the VOST target compounds. The 
results are shown in Table III. Reproducibility for the triplicate
analysis was acceptable and all values obtained were within 14% of the 
accepted value. 

284 




Conclusions 

The VOST analytical methodology is enhanced by including megabore capillary
analysis. Chromatographic resolution is improved, so the initial goal of 
improving the characterization of PICs should be attainable when the method 
is applied to the analysis of actual field samples. Analysis times using
the megabore column are shorter by approximately 30% by comparison with the 
time 	required to perform the analysis using the packed column. Sensitivity, 
as determined by estimated limits of detection in both the packed column 
and megabore modes, is improved because the megabore column is coupled
directly to the 1on source, so the entire sample reaches the ion source of 
the mass spectrometer. Also, capillary chromatographic peaks are sharp, so 
the concentration of the compound of interest in the ion source is higher
at the capillary chromatographic peak maximum. Reproducibility is acceptable 
for tbe analytss which are within the purview of the method {boiling point 
of 30 C to 100 C}, and all of the gaseous compounds of interest are observed. 
Several field tests are essential to evaluate the modified methodology with 
actual field samples. Parallel tests with the standard methodology and the 
modified methodology would be desirable. 
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PRECONSTRUCTION K>NITORING OF 
AMBIENI' AIR FOR TOXIC NON-CRITERIA 
POLLUTANTS AT A MUNICIPAL 
WASTE-TO-ENERGY SITE 

Lnrry D. Ogle. David A. Btym r and 
Maureen P. Kilp rick 
Radian Corporation 
8501 MoPac Boulevard 
P.O. Box 9948 
Austin. T xas 78766 

Ambient air monitoring for toxic compounds prior to th 
construction of Wast to-En rgy facili y was used to establish 
background cone ntra ions. The data will b used in suppo t of the 
design and permitting of th facility. Amb ·ent l vels were establish d 
by sampling six cons cutiv days each qu rt r for on year. 

The non-c it ria pollut nt:e of particular int r st 'n this study 
includ d m ale, vapor pha chloride and fluorid • polychlorina ed 
dib nzofur ns and dib nzodioxins. polychlorinat d biphenyls, polynu leer 
a omatic hydrocarbons. and volatil organics. H thodology us d w s 
designed to provid data at 1 vela low enough to ad qua ly define 
mbient cone n re ions. Multiple s mpling and n ly is t chniqu s were 

compared t:o iden y th most ua ful technique for ch n ly i ld 
blanks nd fi ld spikes w te used to d fin th applicability of ach 
method for the targ t n ly s. 

of th non-criteria pollutant were obs rved in th 
volum s and d tection limits stablish d during 

u fici n to charact riz th cowpounds 01 in r st 
8 
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Introduction 

Disposal of municipal waste is an area of increasing concern. 
particularly for larger municipalities. One of the options for disposal 
of combustible waste is incineration since incineration can reduce 
landfill demand by as much as 90%. The resulting heat energy then can 
be used to generate electricity providing an additional incentive for 
incineration. Waste-to-Energy facilities often are sited close to the 
source of refuse to minimize transportation costs, however, this proxim
ity to heavily populated areas has raised concerns about the environ
mental impact of such a plant on the surrounding neighborhoods. 

The objective of this study was to obtain information on the 
baseline (i.e., background) levels of non-criteria pollutants in the 
ambient air prior to construction of a waste-to-energy facility, A 
monitoring site was established approximately four blocks from the 
construction site of the Hennepin County Waste-to-Energy facility in 
Minneapolis, Minnesota, The collected data included meteorological, 
criteria pollutant and non-criteria pollutant measurements. These data 
will be used in support of the design and permitting of the facility, 

Meteorological and criteria pollutant data were collected contin
uously for one year, Non-criteria data was collected during six consec
utive days each quarter during that year. Quarterly sampling was 
desirable to determine if appreciable seasonal variations, both in 
content and concentrations, were observable. The non-criteria pollu
tants of prime interest in this study were: chlorides (as HCl), fluo
rides (as HI!'), metals (Sb, As, Be, Cd, Cr, Cu, Hg, Mn, Mo, Ni, Se, Ag, 
Sn1 V, Zn and Pb). polychlorinated dibenzodioxins and dibenzofurans 
(with emphasis on the 2,3,7,8-tetrachloro-iso111ers), polychlorinated 
biphenyle, polynuclear aromatics, and volatile organics (with emphasis 
on vinyl chloride, benzene, tetrachloroethylene and the dichloroben
zenes). 

Experimental Methods 

The design of the experimental methods for the measurement of the 
non-criteria pollutants was responsive to multiple objectives: 1) 
comparing the performance of ambient air monitoring techniques to 
determine which method waa the best for the specific needs of this 
study; 2) obtaining sufficient data to determine if ambient levels of 
some parameters were low enough to delete them from further monitoring 
during the course of the program to effect some coat efficiency for the 
project; 3) utilizing screening techniques whenever possible to obviate 
the need for detailed and expensive analysis if analytes were not 
present at detectable levels: 4) utilizing metnoda which provided data 
on analytee not of specific concern to the project but of potential 
interest to the COllllDunity at large (i.e •• broad applicability of method
ology); 5) utilizing methods which not only were generally accepted but 
also were capable of providing data at concentration levels low enough 
to adequately define the non-criteria baseline: and 6) defining an 
appropriate number of field and laboratory blanks and spikes that the 
limitations of the methods could be known. 

A test plan was developed which provided aampling end analysis 
methods to address the objectives described above. A summary of the 
techniques used to maasu~e the non-criteria pollutants is provided in 
Table I. 
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Results 

The use of the methods (described in Table I) to monitor the 
non-criteria pollutants has resulted in a large amount of data. In 
general, very low levels of non-criteria pollutants were observed. 
Observations on the methodology are: the GC-ECD screening technique for 
PCBs was determined to be of limited use: the GC-FID screening technique 
for PAHs resulted in a number of false positive identifications; the 
XAD-2• resin was preferred for PCB collection over PUF• plugs due to 
spike retention: the impinger technique gave higher values for chlorides 
and fluorides than the sorbent tube technique: Tenax• or combinations of 
Tenex and Carbosieve s• were not effective in retaining low molecular 
weight organics and were very prone to contamination. 

Field spikes were used to validate the collection and retention 
efficiencies of the methods. Field blanks were 811lployed as a check of 
background contamination and to ensure the levels observed were above 
the background levels. From the instrument detection limits and the 
amount of sample collected, a lower limit of quantitation has been 
established. These levels and the field spike recoveries are presented 
in Table II. 

Conclusions 

The data collected during the course of this project have been 
sufficient to describe the baseline ambient air levels of non-criteria 
pollutants. Sample volumes and detection limits were sufficient to 
characterize the pollutants at or below levels of concern. In many 
cases, however, the beet method was not established. This is particu
larly true in the case of fluorides and chlorides. Additional method 
development and evaluation ie needed to eetablish methods for the 
measurement of such air toxics. Thia development will aid those working 
in the area of ambient air ineaaurementa, the agencies with the responai
bilitiea to determine if new facilities will provide an environmental 
burden, and those designing the facilities and related technology. 
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TABLE I. SAMPLING ANO ANALYTICAL TECHNIQUES FOR IDN-CRITERIA POLLUTANl'S 

Target Compound Sampling Analytical 
Group ·Method Methods 

Particulate Metals Hi-Vol Filter ICAP. GFAA 

Mercury Gold Amalgamation Vapor Phase AA 

Polychlorinated Glass Fiber Filters/XAD-2 GC-ECD 
Bipheny1s GC-MS 

PVF Plugs GC-ECD 
GC-MS 

Polynuclear Aromatic Glass Fiber Filters/XAD-2 HPLC-UV and Fluorescence. 
Hydrocarbons GC-FID • GC-MS 

Polychlorinated 
Dioxins and Furans Glass Fiber Filters/XAD-2 GC-MS 

Chlorides Impinger Solutions 
Silica Sorbent Tubes 

l 
f Ion Chromatography 

Fluorides Impinger Solutions 
Silica Sorbent Tubes } Ion Chromatography 

Ion Specific Electrode 

Volatile Organics Tenax 
Tenax/Carbosieve S l Thermal Desorption 

GC-MS 

Charcoal Tubes GC-FID 

Stainless Steel Canisters GC-FID. PID and HECD 



TABLE II. AVERAGE METHOD EFFICIENCIES AND QUANTITATION LIMITS 

Target Analytea 

PAHa 

PCB• (XAl'.1-2) 

(PUl) 

Polychlotinatad 

D ibenzod io:dn• 

VolatilH 

(Tanaz) 

(Tanaz/Carbo•iave S) 

(Charcoal) 

Stainleu StHl 

Canbtau 

Chloride 

Pluoride 

Hatala 

Mucury 

8 C:O.pound dependent 

b'l'wo dateraillatione, 

A•ount Spilr.ed Mean sundud 
Spiking Compound (ug/umple) Recovery Deviation 

Naphchalana~d8 15 88 9.0 


Pyran•-d10 	
15 68 6.7 


Monochlora13c6biphenyl 0.10 65 24 


Tetrachloro13c
12

biphenyl 0.25 68 21 


Octachloro13c12biphanyl 0.40 68 23 


Dacachloro13c12biph•nyl a.so 68 23 


Monochloro13c6biphanyl 0.10 63 7.3 


T•trachloro13c12biphenyl 0.25 84 a.s 

Qctacb1ora13c biphenyl o.40 83 13 


Decachlaro13c
12

biphanyl 0,50 92 7.s
12


37c1-2.3,7.8-TCDD 0.015 94 8.5 

a.nzana-d6 	 o.5 0 0 

Benzane-d6 o.s 0 
bM.lthylane chloride 15 106 

bTetrachloroathylane 17.9 94 

b
1,3-Dichlorobanzen• 13.5 83 


danril>a• the rahs• •par:l.ancad for the variou. analytaa, 

Lower 
:t.iait ot· 

QuU\tit•§ion 
(u1/m ) 

0.1 - 1608 

0.004 

0.0006 

4 It 10-6 


0.03 - 0.38 

0.03 	- 0.38 

7 - 45a 

8 

2 - 7 

1.2 

0,9 

1.2 - 6008 

1.0 
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GRAB SAMPLING AS AN EFPECTIV~ TOOL 
rn AIR POLLllrION MOl'HTOHrno 

Joseph P. Krasnec 
Atmospheric Chemistry Research Group 
Scientific Instru~entation Specialists 
Moscow, Idaho 

•• , • ,r,rab sampling of gaseous chemical species has been utilized for 
number or yea.rs. various rigid containers, polymeric t'ilm bag a and other 
devices are used 111anually, semi-automatically, or most recently lo'ith 
microcomputer control. The adv ntages are simplicity, low cost, easy field 
use and s mple collection, nd sample storability up to the analysis time, 
oisadv ntages are high manpower cost for manual s mpling in larger field 
experiments, sample degradation/contamination in some types or grab sampling 
devices, and lack of data on stability/storability of a number of specie or 
interest such as VOC's • 

••••• The evolution of rigid grab sampling oonta1ners lert to ~n increased use 
of sampling devices made rrom specialized materials, i.e. pas~iv ted 
stainless steel (PSS) resulting in successful sampling and star ge of traoe 
and toxic gases down to the lOW' ppt (v/v) level for extended periods or 
t-ime. Recent advances in the construction or PSS grab sampling containers 
and syringes coupled with the improvements ln sarnpllng procedures, and 
availability or solid research data on st bility n stor b1lity or dozens 
of or~anic toxic air pollutants make this pproach to air sampling 
increasingly attractive • 

••••• On-going automation or grab sampling procedures nd subsequent use or 
sophisticated, yet readily available analytic 1 teohni ues such as capill ry 
gs chromatography (GC) using specific detectors (FID, ECO, PID, MSD), or 
GC-Mass spectrometry (MS) give the researchers and regulatory personnel a 
powerful tool ror effective batemen't and control of g seous toxic ir 
pollutants. 
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Introduction 

•••• .'the rapid industrial development during the past r1rty years coupled 
with significant population inoreases brought about a signifioant 
deterioration or localized and global atmospheric environment. The onset of 
the e~a of s~og also signifies growing interest and ooncern about the 
sources. fate and etfeots of.various air pollutants. The early work in the 
195ots involved relatively simple experiments, followed by a more thorough 
laboratory work geared toward pollutant ideotifi~ation> atmospheric 
reactions and tfanerormatiol'l~, and expo.s1u•P./et"reots on humana and plants. 
This work, in the sixties and early seventies reaohed a momentum that 
brought about an increased public and regulatory agency awarenesst oonoern, 
and a clear need for additional theoretical work, reaearoh, testing and more 
extensive tield experiments • 

••••• Orie of the f'undamental tasks racing researchers was the need to oolleot 
and analyze samples or ambient or industrl~l atmospheres. The reQuire~ents 
included minimal, or preteraoly no effect on sample oo~position and 
integrity, abilitt to contain and transport the sa~ple to the laboratory 
(olea~ly the pr~terred onoiG9 tu taking oom~le~ and delicate instrumen~ation 
to the field site), low oost and ease of use. Initial sampling work utilized 
rigid glaas, JHtal and plastic containers, polyaerio tilm ba,ga and va~ious 
adsor~nts. As tne need ror more aoourate m•aaurementa at lo...ar {sub~ppm) 
oonoentrations intensified, some or the 4hortoomings or the commonly used 
sa~pling methods became quite apparent. Contamination, sa•ple degradation, 
rapid loss or oolleoted species thwarte~ attempts to carry out :r.11able, 
larger scale field experiments. lhe need to measure background 
oonoentrations of • number or traoe atmoapherio gaaes 1 low level air 
pollutants and oomplex g84eou$ mixtures round ln urban atmospheres res~ited 
in the prototyping and limited availability or new grab samplina devices. 
Speoiftoally, several reaearoh organi~tiona independently developed 
versions of a tigid. metal sa~pling oont.ainer with different au~faoe 
treatment•, 1.e. eleotropolishlns, oi1dat1on, coating and paaaivation (t). 
These we1'8 used with good to exoellent results ror ambient (10 ppt to 500 
PP• v/v) sampling of balooarbons, hydrooarbona and a nu~r or stable 
at~ospherio gases suon aa co2, CH~, N20. co and others. BJ mid-ae~e~ties 
large number or eleotropolisbed and paaaivated et.ainleaa ateel oonta1n•r• 
ware used tor atratoapheria/t:ropospherio grab sampling or balooarbona from 
airbor~e (ballon, aircratt• and surraoe (anip, aob1le laboratory' pla.tr~r~s. 
In tbi3 t1111e pe~lod some sho~toomings were enoountere¢ .ln the UIJEI ot 
pol1111erio sartpllng bags made freoa polye t.h7lene, t.e:l"lon. and mylar- (2 • and 
aolid a~eorbenta (aotlvated charooal, mol•oular sieve, Ttnax) for sam~l1ng 
or al1phat1o and arc111&tio hydrooa:rbona {C1...C12). p,aaa1vated stainless at.eel 
aontainera provided ver~ aatlateotor1 pertormilllc• ror these species. 
Ino~aaed oonoerns about tbe ozone levels and it• pbotoch«111oal reaotlona 
a.r:reot1ng air qu•lity :l.n lal"&•r uz-ba:n area& intenai f'1ad t.he need tor 
thoroU&h sampl.1ng/mon1tor.lnc or non..•thane hydrooarbona (NHBC'•}. In: tllct 
paat several yeare number or detailed etudiea oont1rmed validity of grab 
aaapl1~g ua1n1 passivated SS aonta1ner1 {3, ~. 5, 6). 

Grab sampler deatsn and oonatruction criteria 

•••••Moat tasks tbat require monitoring and/or meaaureJaent ot s••eoue 
pollutants in1olve 8a111ple oolleotion, atora&• and aubeequent analysis. Air 
pollution oontrol author1t1ea need measurement• or a number of tox1o gaees, 
1ncludtna volat.ile organia coiapounds (VOC'a) to aaaure aooeptabl• air 
quality le1e1a. In addition, emtssion inventory, hWlan expoaure data, and 
induatrial raanutacturina prooeaa oontrol 1• needed tor the development and 



implementation of proper control strategies. Frequently, in-situ monitoring 
and measurement of air pollutants is not re~sible because of the cost and 
complexity of the field deployment of a number of aensitive analytical 
instruments. The grab sampling offers a viable alternative with lower cost, 
simplicity, and flexibility or use. Properly collected, appropriate size 
single grab sample provides important information on a host of atmospheric 
pollutants when analyzed in a well equipped, permanently based laboratory • 

• • • • • The most important requirements for the grab said.Pl ing containers are 
non-contaminating, non-reactive and inert contact surface; small surface to 
volume ratio; reusability/durability; optimal construction; relatively small 
size and weight; easy sample collection procedures; acceptable cost; safety 
and ease of transportation, and application for a wide variety of gaseous 
and liquid 111ixtures, 

••••• The construction and pre-deployment handling or the grab sampling 
containers, together with the user sampling/recycling procedures determine 
the degree of success in using them. While deceptively simple the grab 
samplers evolved over a number of years from simple, "home-built" units to 
sophisticated, commercially produced sampling instruments, The design 
approach, selection of quality components and stringent assembly prrocedures 
are of utmost importance. For example, proper forming of hemispheres from 
selected grade of stainless steel sheet stock determines the degree of 
success in subsequent preparation, cleaning and passivation prior to the 
assembly, 1t1e passivation procedure is the key step in the sampler 
manufacture, t-tich more effective than electropolishing the SUf.!MA passivation 
process removes surface scale, decreases the contact area by smoothing the 
SS surface, removes impurities from the stainless steel surface and 
effectively oxidizes chromium and nickel in the material itself. nie 
cleanliness and inertness of the SUmma passivated stainless steel surface 
has been de~onstrated repeatedly by storing ppt levels of trace gases for 
several months or longer without any appreciable losses of the stored 
species, With proper cleaning the "blanks" of the grab samplers are below 
detectable l1mits of analytical techniques such as GC and GC-MS • 

••••• The welding procedure is another critical step in the grab sampler 
oon1:1truction, Great attention to proper procedures need.a to be exercised• 
i,e, amount of current/heat applied to the stainless steel hemispheres, 
proper shielding with inert purge gas, absence of o~ygen from the welded 
area, penetration/uniformity of the welds, and care in attaching other 
cornponents to the finished spherical or cylindrical sampling oontainers. 
Complete avoidance of elastomeric materials is an inherent feature of the 
all-welded, or fitting equipped grab samplers. An extensive quality 
control/quality assurance program must be an integral part of the entire 
manufacturing process to ascertain problem free use. Visual and mechanical 
inspection at every step is supplemented by special leak testing of the 
completed grab samplers with a sensitive (1x10-9 std, co/sec,) mass 
spectrometer based helium leak detector. Final cleaning and preparation 
utilizes a quadrupole mass spectrometer residual gas analyser (RGA} with a 
mass range up to 2-Y1 ~~.m, 'l'h i.ri ti\:\t.r'•H'1ent allows continuous monitoring and 
recording of the entire cleaning process with data on any contaminants 
1)t"•Mant tn tiM syste111, or degas1ng from the grab sampling containers. If 
necessary, temperature (100-400 C), and/or evacuation level (10-2 to 10-5 
torr) can be adjusted to completely remove any undesirable species from the 
finished grab samplers. The final testing/blanking involves individual or 
batch ECD/FIO-GC analysis or the sa1npling containers readied for shipment. 

Grab samplins methods 

••••• '11le design or most of the available gr~b s~npling containers allows 
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several sampling modes. The most 001D111on approach uses evacuated grab 
samplers (oare has to be taken to assure zero blanks). A near instantaneous, 
or time-averaged sample is collected. Sa1npling stops at sub-ambient or 
ambient pressure. No pumps or additional hardware is required except a flow 
control devioe for the time-averaged sampling. Collected sample is either 
analyzed directly via an evacuated sample inlet manifold, or the grab sample 
is pressurized with zero air. The dilution factor has to be taken into 
consideration when low concentration species are sampled. '-'!'Ile size _of ~h.lt. _ 
grab :sam.pl-ifl-~l'L-~t.b§.JJ,ntl..B!D.ll:la.-ml.wl§.1 cOmmoniy used 

·grab samplers range in size fl"'om less than one liter to about fifty litel"'s. 
The most versatile and widely used size is_six liter&. Sufficient sample is 
available for multiple analyses of low level VOC's utilizing cryogenic 
pre-concentration and GC or GC-Hs analysis. The sample inlet, connecting 
tubing and other components (valves, gauges, regulators) must be 
meticulously checked ror contamination to permit trouble-rl"'ee sampling and 
valid data. Most frequently used cleaning procedures use elevated 
temperatures (dictated by the component material), evacuation (preferably 
with efficient high vacuum, cold-trapped pumps), or purging with zero air or 
clean inert gas. Combination of the above techniques oan also be used • 

• • , •• Positive pressure grab sa111ple ool;J..eotion ls carried out with suitable, 

inert sampling pumps with stainless steel bellows, or combination of SS pump 

head and Viton diaphr!§.1!.• TFie" grab sampler can be equipped with a purge "T" 

assembly to allow dynamic flow in and out or the sampling container via an 

inlet and outlet valve. Sampling system surraoe equilibration is one of the 

benefits of this sampling approach. Other advantages are larger sample size, 

positive pressure (up to 40 paig) wh1oh facilitates sample transfer and 

analysis, and easy oleaning/recyoling with the purge gas. These benefits 

are offset by somewhat higher oost, need for additional hardware and 

eleotrioaL R2.!SCa However, considering the~durabillty and riexl6111ty of tfi"e 

ll'ab sample!"'s (particularly with the modular construction where valve(s), 
pressure/valluu11'. gauges and f'lo'll oontl'ol devioe& oan be easily added} the 
purge "T" assembly is a desirable addition to the ftbasioft grab sampler, 
outweighing the initial cost. Again, the users must pay great attention to 
the cleanliness of the sampling system components, and assure sat1sractory 
"blanking" prior to deployment in the rield • 

•••••Cryogenic pumping/enrichment is used infrequently. Oreat oare and 
emphasis needs to be given to the proper cryogenic sa1npling system 
configuration including r1ow, pressure oontrol and monitoring devioes, and 
suitable matel"'ial selection (most SS alloys become orittle at low 
te,nperatures). The primary advantage is the ability to greatly increase 
sample volume, or to pre-concentrate compounds or interest by a pumplesa, 
cryogen1cally induced flow. Additional advantages are stability or reactive 
species at low temperatures, and ability to use similar approach tor sample 
component separ.1 t lorl .10,1 pre-conoentration prior to analysis. Diaadvantages 
include complexity, use of consumables (1.e, liquid nitrogen, oxygen or 
argon}, and need ror skilled pe!"'sonnel • 

••••• suooeasful use or grab sampling containera requires a suitable and 
reliable reoyoling system typ1oally oona.isting or a heat aouroe (oven), 
vacuum source (pump}, and clean purge gas (zero air). Sampling system 
components must be contamination and leak free. Periodic oheaks are needed 
to determine the container condition to assure that there is no 11gn1r1oant 
sample degradation, loss or other undesirable phenomena. A grab sampler use 
log ls highly desirable • 

•••••Currently, the sampling requirements are shifting to lonaer term, 
integrated sampling tor periods up to 2u hrs, Clearly, flow control in the 
1-100 ml/min. range is required. Several approaches are available. Pixed 
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flow orifices provide a simple, inexpensive flow control but do not allow 
full utilization of the grab sampling containers. More sophistioated manual 
or eleotrioally actuated flow controllers are available with better 
accuracy, reproducibility and ability to take full advantage or the grab 
samplers when used in conjuction with sampling pumps. Mass rlow oont,.ollers 
are also available but their sensitivity to variations in ambient conditions 
(i.e. temperature) and high cost limit their usefulness. Automated 
operation or the entire sampling cycle is highly desirable. The timing and 
hardware (valves, pumps, controllers) actuation runotions are easily 
controlled by a small, low cost miorooomputer. The unit controls the 
sampling start~up time, pump operation. system purge, sequential switching 
or individual grab sampler inlet valves for up to twelve grab samplers and 
also operation or the flow or pressure control device(s). In addition. delay 
between samples, multiple sample collection (duplicates), and other features 
can be easily incorporated in the oomputer software. Sample oolleotion 
parameters are stored and can be easily retrieved, transferred or printed 
out. 'nle main advantages are full automation and integrated. long-term 
sequential collection of a number or grab samples. Tile disadvantages are 
higher oost and relative system complexity. 

Conclusions 

The grab sampling has evolved into a well tested and widely used alternat1ve 
to other sampliAg methods such as polymeric bags and solid adsorbents. 
Because of its simplicity, reliability and flexibility or use ror a great 
variety or sampled species ranging from high ppm level to low ppt 
concentrations the grab sampling is rapidly becoming the preferred method 
tor VOC/NMOC and toxio gas sampling. The automation and signiriaant aampling 
capability extension (i.e. long-term integrated sample collection), and the 
availability or sensitive and automated analytical methods (7) provide the 
reearchers, control and regulatory personnel with oomprehensive infol'Olation 
necessary for effective gaseous air pollutant control and abatement. 
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Table r. passivated stainl ss steel grab sampler s mpling compatibility list 

Type or Group 
of G ses to be 
Collected 

Inert, man-made gases: 

sF6, Fluorocarbons, etc. 


Fluorochlorocarbons, 

H logenated Hydrocarbons 


Hydr-oc rbons (VOC/ftlHOC) 

CHU, co,. N20. and 
most inert gases 

Sulfur-containing 
gases ( H s, COS,

2mercaptans) 

Tox1o gases (per 
EPA olasslfioation) 

Reactive process g sea 
t elevated temper ture 

Concentration Recommended 
Range (?arts: Sampling 
Vol ,./Vol.) Approach 

-- -;,-2 ·- --··;5------------- 
10---- --10 

-11 -6 
10-------10 

-10 -5 
10----- -10 

-9 -3 
10-------10 

-1\ -11 
10-------10 

-10 -5 
10-------10 

-8 -3 
10-------10 

~~blent pressure 

~~oicnt or posi
tive pr-essure 

Positive pressure 
or cryog nic 
s mpl1ng 

Ambient pressure 

Positive pressure 
or cryn3P-f1iC 
sampl ng 

Ambi nt/positive 
pressure s mpling 

Ambi~nt pressure 

Comments 

Gl as/plastic 
also suit ble 

Elastomeric mate
r! ls unsuit.bl~ 

Ela tomers and 
som adsorb nt. 
not r.oommend d 

Some limit I.ions 
because or ignif. 
s,mp e lo.~ at 
low concentr· t. 

Some limit tions 
w/ solid adsorb 1 s. 

Avoid condensation 
Coll~otion anb. 
t ~p./pr s • only 

NOTE: ;;rr:e-at:rv-;;-5-; .--sucli--B"-licc;-iir; ·No. ·No-; ·30-~ · ------- --
2nd others should be done under controlled condition~. 

Figure t. Illuetr tion of gr b s mpl r siz . , . h p config r ion 
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AMVAN: Delaware's Comprehensive 
Air Toxics Monitoring Van 

Terri v. Henry, Josefh J. Kliment 
Air surveillance Branch 
Division of Air and waste Management 
Delaware Department of Natural Resources 
and Environmental Control 
New Castle, Delaware 19720 

The State of Delaware utilizes a mobile air monitoring van (AMVAN) 
for sampling and analyses of non-criteria pollutants. The equipment 
involved in the analyses includes a gas chromatograph, meteorological 
instrumentation, data logger and computer terminal, radiological equip
ment and safety equipment. The van is currently used for surveys, 
emergencies, and radiological response. AMVAN has been effective in 
monitoring for compounds of interest including benzene and vinyl 
chloride. Future expansion of its monitoring capabilities is presently 
under consideration. 
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AMVAN: Delaware's Coll!Prehensive 
Air Monltoring ~ 

Introduction: 

AMVAN is Delaware's new mobile air 11Pnitoring van designed for rapid 
sampling and analyses of air pollutants in the field. The van is 
primarily utilized for short and long term surveys of both hazardous air 
Pollutants and the traditional criteria air pollutants, thus providing 
the Division of Air and Waste Management with field data for development
of air toxics monitoring methodologies and environmental risk assessment. 
Of particular interest are those air toxic pollutants which have been 
designated by th; Environmental Protection Agency as detrimental to the 
health of humans. 

The van was contracted during the ,winter of 1985 after air releases at 
a petro-chemical complex focused attention on the State's air toxics 
monitoring capability. It is the outgrowth of the fixed air monitoring 
program \othich has been operational in Delaware since the late sixties. 
Unfortunately, the major disadvantage of the fixed monitoring system is 
the inability to cover all air pollutant incidents because of the depen
dence on wind direction. During the early seventies a small van 
containing a sulfur dioxide monitor was utilized with considerable 
success, while plume chasing to determine ground level concentrations of 
sulfur dioxide. The van ~as subsequently upgraded to a trailer with an 
electrical generator and the ability to sample for several air 
contaminants simultaneously and continuously. The experience obtained 
from this initial work was incorporated into the design of AMVAN 
uti lidng the latest state of the art instrumentation and data 
processing. 

Along with the survey sampling, the van ls also utilized for any air 
related environmental emergencies, radiological emergencies and upgrading 
of the emissions inventory for toxic air pollutants. AMVAN is utilized 
throughout Delaware with the initial effort being concentrated in the 
industrial areas• 

.Y!!2 Design 

The van was designed by Environmental Measurement, Inc. around a Ford 
Econoline chassis and a specialized Grunman body. It contains instrument 
racks, a laboratory bench, and an operator's desk, alonq with a 
pressurized water system, microwave, refrigerator, and aantitation system 
to coq:>liment on-board analyses. To provide tenprature stabl U ty for 
the instrumentation, two high capacity air conditioner/heater systems are 
utilized. A unique internal air filtration system protects the operator 
from exposure to hazard~us air pollutants and possible contamination when 
sa111>ling in the field. 'ltae system utilizes a cod:>ined particulate and 
carbon bed adsorption system to cleanse the air. 

AMVAN is designed to operate independent of the normal electrical 
supply Viile in the field by utilizing a high capacity electrical ONAN 
generator. There is, however, the flexibility to connect to the regular 
electrical supply through an umbilical cord for extended sampling 
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periods, providing a special adapter is available. To prevent contamina
tion of sampled air by the generator exhaust, the air inlet probe is 
pointed into the wind and a specially designed catalytic exhaust purifier 
reduces the hydrocarbon and carbon rronoxide to carbon dioxide and water. 

Sampling gquipnent 

The van's initial instrument complerrent consists of a Photovac 10570 
photoionization (PIO) gas chromatograph for detection and analysis of 
atttDspheric organic pollutants and meteorological sensors for determining 
wind speed and direction. The wind sensors are mounted on a telescoping 
tower which is raised P'leumatically to a height of 30 feet. There is the 
flexibility to raise the mast by a hand pump if the pneumatic system 
fails. Monitors for measuring criteria air pollutants such as sulfur 
dioxide, nitrogen oxides, ozone, carbon monoxide, and suspended 
particulates can be installed in a standard instrument rack. 

Radiological monitoring instrumentation such as a Geiger-Mueller 
counter and Canberra Series HJ Ganma Spectrometer are utilized for radio
logical emergency sampling. 

Consideration is also being given to the installation of a portable 
flame ionization gas chrocnatograph or a mass spectrometer or other state 
of the art instrumentation to compliment the PID gas chromatograph for 
rapid field analyses of additional organic conpounds in the ambient air. 

To facilitate field sampling, outside air is drawn through a special 
intake probe lined with Teflon and into a manifold system to provide 
sufficient outside air to the appropriate ll'Onitoring instruinents. Gases 
for instrument operation and calibration are contained in cylinders in a 
special storage corrpartment inside the van. 

safeti F.quipnent 

To provide critical protection to the field monitoring team several 
pieces of safety equipment are supplied in the van. Included are self 
contained breathing apparatus (SCBA's), anti-contamination equipment, 
full-face masks with canisters for organics and radionuclides, portable 
radiation detection kits, dosimeters, and a first-aid kit. 

™ Processing !n5! C'olmv.lnications 

Data from the sensors are processed through an Environmental Systems 
Corporation on-board data logger and corrputer with direct read-out on a 
Qwint computer terminal. The computer can provide information on 
pollutant concentrations, wind speed and direction, alor-q with necessary 
quality assurance data. Large volumes of data can be stored directly on 
an on-board magnetic tape for subsequent processirv;J on a Pa? ll/23 DEC air 
quality computer at the laboratory. The van operator has complete 
flexibility, through the data terminal, to make program or conrnand changes 
or requests for specia1 data output. 

For purposes of emergency data reporting, a unique system for transmit
ting data utilizing a. •cellular• car phone fl¥)()em is bein; evaluated. Air 
pollution data would be sent via the cellular phone system directly to a 
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terminal thus providing emergency planners with finger-tip information.. 
Data could also be sent directly to the air quality computer at the 
laboratory for subsequent storage and processing capability. 

Acellular car phone presently provides direct conanunication capabili 
ties with Department and State emergency management personnel through use 
of the standard telephone system. AMY.AN also contains a state conununica
tions radio with the capability of COIM'A.lnicating with the Department of 
Natural Resources and Environmental Control and Division of Emergency 
Planning and Operations should an emergency occur. 

~ Appl !cations .!!!! E?.<P!riences 

The van is currently surveying a manufacturer who produces chlorinated 
benzenes. This involves locating the van UIMind, downwind and in densely 
populated areas near the plant to monitor for benzene and 
monochlorobenzene. In the future, a comparison wi 11 be made between 
various plant processes with the results of the survey on the fugitive 
emissions. This will be incorporated into the State of Delaware's 
emission inventory program. 

A second on-going seasonal study involves a company \rihich produces 
asphalt concrete used as a paving material for surfacing roads. The 
plant produces both conventional and recycled asphalt.. Odor conplaints 
have been made by the local citizens during the manufacturing of 
recycled asphalt, and as a result a survey has been initiated utilizing 
AMVAN to conpare the total ionizables calibrated as hexane between the 
conventional and recycle processes to determine any major emission 
differences between the two products. 

AMVAN has Jlso been incorpcrated into Delaware's radiological 
emergency plan. It is utilized as an analysis and cormuiicatlons base 
in support of radiological monitoring activities. For training purposes 
it is involved in a Nuclear Regulatory Commission/Federal Emergency 
Management Agency annual drill alonq with Delaware's Department of 
Emergency Planning and Operations (DEPO). These exercises prepare the 
Department for Emergency planning in case of an accidential release from 
a nuclear power plant located in New Jersey or for a radiological 
transportation accident. 

The van has been cal led out on an emergency response incident 
invol virr.a a leaking i.nderground gasoline storage tank. Gasoline fumes 
had been detected in a private citizens home which were linked to a local 
gasoline station. Gasoline from the station's lllderground storage tank 
seeped into the storm sewer and telephone conduit. Ventilation systems 
were placed on the storm sewers to relieve vaPor pressure which was 
building up inside. Grab samples were taken above the ventiliation 
aygtems in response to the local citizens concerns. 'I1iese saq>les were 
injected into the gas chromatograph located in the N4VM4 while on site. 
Benzene, toluene and xylene peaks were detected but were not significant. 

These are only a few examples of the capabilities for a mobile air 
monitorirq vehicle. 
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Sumnari 

AMVAN provides needed surveys to establish environmental impacts and 
upgrade emission inventories. The van also is used during emergencies 
and for radiological response. AMVAN has been and will continue to be a 
valuable asset to the on-going development of the air toxics program for 
the State of Delaware. 
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ESTIMATlON OF VAPOR PRESSURES FOR NON-POLAR ORGANIC 
ca1POUNDS FROM GPiS CHRao!A'IOORAPHIC RETEN'I'ICN DATA 

T.F. Bidleroan112 , D.A. Hinckley2, and w.T. Foreman3 
1. Department of Chemi6try and 2. Marine Science Program, 
University of South Carolina, Columbia, SC 29208. 
3. Cooperative Institute for Research in Environmental 
Sciences, University of Colorado, Boulder, co 80309. 

The va"°t pressure of an organic chemical exerts a large influence on 
its dispersal in the environment, directly affecting volatilization from 
soils and adsorption to suspended particles in air. '1"he Henry's Law con
stant, which can be calculated from the ratio of vapor pressure to water 
solubility, is a controlling factor in the air-water exchange of vapors.
Vapor pressure also governs the ability of a solid adaorbent to collect 
orgonic vapors during air sampling. 

conventional methods of determining vapor pressurea, effusion and gas 
•aturation, are time-consuming and require fairly large quantities of 
material. Capillary gas chromatography ( GC) offers an alternative •thod 
of estimatinq vapor pressures for non-polar c~. Several compounds 
can be run per day, and only analytical standard quantities of chemical are 
required. The latter fe&tui:e ii an advantage when dealing with highly 
toxic or costly materials. 

In a previous article (1) we presented the theoretical and e:xperi1111n
tal details for determining ambient temperature vapor pressures by GC. 
Briefly, teat compounds ond a reference compound having a known vapo~ 
pressure are chromatographed at a series of temperatures on a sho~t fused 
silica column coated with a non-polar stationary phase. Vapor pressures of 
teat c~s are calculated from the relative retention times of test to 
reference c~s and the reference compound vapor pressure. 
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When the GC method was applied to 24 test caiprunds having repor~ed 
vapor pressures, we found that the initial estimate of vapor pressure, Pc:c• 
was ~11 correlated wi&h but not exactly equal to the compowld's liqura
phase vapor pressure, pL. One reason for the discrepancy lies in the fact 
that many high m:>lecular weight organi8 compounds are solids at ambient 
temperatures, and their (hypothetica0) pL must be calculated from the vapor 
pressure of the crystalline solid, p5, using: 

0 01n pL/P5 • ( ASf/R) (Tm-T)/'I' Equation 1. 

In Equation 1, T and Tare the melting and ambient teJ'll)8ratures (kelvin),
R ia the 9as cons!ant, and ASf is the entropy of fusion. Average values of 
6S are 13.S and 13.1 cal/deg-mol for rigid aromatic hydrocarbons (2) and 
pofychlorinated biphenyl (PCB) congeners (3), but substantial differences 
among canpounds occur. For example, the range of 45 for several PCB 
congeners is 10-17 cal/de9-mol (3). In this study wefhave improved and 
expanded the GC vapor pressure technique published earlier (1): 

1. Instead of assuming an average tiSf • 13.S cal/de9-mol as done 
previously ( 1), we used gxperimental tiSf for as many test compounds as 
possible. Experimentaa P~.c were then correlated to p~, calculated from 
the test compound's p5 usrng Equation 1. 

2. A new GC reference compound, p,p'-ODT, was selected to supplement 
the n-alkane references eicosane and octadecane previously used (1). 
The p0 and AS of p,p'-ODT have been well established by several 
ievestf9ators. f rrom average literature values and Equation 1, log 
p (torr) • -4640/'l' + 10.20. Mor~over, p,~·- DDT is electron capture
d~tector (ECO) responsive whereas a flame ionization detector (FID) is 
required with the n-alkanes. Use of an ECO is advantageous in that 
very small quantities of halogenated test compounds can be chrex11ato
9raphed, reducing the possibility of overloading the short capillary 
column. 

3. vapor pressures (p~) of several or9anochlorine insecticides have 
been determined, incluain9 endosulfan and its metabolites, major con
stituents of technical chlordane, and two highly toxic ccnponents of 
technical toxaphene. 

4. '1'he limitations of the GC method when applied to somet.olhat polar
molecules such as organophosphate and pyrethroid insecticides have 
been examined. 

Experimental 

Test and reference COlllpOW1ds were chromatographed on a polydimethyl
ailoxane bonded phase fused silica colUllU'l (BP-1, SGE Inc.) 1.0-. long x 
0.22 • i.d. mounted in a carlo Erba 4160 gr Varian 3700 in1trument. A 
aeries of 4-7 isothermal runs in the 70-180 range was made. An no was 
used with hydrocarbons (PAH and n-C } and orqanophosphate&J halogenaited
hydrocarbons (pesticides, PCB) wefg detected with an BCD. Condittone: 
carrier 9as H2 or He at l-3 mL/\llin, injector 150-240°, detector 300-320 • 
samples in n-nexane were injected at a 10-20:1 split ratio. Data treatment 
was as described in (1). 
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Results and Discussion 

In our original study (1) compounds were chromat09raphed on a bonded 
phase (BP-1) column and a wear column containing n-c (Apolane-87). The 
Apolane-87 column has since been discontinued by i@i only manufacturer 
(Quadrex, Inc.), so only the BP-1 column was used in the present investiga
tion. We also switched from He to H2 carrier about midway through the 
project, and observed iq;>roved column efficiency. 

Seventeen hydrocarbons and halogenated hydrocarbons having known vapor 
pressu0es (Table 1) were chromatographed along with the p,p'-DDT re&erence, 
and p~ were

0
calculated from relative retention data (l). 'l'hese Pee were 

compar8u to p of the test compounds, whiSh werg calculated from lnera
ture p5 usingLEquation l. In converting Ps to pL, we used experimentae il.Sf 
values in Equation 1, taken from references (3-7). A plot of log pL vs. 
log Pc;c showed a close correlation between the two vapor pressures, with a 
small-systematic difference, the regressi:on equation being: 

Log p~ • 0.991 Log p~ + 0.094, r2 • 0.953 EqUation 2. 

F.quation 2 was used to calculate p~ frOlll. measured p~ for c~unds of 
unknown vapor pressure. , 

vapor pressures (p~) of several organochlorine pesticides, determined 
by the GC method, ate given in Table l. Literature values were available 
for only two of these, ~ in both cases the agreement is reasonably good. 
'l'he determination of p for Toxicants A and B illustrates an i~rtant 
application of the GC ~thod. These to~ic components of technical toxa
phene are not available c0ll8llercially, and could only be obtained in micro
gram quantities from laboratories involved in toxaphene research. 'l'heir 
vapor pressures probably could not have been determined in any other way. 

In our previous article (1l, p0 of several PCB congeners were deter
mined using an eicosane or octadec~e reference and a calibration curve 
based on 24 test compounds. The calibration curve ~s presared u1i1l9 an 
average Mf • 13.S cal/de9-mol to convect literature ~8-~o pL: 'l'heae data 
have been recalculated using experimental llSf for as many test compounds as 
possible, which resulted in di9ht chan99s In p 0 for the PCB congeners. A 
selection of the recalculated congener data is gfven in 'l'able 3, along with 
recent value& determined by Murphy et al. uain9 a static equieibration 

~~(!!~sur!::n::':~:ii~tf;~~;~!~.ve~g~~f·~~he~l~L(~r;.~
obtained from cOlllllercial Aroclor fluids, and aanerence to Raoult's Law was 
aaaumed. 

To test the accuracy of the GC method with moderately polar compounds, 
p~ _of ten or9anophosphate pesticides Sod flame retardants were det!r
Dllnea vs. n-alkane references. '11le ~ were generally higher than p
of the o0ganophosphates, by an averageGfactor of 3.8. Since ~~ over~ati
mated p , caution is suggested in applying the GC method to poiar cc:a
pounds. L0ne could continue to use the n-alkane atamarda, dative a regres
sion ~tion for organoeJlosphates similar to !'.quation 2, and then calcu
late p froan measured Pac• Alternatively, an or<JanOphoaphate of ~ 
Yapor ~ressure could De used as a reference0 canpound to determine ~ , 
which ahould then correspond ll'IOte closely to Pi.• an approach preferred bye 
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Kim et al. (9). 
0 

Similar difficulties may be encountered with other polar
compounds. The Pac_of fou0 synthetic pyrethroid insecticides were deter
mined vs. p,p'-DDT and p were calculated using Equation 2. The results 
showed a high bias when co~red to literature values, by an average factor 
of 6.0 (Table 4). 

In conclHsion, the GC method can provide accuracy within a factor of 
two for the pL of non-polar hydrocarbons ang organochlorines. If a BP-1 
or equivalent cobumn is used to determine Poe_ for other non-polar com
pounds, their p can be calculated using l!<qUation 2. The technique
should prove useful for other classes of non-polar air pollutants such as 
chlorinated dioxins and dibenzofurans. 
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Table 1. Test Compounds for Vapor Pressure calibration (Figure 2). 

-Log p~, torr (2S0cl 2 	 -LOCJ p~, torr {25°c) 2 

HCBz 3.051 p,p'-DDE 4.625 
PH 3.125 2,2' ,4,5,5'-PeCB 4.654 
AN 3.153 EICH 4.706 
AID 3.246 o,p'-DDT 4.863 
r-HCH 3.321 p,p'-DDO S.132 
PY 3.967 8aA 5.390 
DIEL 4.119 2,2' ,3,3' ,5,5' ,6,6'--0CB S.404 
2,2',5,5'-TeCB 4.222 DCB 6.967 
FLA 4.322 

1. Abbreviations: HCBz • hexachlorobenzene, PH • phenanthrene, AN • anth
racene, ALO • aldrin, HCH • hexachlorocyclohexane, PY • pyrene, DIEL • 
dieldrin, TeCB • tetrachlorobiphenyl, FIA • fluoranthene, PeCB • penta
chlorobiphenyl, EICH • eicosane, BaA • benz(a)anthracene, OCB • octachloro
biphenyl, DCB • decachlorobiphenyl. 

2. calculated from literature p~ (l,10) and experimental ASf {3-7) using 
F.quation 1. 
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Table 2. Vapor Pressures of Organochlorine Pesticides. 

p~, torr (25°) p~, torr (25°) 

Chlordane Components Endosulfans1 

Heptachlor 2.6E-4 Endosulfan ether 4.4E-4 
at-Chlordene 2.0E-4 Endosulfan lactone 8.lE-5 
y-Chlordene l.4E-4 Endosulf an I 5.6E-5 
trans-chlordane 5.9E-5 Endosulfan II 3.5E-5 
cis-chlordane 4.3E-5 Endosulfan sulfate 1.5E-5 
trans-Nonachlor 3.5E-5 
cis-Nonachlor l.6E-5 

Miscellaneous2 

r:ie-Hexachlo§ocyclohexane 1.3E-3 
Toxicant e3 

2.lE-5 
Toxicant A l.2E-5 

1. Literature for Endosulfan I (101 • 2.9E-5 
2. Literature for r:ie-HCH (11) • 2.0E-3 
3. Components of technical toxaphene 

Table 3. Vapor Pressures of PCB Congeners 

p~, torr (25°) 

'Ibis Work Murphy et al. (8) 1 

2,2',5,6'-'l'CB 2.lE-4 1.4E-4 
2,3',4,4'-TCB S.3E-5 3.4E-5 
2,2',4,4',5-PCB 2.7E-5 2.0!-5 
2,2',3,4,5'-PCB 2.lE-5 1.6E-5 
2,2',4,4',5,5'-HCB 6.9E-6 3.4E-6 
2,2•,3,4,4',5'-HCB S.3E-6 2.0E-6 
2,2',3,4',5,5',6-HCB 1.4E-6 l.3E-6 
2,2',3,4,4',5,5'-HCB 5.7E-7 4.2E-7 

1. eatimated fran values at 20°c. 

Table 4. Vapor Pressures of Synthetic Pyrethroids 

p~, torr (2S0c) 

'Ibis work Literature(ll,13,14) Error Factor1 

cia-Permethrin 1.9E-7 3.7E-8 5.1 + 
trans-Permethrin 1.6!-7 2.SE-8 6.4 + 
cypermethrin 4.3!-8 S.2!-9 8.3 + 
renvalerate 1.6E-8 3.7E-9 4.3 + 

1. This work/literature. 
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ABSTRACT 

PoJychlorinated biphenyll (PCB), n·alk&nea, and other semJvoJatUe orpnic 
compounds (SOC) are present in air in 1ueoua and particulate forma. Eatimates of 
the vapor-to-particle {V/P) distribution for non-polar SOC can be obtained from 
high volume air 1ampfin1 111ins a 11111 fiber filter to collect particles and an adlor
bent trap to collect vapon. Apparent V /P cllatrlbutiona of 10 PCB congeners and 
6 n-alkanee (octadecane to trJcOBane) from air 1ample1 collected in Denver, CO 
were eatlm&ted uain1 the partition coeficient A(TSP} /F, where A and F a.re the 
a.daorbent- and filter-retained SOC concentrations ana TSP ii the total auapended 
particle concentration. A(TSP)/F were related to the ave:rqe aampllng tempera
ture (T, Kelvin) through: Loa A~TSP}/F =m/T + b. For both claaaea of com
pounds, fitted log A(TSP)/F at 6 C correlated well with the SOC liquid (or aub
cooled liquid) phue vapor preaure. 

INTRODUCTION 

AtDlOlpheric residence tbna of trace organic pollutut. depend on the c:hemical 
&nd physical properties of the conat.ituentl which control their removal. Removal 
Proceues include destruction mechuiams (i.e.• rea:tJona with oxidizing 1pecies or 
photolysis), precipitation scavenging, dry depo1ition of particlee, and dry gu 
ex:chanae with varioua surfaces. For aemivolatUe orga.nic compounda (SOC}, a criti
cal conaider&tion in mode.ling removal mechaniama ia the distribution of diese con
taminants between the vapor and particle phuea.1il Knowledge of this dlatribution 
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is also useful when developing sampling and pollution control equipment. 

One method of estimating the vapor-to-particle (V /P) distribution, and factors 
influencing it can be obtained from high volume air sampling using a filter to col
lect particles and an adsorbent trap to collect vapors. In recent yea.rs, several 
research groups have used this approach to estimate the V ~p ratio for selected 
SOC, including polycyclic aromatic hydrocarbons (PAH), - 5 n-~anes,8 and 
organochlorine pesticides and total polychlorinated biphenyls (PCB}. The present 
study was undertaken to estimate the apparent V/P distribution of selected indivi
dual PCB congeners and n-alkanes in Denver, Colorado air, and to test the influ
ence of SOC vapor pressure on the partitioning process. 

EXPERIMENTAL 

A total of nine high volume air samples were collected in downtown Denver in 
October 1985 and January 1986, using a glass fiber filter-polyurethane foam {PUF} 
plug sampling system. Filters and PUF plugs were extracted in a soxhlet extractor 
for 24 h, and the extracts cleaned-u~ and fractionated using an alumina-silicic acid 
column chromatography procedure. n-Alkanes were quantified by GC-FID, and 
individual PCB congeners by GC-ECD using the method of Capel et al.9 

RESULTS AND DISCUSSION 

Apparent V/P distributions of 6 n-alkanes (octadecane to tricosane) and 10 
cleanly separated PCB congeners (tetra- to heptachorobiphenyls in the Aroclor 
1254 fluid region) were estimated using the partition coefficient A(TSP)/F, where 
A and F are the adsorbent- and filter-retained SOC concentrations and TSP is the 
total suspended particle concentration. A(TSP}/F of the individual SOC were 
related to the average sipnpling temperature {T, Kelvin) using an expression 
derived by Y a.masaki et al. : 

Log [A(TSP)/F] =m/T + b (Equation l} 

Examples of Equation 1 plots for 5 PCB congeners are shown in Figure 1. 
Similar plots were constructed for the other 5 PCB a.nd the n-alkanes. Most of the 
scatter in these plots is probably related to the use of an average sampling tem
perature for the 12-24 h sampling period when temperatures fluctuated by as much 
as 21°C. Temperature variations can produce changes in the partial pressure of 
SOC in equilibrium with particulate matter, resulting in blow-off losses or adsorp
tion gains to the particles on the filter. Changes in SOC concentration would pro
duce a similar effect. Samples were also collected during the fall and winter, and 
differences in particle size distribution, surface area, and content of carbonaceous 
material may have influenced the partitioning. The influence of relative humidity 
on SOC adsorption to particles is also unknown, and humidity conditions varied 
daily. 

For both classes of compounds, log-log plots of the best fit A(TSP)/F at 5°C 
versus the liquid (or subcooled liquid) phase vapor pressure (Pl) of the SOC were 
constructed. A/F Pl)titioning of the n-alkanes (Figure 2) revealed a high degree of 
correlation with Pt (r = 0.995). Similarily, Figure 3 shows that partitioning of the 
10 PCB congeners also correlated well with Pl (r2 = 0.977), and these results are in 
agreement with previous studies suggesting that A/F partitioning of non-polar SOC 
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is largely governed by the compound's liquid phase vapor preasure.7•8 

CONCLUSIONS 

Despite the inability to control the critical variable of temperature and vapor 
concentration, field studies of PCB and n-alkane partitioning from high volume 
experiments have provided estimates of the apparent V /P distribution, as deter
mined from the adsorbent- to filter-retained ratio. This study, along with other 
field7 and laboratory8 investigations of V /P partitioning, have revealed that SOC 
volatility, expressed by pl, is the dominating factor governing the adsorption of 
non-polar SOC to urban air particulate matter. 
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Figure l 

Plots of 109 A(TSP)/F versua l/T (Equation lt for some 
Aroclor 1254 regio~ PCB congeners in Denver air. 95\ 
confidence bands for the predicted lines are included. 
Congener chlorine substitution patterns are .PCB #175 • 
2,3,4,6,2t,3•,s•1 PCS 1146 • 2,3,5,2 1 ,4',5'1 PCB 170 • 
2,5,3',4'; PCS 1110 • 2,4,5,2',5'1 PCB #180 • 2,3,4,5, 
2' ,4' ,5'. 
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Fiqun 2 

Plot of loq A(TSP)/F at soc versus loq p0 for the n~alkanet. 
95\ confidence limit• for the pred1cted Lpoint1, derived 
from the Equation 1 plots, are shown. 18 • octadecane 
through 23 • trieo1ane are plotted • .. 
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Fiqure 3 

Plot of lo; AITSPJ/F at s0 c versus loq p~ for selected conqeners
in the Aroelor 1254 reqion. 95\ confidenee limits for the 
predicted points, derived from the Equation 1 plots, are shown. 
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MEASUREMENTS OF DfBENZODlOXINS AND DIBENZOFURANS IN AMAIENT AIR 

Brian D. Eitzer and Ronald A. Hites 
School of Public and Env ironmentr1l Affairs 
and Department of Cheni stry 
Indiana University 
Bloanington, Indiana 47405 

Polychlorinated dibenzo-_Q-dioxins (PCDO) and polychlorinated dibenzo
furans (PCDF) are toxic compounds which are transported through the 
atmosphere. It has been shown by a comparison of sources and sinks that 
during the transport process there is a change, in the homol og profile of 
these compounds. To examine this change, a method of measuring these 
compounds in ambient air was developed. The method uses a high vollJ'Tle 
air sampler equipped with a glass fiber filter and polyurethane foam 
plug. This allows for the separate analysis of particulate and vapor 
phases. The filter and plug are spiked with isotopically labeled 
standards prior to extraction and clean-up. The purified extracts are 
analyzed by electron capture, negative ion, chemical ionization gas 
chromatographic mass spectranetry. The PCDD and PCDF are quantified as 
the total concentration of each homolog class for tetrachloro through 
octachloro hcmolog classes. Atmospheric concentrations and vapor to 
particle ratios (VIP) for each class have been determined~ there is an 
inverse relationship between log V/P and tenperature. 
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Introduction 

The presence of po1ychlorinated dibenzo-~-dioxins q>CDD) and poly
chlorinated dibenzofurans (PCOF) in remote lake sediments indicates that 
these canpounds are transported through tt1f atmosphere to environmental 
sinks such as lake sediments or human fat. The maj~ 0ources of these 
canpoundfi to the atmosphere are waste incineration -1 or autanobile 
exhaust. The homolog profiles (the relative amount of the compounds 
grouped by chlorination level) in the sources and in the sinks are 
different. In the sources, there is a broad range of homol og cl asses; in 
the sinks, the pattern is daninated by octachlorodioxin with heptachloro
diox ins and furans as minor components. In order to determine what 
factors are important during the atmospheric transport process, we have 
undertaken a study of PCDD and PCOF in ambient air. The concentrations 
of PCOD and PCDF in vapor and particulate phases have been determined and 
have been shown to be affected by temperature and level of chlorination. 

Experimental Methods 

Air samples were ·taken at four sites in Bloomington, Indiana. Air 
was sampled with a high vol1JTie air sampler modified with a 10 x 10 cm 
polyurethane foam (PUF) pj ug as a back~up to a 0.1 um glass fiber filter. 
Air was sampled at 0.5 m /min for a two to three day period. The total 
suspendl'd particulate matter was detenninl'd by equilibrating the filter 
in a desiccator for 24 hrs and weighing it both before and after 
sampling. 

Prior to extr. ru::t1on, the glass fiber filter and the. PUF plug were
1spiked w1th per~ Jc~octachlorodibenzodioxin and per~l3c~l,2,3,7,8-

pentachl orod ibenzofuran as internal standards. It was assLmed that any 
losses that occurred during extraction and clean~up were equal for the 
internal standard and the analytes. This pair of 1 abel ed standards was 
calibrated with unlabeled standards to develop response factors for each 
hano1og class. 

Air samples were Soxhlet extracted with 300 m1 benzene for the glass 
fiber filters and 2 L petro1el.IT1 ether for the PUF plug for a period of 24 
hr. After extraction., the solvent was reducl'd and exchanged to hexane in 
a rotary evaporator and taken through a two~step chr001atographic clean~up 
to remove interferences. 

The extracts were passed through a 1.5 x 20 cm column packed with 
sil 1ca gel, activated at 160° C for 16 hr then deactivated with 1% by 
weight of water and equilibrated for 16 hr. The sample was eluted with 
75 ml each of hexane, 15% methylene chloride in hexane, and methylene 
chloride. The dioxins and furans were collected in the secon::t fraction. 
The solvent of this fraction was exchanged to hexane and reduced to less 
than 1 ml. This sample was then passed over a 0.5 x 6.5 cm m1crop1pet 
packed with al llllina, activated at 250° C for 2 hr, then deactivate:! with 
1% by weight of water and equilibrated for 16 hr. The sample was eluted 
with 8 ml each of hexane, 2% methylene chloride in hexane, and 40% 
methylene chloride in hexane. The dioxins and furans were present in the 
third fraction which was collected in an 8 ml sample vial and concen" 
trated to 100 ul by slowly passing purified over the sample. TheN2
sample was then ready for gas chrcmatographic mass spectranetry (GC/MS). 

The samples were analyzed on a Hewlett~Packard 59858 GC/MS system. 
A 30 m x 0.25 nm DB~S fused s111ca collmn with he11Lm es the carrier gas, 
was temperature programmed (spl itless injection at 60 C, isothermal for 
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2 min., 300 C/min to 2100 C, 2o C/min to 2800 C, isothermal for 10 min) 
to separate the diox1ns and furans. The mass spP.ctrometer was operated 
in the electron capture, negative ionization mode with methane as the 
reagent gas. The iof'l source pressure was 0. 4 torr, and the ion source 
temperature was 150° C. To enhance sensitivity, selected ion mof'litoring 
was used. Two ions from the most intense isotopic cluster of each 
homo1 og group were monitored for each of the dioxins and furans. If 
these ions were not present in the proper ratio, as predicted by the 
isotopic abundances, it was assumed that the peak was that of an inter
ferent and was not quantified. 

Samples were quantified by using response factors for each homolog 
class as compared to the labeled standards (one isomer per homolog 
cl ass). Concentrations were then determined by ratioing the peak areas, 
multiplying by the amount of the internal standard added, dividing by the 
samp1 e weight, and §Orrecting for the response factor. Concentrations 
are reported as fg/m of each homolog class. It should be noted that the 
method might be significant'y underestimating the concentration of 
2,3,7,8-tetrach1orodioxin because this particular homolog does not 
respond well in the negative ion mode. 

Results 

Since the PUF plugs act as frontal chromatography columns, it is 
important that the air sample volume be below the chr001atographic break
through vo~ume. AHhough the breakthrough volume for these analytes and 
plugs was not r igoro us1 y measured, two experiments were per fanned to 
assure ourselves that the breakthrough volume was not exceeded. In the 
first experiment. a PUF plug was split in two halves (orthogona1 to the 
flaw) which were analyzed separately. No dioxins or furans were found on 
the back half of the p!ug. Jn the secord experiment, two samples were 
obtained simultaneously at different flow rates; thus, different volunes 
of air were sampled. If the breakthrough volume was exceede:l the higher 
vo11Jlle sampl e should have 1ower cone en trat ions. This was not the case, 
indicating that the sample voll.Jlle was less than the breakthrough vol1.111e. 

The average concentrations of PCDD and PCOF 1n a 40 measurement data 
set are shown in Figure 1. It should be noted that the Yapor phase shows 
increased concentrations of the less chlorinated homologs as ccrnpared to 
the particulate bound phase. This is expected because these hanologs are 
mo~e vol.atii le. tAltsoh tnote tha t thethparticulate bound homo1Cl0 

2
pra.fi1e is1quite s1m 1ar o a seen 1n o er env 1rormental sirlks. r* t z This 

suggests that thh phase is 1mportant in the transport of these compounds 
fran their sources to their sinks. 

For any given homolog, the ratio of the vapor phase to the part1cu~ 
1ate bound phase is dependent on tenperature. This can best be seen in 
Figure 2 which is a plot of the log of this ratio 11s. inverse temperature 
for the hexachlorod1oxins and furans. As the tanperature rises, the 
vapor phase becanes more prevalent. 

Cone l us 1ons 

We have measured PCDO and PCDF in air at femtogram per cubic meter 
le\leh. The methoo we have deve1oped can be used to study these com
pounds as they are transported from source to sink. The data suggest 
that the sorption of PCDD and PCDF to particulate matter plays an 
important role 1n the transport of these compounds to environmental 
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sinks. This sorption is temperature dependent as shown by the inverse 
relationship between the vapor/particulate ratio and temperature. 
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AVERAGE VAPOR 

360 f g/m3 

AVERAGE PARTICULATE 

3760 f g/m 

Figure 1. Average concentrations (in fg/m3) of PCOO and PCOF in air in 
Bloanington, Indiana. To~, the vapor phase~ bottom, the particulate
bound phase. Total concen rations of each hanolog class of the tetra-, 
pen tl'I-, hex a-. he pta- and oc tac h 1 orod ibenzo fur ans (TC OF, P5C OF, H6COF, 
H7CDF, and OCDF, respectively) and tetra-. penta-, hexa-, hepta-, and 
octachl orod ibenzo-..e.-diox ins (TCOD, P5CDO, H6COO, H7COD, and OCOD, respec
tively) are shown. The concentration of the most abundant hcmo1og class 
in each group 1 s shown. 
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Figure 2. Log ( vapor/particu1 ate) plotted ll· inverse temperature for 
hexachlorodibenzo-£-diox1ns and hexacn1orod1benzofurans. The correlation 
coefficients (r) are shown. 
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Henry's law constant is an important physicoche•ical property to con
sider in predicting the environmental fate of toxic organic compounds. Many 
environMental fate assessment models depend heavily upon Henry's law con
stants as •easures of air/water equilibriu• partitioning behavior. In addi
tion, Henry's law constant is an important parameter in the design of han
dling and treatment processes for toxic organic contaminated water. In this 
work, Henry's law constants were measured for methylene chloride, chloro
for•. and l,2-dlchloroethane using two different techniques. The first 
technique used was a static headspace measurement technique known as Equi
librium Partitioning in Closed Systems (EPICS) In which equal masses of 
organic co•pound were loaded into different liquid volume systems and al 
lowed to equilibrate overnight. The organic concentration In the headapace 
of each bottle was then measured by gas chromatography with flame ionizatjon 
detection. Measurements were performed at five different temperatures rang
ing from 10-30°C. In addition, measurements were performed using EPICS for 
solutions of 0.5 Msodium chloride in water containing low concentrations of 
volatile organic compound. The second technique used was batch air strjp
ping in which an organic compound in water solution was purged with air 
while monitoring the organic in air effluent · concentration by GC-FlD. 
Henry's law constant was determined from a linear regression of the loga
rithm of concentration versus time. Measurements using this technique were 
performed at selected temperatures for co•parison with the EPICS results. 
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Introduction 

In addition to the well established problem of groundwater contamina
tion from toxic organic compounds, air emissions of volatile organic com
pounds (VOC) from hazardous waste treatment, storage, and disposal facili 
ties has become a major environmental concern. In the case of surface im
pound•ents, the VOts are usually present in water at relatively low concen
trations and thus Henry's law for ideal dilute solutions can be applied for 
vapor-liquid equilibrium calculations. 

A technique frequently used to esti~ate Henry's law constant of a voe 
tn water ls to calculate the ratio of the pure compound's vapor pressure to 
its aqueous solubility limit, as expressed in Equation 1. 

Psat 
He"' -  ( 1 ) 

Xs 
Where: pSat = vapor pressure Of the pure VOe, atm 

Ks ~ ultimate solubility of the voe in water, mole fraction 

This assumes that an incremental amount of VOC added to a saturated aque
ous solution will form a second pure organic phase that has an equilibrium 
par ti al pressure above it equal to the pure co11ponent vapor pressure. To 
use this estimation technique. 1t also must be assumed that the Henry's 
law relationship is valid up to the ultl•ate solubility limit. And obvi
ously, this technique wtll only provide an accurate determination of 
Henry's law constant when reliable vapor pressure and aqueous solubillty 
data are available. 

The objectives of this work were: (1) to explore some simple experl
mental techniques for directly measuring Henry's law constant for dilute 
solutions of voe in water as an alternative to the potentially unreliable 
estimation technique, (2) to test the effects or solution ionic strength 
on the Henry's lBw constant of three VOCs, and (3) to compare experimen
tally determined values of Henry's law constant for chloroform, 1,2-di
chloroethane, and methylene chloride with those calculated from the esti 
mation technique described earlier. 

Experimental Methods 

The first technique used for directly measuring Henry's law conshnt 
ls known as Equilibrium Partitionin1 in Closed SysteMa, or EPICS, which 
was originally proposed by Gossett and Lincoff in 1984. EPICS is based on 
a closed system mass balance for a given voe diatrlbuted between liquid 
and 1as phases. The· component mass balance takes the form shown in Equa
t Jon 2. 

~2) 

where: M • total orianic mass in system 
Ct • lJguid··ph!!lile organic concent.ratfon 
Ca • ~s-phase or1anic concentration 
Vt • total liquid volume 
VG • total •as VOIUH 

lf the same MftAB of organic co•pound is introduced 1nto two closed 
containers containing d1frerent v-0lu~es or pure water. a aass balance 
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expression can be written for each system. Equating these expressions and 
introducing Henry's law to substitute for the l.lquid phase VOC concentra
tions gives an equation relating Henry's law constant to headspace concen
tratjons and known volumes. (Equation 3) 

(3) 

where: He dimensionless Henry's law constant 

Absolute concentrations need not be measured because any proportional 
measure of concentration, such as GC peak areas, will yield the required 
headspace ratio for Equation 3. 

Prior to performing EPTCS measurements, a saturated stock solution 
for each compound was prepared by adding an amount of organic solute in 
excess of the solubility limjt to pure water in one liter amber glass 
bottles. Stock solutions were allowed to equilibrate for several days 
before using. 

In preparing samples, two pairs of 250 ml amber glass bottles were 
filled with 20 ml and 200 ml of pure water, respectively. The same volume 
of saturated stock solution was then added to each bottle and the bottles 
were sealed with a Teflon lined silicon rubber septum cap. The stock 
solution volume added was dependent upon compound solubility and was cho
sen to produce an initial liquid phase concentration of 10 milligrams per 
liter. This was to ensure that the measurements were made in the concen
tration range where Henry's law is obeyed. The loaded bottles were shaken 
vigorously by hand and placed in a constant temperature water bath for a 
minimum of 16 hours before analysis. 

After equilibration, headspace samples were withdrawn from the bot
tles with a 1.0 cm3 gas-tight syringe and injected into a Varian 3700 gas 
chromatograph equipped with a flame ionization detector. The GC column 
consisted of a 14 in. long X 1/8 in. OD stainless steel tube packed with 
60/80 mesh Porasil B. Peak areas were measured by electronic integrator 
and the results were transmitted to a personal computer data file. A mean 
Henry's law constant and relative standard deviation were determined from 
the four measurements by intercomparing the two sets of high volume/low 
volume results. Measurements were performed for each compound at five 
different temperatures beginning at 10°c and ranging to 30°C in s•c incre
ments. 

Additional measurements were performed using EPICS with substitution 
of 0.5 M sodium chloride for pure water as diluent. Measurements were 
performed for all three compounds at temperatures ranging from 10-30°C. 

A second technique investigated for measuring Henry's law constant is 
known as batch air stripping. The system we used ta shown schematically 
in Figure 1 and consisted of a water-jacketed glass column with a elass 
fritted disc press-fit into the column inlet. Air was supplied to the 
column from a tank of high purity compressed air. Purge air was passed 
through a water-filled impinger prior to entering the column to prevent 
water evaporation from the column. A constant flow of temperature con
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trolled water was maintained through the column jacket to ensure isother
mal operation. 

Before beginning a run, the column was loaded with a known volume of 
pure water. After temperature equilibration, a quantity of saturated 
stock solution was pipetted into the column and gas flow was initiated at 
a preset rate. The column exit gas was pumped through a 0.5 c•3 stainless 
steel sample loop attached to a six-port rotary valve. The valve was 
actuated periodically to inject samples into a GC with a flame ionization 
detector. Sample peak elution tiMe was typically 30-45 sec which allowed 
real-time analysis of column effluent gas instead of collecting liquid 
aliquots for later headspace analysis. 

Henry's law constant was calculated by correlating concentration data 
against a solute mass balance equation for the coluMn. The differential 
form of the mass balance is shown in Equation 4. 

d 
V0 G - V(t)G ; ~ (C(t)V) (4) 

where: ~ organic concentration .at gasV0 
inlet, mol/m3 

Y{t) time-variable outlet gas 
concentration, mol/m3 
volumetric gas flow rate, 
m3/min 

C(t) = time-variable liquid concentration, 
mol/m3 

v ~ total liquid volume, m3 

By substituting Henry's law relationship into Equation 4 and integrating, 
the expression shown in Equation 5 results. 

Ln C(t) • Ln C + t (5)0 

where: t • elapsed time, •inutes 

According to this equation, a Jogarith•ic plot of liquid or fas-phase 
concentration as a function or elapsed ti•e will yield a atrai1ht line 
with a slope directly related to Henry's law constant. It is not neces
sary to know the initial batch concentration, C0 , or absolute concentra
tions in the gas phase since only the y-!ntercept will be influenced by 
these factors. Therefore. any proportional measure of eas phase concen
tration such as GC peak area can be inserted tor C(t). There are two 
primary assumptions in using the batch air stripping technique for mea
suring Henry's law constant: (1) the gas exiting the coluan aust reach 
full concentration equilibrium with the organic laden liquid and (2) there 
must be complete mixin1 ot the liquid within the colu•n. These two re
quire•ents can create problems in colu•n design since the first require
ment of equ111br1u• is best achieved in tall coluans whereas coaplete 
mixing is most easily achieved in shorter coluans. 
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Results 

Su•marized in Table I are the Henry's law constants measured for 
methylene chloride, 1,2-dichloroethane, and chloroform using the EPICS 
technique. Go~d precision was achieved with the relative standard devia
tion less than 8 percent at all temperatures. As expected, the measured 
constants increased with the increasing temperature as solubility de
creases and vapor pressure increases. The constants are reported in units 
resulting from expressing the gas phase concentration as a partial pres
sure in atmospheres and the liquid phase concentration in moles per cubic 
meter. 

Shown in Table II are selected results from EPICS measurements per
formed with substitution of 0.5 M sodium chloride for pure water. The 
control results are those which were determined earlier for pure water 
diluent tests. The constants measured for 0.5 M NaCl systems were consis
tently higher than the results for pure water systems, indicative of the 
"salting out" effect that ionic species have on VOCs. The difference 
between the constants for pure water and salt water was statistically 
significant in all cases except methylene chloride at 2o•c and chloroform 
at 30°C. 

The 0.5 M salt concentration used is approximately that of seawater 
and thus can be considered a worst case situation for natural waters when 
assessing the influence of salt concentration on vapor-liquid equilibrium. 

Table III shows results from measurements performed by batch air 
stripping for methylene chloride and chloroform at two different liquid 
depths compared with values for the same compounds at 2s•c determined by 
EPICS and estimated from literature values of vapor pressure and solubil 
ity. The slight ·increase in measured constants by batch air stripping in 
increasing the liquid depth from 44 cm to 56 cm provides some evidence 
that full equilibrium was not achieved for either compound with this col
u•n design. It is not known whether these differences are statistically 
significant given the li•ited number of tests performed. 

Literature estimates of Henry's law constant for both compounds are 
in relatively good agreement with measured values, suggesting that Henry's 
law is obeyed up to the solubility limit and literature values for both 
aqueous solubility and pure compound vapor pressure are accurate. 

Conclusions 

Both EPICS and batch air stripping are suitable techniques for direct 
measurement of Henry's law constant for hydrophobic organic compounds. 
Some advantages of EPICS are: (1) the mass transfer limitation of the 
batch air stripping technique is avoided since the equilibration of voe 
between vapor and liquid phases can take place over several hours, and (2) 
the method is relatively simple-requiring only septum bottles, routine 
laboratory glassware, a constant temperature bath, and a gas chromatograph 
with flame ionization detector. Some limitations of EPICS are: (1) it is 
fairly ti•e consuming since most compounds require at least overnight 
equilibration befo~e measurements can be perforaed, (2) there is the po
tential for adsorption of voe to the bottle or septum surfaces resulting 
in loss of aass and biasing of headspace concentrations, and (3) a li•ited 
ranee of sensitivity since at Henry's law constants greater than about 2.0 
(di•ensionless units), the headapace concentration ratio beco•e• nearly 

326 




constant. However. most VOC's of environmental interest have dimension
less constants of less than 1.0. 

A definite increase was observed in Henry's law constants of the 
three compounds in systems containing 0.5 M NaCl, indicating a salting-out 
effect, and suggesting that ionic strength should be considered in deter
mining vapor-liquid equilibrium behavior of voes. 

Table I. EPICS Teat Reaulta 

H , atm-m3/mol {RSD) 

Temp., VC Methylene chloride 1,2-Dlchloroethane Chloroform 
10 1.40 x 10-3(7.0) 7.05 x 10-4(4.4) 1.72 x 10-3(4.1) 
15 1.69 x 10-3(1.5) 8.79 x 10-4(4.1) 2.33 x 10-3(2.5) 
20 2.44 x 10-3(4.8) 1.21 x 10-3(7.8) 3.32 x 10-3(2.4) 
25 2.96 x 10-3(2.6) 1.46 x 10-3(1.6) 4.21 x 10-3(5.2) 
30 3.61 x 10-3(1.7) 1.75 x 10-3(6.9) 5.54 x 10-3(7.2) 

Table II. Ionic Streneth Teat Reaulta 

He (dimensionless) 
Compound Control 0.5M NaCl Temp. ,vc 
Methylene chloride 0.0600 0.0792 10 

0.1015 0.1080 20 
0.1452 0.1566 30 

0.0303 0.0432 
0.0504 0.0605 
0.0705 0.0832 

Chloroform 	 0.0742 0.0889 10 
0.1380 0.1470 20 
0.2228 0.2348 30 

Table III. Batch Air 	Strippine Reaulta 

ijenry'a law Constant, 	atm-1113/mol 
Methylene Chloride Chloroform 

Batch air stripping (44 cm depth) 2.64 x 10-3 4.43 x 10-3 
Batch alr stripping (56 cm depth) 2.71 x 10-3 4.62 x 10-3 

EPICS 2.96 x 10-3 4.21 x 10-3 
Lit. estimate 2.52 x 10-S 3.82 x 10-3 
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PiiUre 1. Batch air atrlppine colu•n. 
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Abstract 

Theoretical and experimental parameters related to the ambient 
stabilities of nitrated polycyclic aromatic hydrocarbons are 
presented. The calculational method is MNDO, a semiempirical 
technique development by Dewar and co-workers. Properties of 
interest include gas-phase enthalpies of formation, first and 
second ionization potentials (and their difference) and 
electron affinities as well as comparisons with PAH. It is 
apparent that ionization potentials are affected by the number 
of nitre groups rather than by position of substitution. There 
also appears to be a "saturation" effect on larger or more 
substituted molecules. The IPl - IP2 difference for the 
nitro-PAH barely changes relative to the difference for the 
corresponding PAA possibly indicating no dramatic effects for 
reaction with singlet oxygen and possibly ozone. 
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EXPERIMENTAL AND CALCULATIONAL REACTIVITY PARAMETERS OF 
POTENTIAL ENVIRONMENTAL SIGNIFICANCE FOR NITRO-PAH 

Introduction 

During recent years there has been increased awareness 
of the potential health hazards associated with airborne nitre 
derivatives of polycyclic aromatic hydrocarbons(nitro-PAH).(l) 
Presently, interest has focused on more polar mutagenic 
compounds, many of which are apparently nitrated.(2) A 
specific group of compounds, hydroxynitropyrenes or nitropyr
enols, have been identified in air samples and seem to be 
associated with significant biological activity.(3-5} In 
trying to understand how polar nitre compounds are formed, one 
can consider the reactivity of the PAH themselves. Thus, the 
formation of 2-nitrcpyrene is thought to proceed via initial 
attack of OH on pyrene in the presence of oxides of nitrogen 
as shown in Scheme 1.(6) 2-Nitroflucranthene can be produced 
sirnilarly.(6) It is also possible that 2-nitrofluoranthene may 
be produced during gas-phase reactions of fluoranthene with 
dinitrogen pentoxide (pyrene does not yield 2-nitropyrene 
under these conditions).(6) 

OH 

SCHEME 1 

OH' 
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The possibility that a compound such as 2-nitropyren-1
ol may be formed under these conditions does not appear to 
have been considered explicitly. In this case it is clear that 
hypothetical formation of this compound would depend on PAH, 
not nitro-PAH, reactivity. Photochemical reaction of 
1-nitropyrene (Scheme 2) in solution yields the indirect 
mutagen l-nitro-2-pyrenol.(7,8) However, this compound does 
not appear to be present in ambient airborne particulates 
although measurable amounts are observed in particulate matter 
associated with diesel emissions.(9,10) 

SCHEME 2 

Air, UV 
) 

It is not clear whether nitropyrenols observed in air and 
associated with aerosol aging a re formed f.rom the nit ropyrenes 
or from pyrenols, nor is it clear that the other classes of 
more polar derivatives of nitro-PAH presumed to be present are 
formed from the nitro-PAH themselves. Nevertheless, it seems 
useful to summarize what is known experimentally about 
parameters related to nitro-PAH reactivity and add to the data 
set with calculation. There has been little uniform reported 
data on nitro-PAH decomposition. Table l reports selected 
examples of published data. 

Presentation of Results 

In Table 2 we present experimental and calculational 
data on nitro-PAH and related PAH. The calculational technique 
is MNDO developed by Dewar and co-investigators.(11) 
Calculations were performed at the Indiana University CDC 
Cyber 170/855 and some of these (PAH) have been reported
elsewhere.(12) The experimental ionization potentials ( IP, 
adiabatic ) and electron affinities (EA) are from a compendium 
(13). It is clear from Table 2 that for the PAH, the 
calculated IPs are higher than the experimental values. Part 
of this is because the calculated values will correspond to 
vertical IPs if one assumes the validity of Koopmans theorem. 
Only four values for nitro-PAH (considering benzene a "PAH") 
are known experimentally and the values are also 0.6 - 0.9 eV 
too low but the trends are reasonable. Figure 1 illustrates 
that there is something of a "saturation effect" on placing 
nitre groups on PAH of increasing size. Thus, the difference 
in first IP between the nitro-PAH and the corresponding PAH 
appears to decrease as the P~H gets larger. In Table 3 are 
listed experimental lPs and EAs for a variety of substituted 
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nitrobenzenes. Although the other monosubstituted benzenes are 
not presented, again there is a "saturation effect" in that 
the difference in IP between benzene and nitrobenzene is 
greater than that between toluene and nitrotoluene. It is also 
clear that positional substitution of the nitre group has very 
little effect on ionization potentials. The largest effects 
are produced as one increases the degree of nitration. The 
nitroaniline IPs are qualtatively different from the rest of 
the set in that ionization is largely from the amino lone 
pair. It is still surprising that direct conjugation of the 
pi-donor amino with the pi-acceptor nitre has such a small 
effect. Generally, these results agree with the virtual 
equality of the IPs of 1-nitro and 2-nitronaphthalene. It is 
also clear from Table 3 that there are considerably large 
positive electron affinities for nitrated aromatics (they are 
strong charge-transfer acceptors) while, in contrast, benzene 
radical anion is unbound. In Table 4 we list the first and 
second IPs for some PAH and their nitro derivatives. It has 
been noted that PAH most reactive to Diels-Alder reactions, a 
model for reaction of some PAH with singlet oxygen or ozone, 
are the ones having the greatest difference between !Pl and 
IP2 even if the IPs are relatively high.( 14) It is clear from 
Table 4 that nitro groups do not dramatically effect this 
difference (although one should keep in mind that these 
substituents are not coplanar with the ring). It is possible 
that 7-nitrobenz(a)anthracene may be less reactive toward 
singlet oxygen than the parent hydrocarbon. 

In Figure 2 we hav~ plotted charges and other data for 
the nitro-PAH investigated. There is evidence that, for 
alternant PAH at least, greater reactivity is associated with 
high relative positive charge.(12) If this follows for 
nitro-PAH, then 2-nitroanthracene, for example, should be more 
reactive than the other two isomers. It would also appear that 
2-nitropyrene should be more reactive than the 1-nitro isomer. 
The nitro-olef inic nature of 1-nitroacenaphthylene is clear 
from this figure and some of this is present in 9-nitrophenan
thre ne. 
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Table 1. Examples of reactivity studies on Nitro-PAH 

COMPOUND CONDITIONS 	 PRODS 

9-Nitroanthracenea 	 part. carbon (dark) 
silica (dark) 
o

3
, N0 anthraquinone

2 

1-Nitropyreneb 	 UV/DMSO soln 1.2 d phenols, quinones 
UV/silica 6 d " u 

II II3-NitrofluoranthenebUV/DMSO soln 12.5 d 
II IIUV/silica :>20 d 

1,8-Dinitropyreneb 	 UV/DMSO soln 0.7 d II " * 
II IIUV/silica 5.7 d 	 * 

*plus significant l-nitropyren-8-ol 

a. 	D.A. Saucy, R.M. Kamens, R.W. Linton, Polycyclic Aromatic 
Hydrocarbons, Ninth International Symposium, M. Cooke and 
A.J. Dennis (eds), Battelle Press, Columbus, 1986, pp. 811-825. 

b. 	P.C. Howard, M.C. Biaglow, M.P. Holloway, E.C. McCoy, M. 
Anders, H.S. Rosenkranz, Presentation at Tenth International 
Symposium on Polycyclic Aromatic Hydrocarbons, Columbus, Ohio, 
October 21-23, 1985. 
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for PAH and 

MNOO 
EA 
0 • 8 0 ( 0 • 9 7 )8 

1. 59 
1.47 
1. 49 
1.24 
1. 82 
1. 67 
1. 60 
1.66 
1. 57 
1. 4 7 
1. 55 
1. 58 
1.81 
1. 52 
I. 73 

Table 2. Comparison of experimental IP and EA data 
nitro-PAH (eV) with corresponding MNDO values 

MNDO 
IP(expt) IPl IP2 Diff 

Ni trobe nzene (1.) 9.86 
1-Nitronaphthalene (~) 8.60 
2-Nitronaphthalene (3) 
9-Nitroanthracene (~) 
1-Nitroanthracene <i> 

8.65 
7.87 

2-Nitroanthracene (g) 
9-Nitrophenanthrene CZ)
1-Nitroacenaphthylene (~) 
3-Nitroacenaphthylene (~) 
4-Nitroacenaphthylene (l,S)) 
5-Nitroacenaphthylene (lj.) 
1-Nitropyrene (12) 
2-Nitropyrene (~) 
2-Nitrofluoranthene (:tj) 
~-Nitrofluoranthene (lJ) 
5-Nitrotetracene (16) 
7-Nitrobenz(a)anthracene (17) 
6-Nitrobenzo(a)pyrene <lJ>~ 

Benzene 
Naphthalene 
Anthracene 
Phenanthrene 
Ace naphthyle ne 
Pyrene 
Fluoranthene 
Tetracene 
Benz(a)anthracene 
Benzo(a)pyrene 

a, Experimental value 

9.25 
8.15 
7. 41 
7.86 
R.22 
7.41 
7.95 
6.97 
7. 41 
7.12 

10.31 10.46 0.15 
9.30 9.81 0.51 
9.30 9.91 0.61 
0.12 9.57 0.85 
8.60 9.51 0.91 
8.62 9.59 0.97 
9.16 9.24 o.oe 
9.41 9.58 0. 17 
9.40 9.54 0.14 
9.35 9.54 0.19 
9.'37 9. 58 0.21 
8.62 9.35 0.73 
8.58 9.40 0.82 
9.03 9.21 0.18 
9.00 9.25 0.25 
8.27 9.39 1.12 
8.73 9.11 0.38 
8.45 9.11 0.66 

9.39 9.39 o.oo 
8.58 9.11 0.53 
a.05 8.97 0.92 
8.48 8.70 0.22 
8.53 
8.03 8.77 0.74 
a. 41 8.72 0.25 
1.12 8.89 1.17 
a.11 8,62 0.51 
7,93 8.65 0.82 
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Table 3. Experimental IP and EA Affinities of selected 
nitroaromatics. 

Benzene 
Nitrobenzene 
1,2-Dinitrobenzene 
1,3-Dinitrohenzene 
1, 4-Di ni trobe nzene 
1,3,5-Trinitrobenzene 
2-Ni t roa ni 1i ne 
3-Ni troanil ine 
4-Nitroaniline 
3-Nitrobenzonitrile 
4-Nitrobenzonitrile 
2-Ni t rotolue ne 
3-Ni trotol ue ne 
4-Ni t rotolue ne 
2-Ni tro-o-xylene 
4-Nitro-m-xylene 
2-Nitroethylbenzene 
3-Nitroethylbenzene 
4-Nitroethylbenzene 
1,3,5-Trinitrotoluene 
Toluene 
Ethylbenzene 

IP(eV) 
9.25 
9.86 

~10.71 
10. 3 
10. 43 
10.96 
8.27 
B.31 
8.34 

10. 29 
10.23 
9.45 
9.48 
9.40 
9.17 
9. 10 
9.39 
9.64 
9.71 
S.8 
8.82 
8.77 

EA (kcal) 

22.3 

36.2 
43.6 
60.6 

20. 6 
21. 3 
20.9 

Table 4. Relationships of IP~ and IP~ and their differences for 
PAH and nitro-PAH. (MNDO val es in V). 

PAH NITRO-PAH !Pl IP DIFF
2 

Benzene 9.39 9.39 o.oo 
Nitrobenzene 10.31 10.46 0.15 

Phenanthrene 8.48 8.70 0.22 
9-Nitrophenanthrene 9.16 9.24 0.08 

Naphthalene 8.58 9 .11 0.43 
1-Nitronavhthalene 9.30 9.81 0.51 
2-Nitronaphthalene 9.30 9.91 0.61 

Benz(a)anthracene 8.ll 8.62 0.51 
7-Nitrobenz(a)anthracene 8.73 9.11 0.38 

Anthracene 8.05 8.97 0.92 
l-Nitroanthracene 8.60 9.51 0.91 
2-Nitroanthracene 8.62 9.58 0.96 
9-Nitroanthracene 8. 72 9.57 a.as 

Tetracene 7. 72 8.89 1.17 
5-Nitrotetracene 8.27 9.39 l.12 
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Figure 2. 
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Figure 2 cont'd 

+.0)0 

16 
•"'V 

Jd~f"' 72.7 kcal ARf = 100.1 kcal 

HOMO -9.2 eV LUMG -1.24 HOMO -8.3 eV LUMO -l.81 
HOMOZ -9.2 HOMOZ -9. 4 

tlHf .. 94.4 4Hf • Hll.9 

HOMO -8.7 eV LUMO -1.52 HOMO -8.4 eV LUHO -1.73 
HOM02 -9.l HOMC2 -9.l 

339 




Figure 2 cont'd 
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Introduction 

In order to assess the potential chemical and biological threat of 
the PAC to the environment, to follow their migration through the 
biosphere, to perform effective analytical determinations and to 
characterize their behaviour in natural and synthetic fuels, it is 
necessary that the chemical, physical, thermodynamic, spectral and 
biological properties of the PAC be available and readily accessible. 
Unfortunately, there is a great paucity of such information in the 
literature and, that which does exist, is often widely scattered through 
journals, textbooks and government reports (many of which are difficult, 
if not impossible, to obtain). In some instances, data from one report 
has been incorrectly quoted (through mistranslation from one set of units 
to another) in another publication. 

It was for the above reasons that work was started to create a 
comprehensive PAC database. 

Hardware and Software 

The PAC database, to be most useful and most accessible, was created 
on an IBM XT personal computer using the SCIMATE (1) data management 
software. 

Before data can be stored in a record, a template must first be 
created to overlay the data which will be input to the records. Each 
template may contain from one to twenty fields of data within the record. 
After the fields have been defined, there is no limit to the number of 
characters per field other than the total record limit of 1894 
characters. If it is anticipated that a record will contain more than 
1894 characters, two records may be linked together before data is 
entered. Linking of records cannot occur after the first edit. 

Data in the database may be searched in several ways. Searches may 
be conducted on a key word or phrase and the Boolean operators AND, OR and 
ANDNOT may be used to facilitate the search procedure. In addition, field 
directed searches enable one to search for data in one specific field 
only. While the SCIMATE system has some limitations, it has proven to be 
quite satisfactory for the purpose at hand. Searched data may be 
manipulated directly or transferred to a work file for further 
processing. Columnar reports may be generated from the entire user file 
or from records retrieved from a search. 

The Database 

The PAC database currently contains (on 7 floppy disks) over 800 
Kbytes of information on 729 PAC taken from over 440 references. A 
compilation of data for the aza-arenes has been started but that data is 
not covered in this discussion. The fifty-two properties included in the 
database are listed in Table I. 

It would appear, at first glance, that there is a great quantity of 
data about the PAC. However, upon closer examination, one finds that 
there is considerable data for a few properties for a very few PAC. This 
is well demonstrated in Table II which shows, for 23 of the properties, 
the number of compounds in each PAC class for which any data, at all, has 
been found. In the final colwnn, the total number of compounds for which 
data has been found for a specific property is listed. For example, of 
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729 compounds in the database, melting point data has been found for only 
548 (or 75%) of the compounds. Vapour pressures have been found for only 
16 (2.2 t) compounds and aqueous solubility data fur 47 (6.4 %) 
compounds, What is most revealing is the number of zeros appearing in the 
table. There is an obvious need for more data in many areas. 

A closer inspection of the data for a particular property for a 
specific compound reveals some potential problems. For example, consider 
the vapour pressure data, shown in Table III, for anthracene. The 
reported values range from 2.71 E-04 KPa to 4.02 E-07 KPa. Over three 
orders of magnitude separate these 20 values. Which one, if any, is 
correct? Further inspection of the vapour pressure data for other PAC 
shows that the data reported depends upon the measurement technique used. 
Solid phase measurements give results one or two orders of magnitude lower 
than those made from sub-cooled liquid phase measurements. HPLC 
measurements usually agree quite well with the solid phase measurements 
while values obtained from the Antoine calculation are usually higher than 
those obtained from solid phase measurements. All of this can lead to 
confusion if only one or two values are available. Indeed, the more data 
that is available, the more difficult it is to decide which value to use. 

Occasionally errors do occur in the journals. The vapour pressure 
for Benz(a)anthracene cited in atmospheres (20) was incorrectly translated 
to KPa and reported as 6.67 E-13 KPa (2). Six other literature values 
averaging 1,99 (± 0.8) E-08 KPa show this result to be erroneous, It 
is, therefore beneficial to have several measured values from which to 
chose a preferred value. 

Conclusions 

A computer database for the PAC has been initiated. It has 
demonstrated the great lack of chemical, physical and thermodynamic data 
available for the PAC, It has revealed a great variation in data for 
particular properties of some compounds and has detected some outliers 
which turned out to be errors of translation from one set of units to 
another. 

It is the hope of the authors that this compilation will be useful to 
those who require such data and to those who wish to perform experiments 
to fill in some of the many gaps in the database. 
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TABLE I 


List of properties covered in the PAC database. 

1. 	 Appearance 
2. 	 Aqueous Solubility 
3. 	 Boiling Point 
4. 	 Carcinogenic Potential 
5. 	 Chemical Abstracts Number 
6. 	 Chemical Formula 
7. 	 Critical Density 
8. 	 Critical Pressure 
9. 	 Critical Temperature 
10. 	 Critical Volume 
11. 	 Density 
12. 	 Dielectric Constant 
13. 	 Dipole Moment 
14. 	 Electron Affinity 
15. 	 Enthalpy of Combustion 
16. 	 Enthalpy of Formation 
17. 	 Enthalpy of Fusion 
18. 	 Enthalpy of Ionization 
19. 	 Enthalpy of Proton transfer 
20. 	 Enthalpy of Solubilization 
21. 	 Enthalpy of Sublimation 
22. 	 Enthalpy of Vaporization 
23. 	 Entropy at 298 K 
24. 	 Entropy of Solubilization 
25. 	 Equilibrium Vapour 

Concentration 
26. 	 Fluorescence Spectra 

27. Free Energy of Proton Transfer 
28. 	 Free Energy of Solubilization 
29. 	 Heat Capacity 
30. 	 Heat Capacity of Solubilization 
31. 	 Henry's Law Constant 
32. 	 Hydrogen Affinity 
33. 	 HMO Delocalization Energy 
34. 	 Ionization Potential 
35. 	 Melting Point 
36. 	 Molar Refractivity 
37. 	 Molecular Connectivity Index 
38. 	 Molecular Weight 
39. 	 Name 
40. 	 Organic Solubility 
41. 	 Partition Coefficient 
42. 	 Phosphorescence Spectra 
43. 	 Photochemical Half-Life 
44. 	 Proton Affinity 
45. 	 Refractive Index 
46. 	 Saturation Vapour Concentration 
47. 	 Singlet Energy 
48. 	 Synonyms 
49. 	 Thermal Reactivity 
50. 	 UV Maxima 
51. 	 Vapour Pressure 

52. 	 Van der Waals Volume 
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TABLE II 

The Number of compounds within each class for which data has been found 
for selected data fields. 

Parameter Parent Alkyl Amino Keto Nitro Quinone Total 

Compounds per class 109 355 30 62 92 81 729 

Aqueous Solubility 26 21 0 0 0 0 47 
Boiling Point 41 92 7 2 10 5 157 
Carcinogenic Potential 70 154 1 1 4 5 235 
Density 14 26 6 1 1 4 52 
Electron Affinity 16 0 0 0 0 0 16 
Enthalpy of Combustion 14 5 2 0 0 0 21 
Enthalpy of Formation 36 4 2 0 0 0 42 
Enthalpy of Fusion 7 2 1 0 0 0 10 
Enthalpy of Ionization 14 6 0 0 0 0 20 
Enthalpy of Sublimation 25 0 0 0 0 0 25 
Enthalpy of Vaporization 30 60 0 0 0 0 90 
Heat Capacity 5 3 0 0 0 0 8 
Henry's Law Constant 8 2 0 0 0 0 10 
HMO Delocalization Energy 7 2 2 0 1 0 12 
Ionization Potential 59 26 0 0 0 0 85 
Melting Point 75 300 30 5 78 60 548 
Molecular Connectivity Index 30 13 0 0 21 0 64 
Organic Solubility 30 48 23 23 21 7 131 
Partition Coefficient 23 20 2 0 0 0 55 
Proton Affinity 14 4 0 0 0 0 18 
Refractive Index 3 5 0 0 0 0 8 
Van der Waals Volume 9 0 0 0 0 0 9 
Vapour Pressure 14 2 0 0 Q 0 16 
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Table III 

Vapour 	Pressures for Anthracene 

Vapour 	Pressure in KPa Comments 
at 2s·c 

2, 71 E-04 from Antoine Equation 
2.09 E-05 from Antoine equation 
2.31 E-05 from Antoine equation 
2.60 E-05 
2.60 E-05 
1. 04 E-06 
3.17 E-05 from liquid phase 
1.44 E-06 from solid phase 
8.34 E-07 from solid phase 
8.30 E-07 effusion method 
8.60 E-07 effusion method 
2.40 E-06 effusion method 
1.11 E-06 microcalorimeter method 
7.99 E-07 HPLC method 
4.90 E-07 said to be literature average 
4.27 E-07 (solid at 20"C) 
1. 00 E-06 (at 20°C) 
5.01 E-07 (at 20°C) 
3.10 E-06 (at 20°c) 
4.02 E-07 (at 20"C) 

Literature Reference 

Zwolinski (3) 

Mortimer (4) 

Nelson (5) 

NRC (6) 

OME (7) 

Stevens (8) 

Weast (9) 

Macknick (10) 

Bradley ( 11) 

Bradley ( 11) 

Kelly (12) 

Wiedermann (13) 

Malaspina (14) 

Wasik (15) 

AP! (16) 

OME (7) 
Grayson (17) 
Taylor (18) 
Power (19) 
OME (7) 
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Introduction 

Head space analysis as defined as the static sampliQg of the vapor phase 
in thermodynamic equilibrium with the aqueous phasell) is a technique which 
contrasts with isolation methods of trace gas analysis from water such as 
the dynamic organic analy~i$ of gas stripping (purge and trap} procedure 
of Bellar and Lichtenberg(2J. 

It has been shown in a lengthy and systematic study(3) that the partition 
effect may be greatly modified by addition of salts (sodium sulfate), 
temperature, and pH fluctuations. It is therefore possible to choose an 
optimum condition for head space analysis whereby drinking water may be 
profiled. 

The situation exists, however, where potable water contaminated with 
trihalomethanes in quite varying amounts presents an immediate and 
substantial health hazard. It may be necessary to sacrafice rigorous 
quality assurance procedures and the time and effort associated with 
dynamic volatile organic analysis for results of a screening analysis of 
samples as received. With a portable gas chromatograph of suitable 
sensitivity, these testing procedures may be performed in the field with 
a minimum of time to reporting concentrations. 

It was our intention to evaluate such a method of head space analysis of 
organic vapor above drinking water with a minimum of sample preparation. 
These results reported as volume by volume were systematically compared 
with results reported by other laboratory operators using flame ionization 
detection and ion-trap mass spectrometry. Residential well ~ater (ground
water) in many areas of Region III have volatile organic contaminants with 
levels above the drinking water standards and acceptable human health risk 
levels. Once detected, these problems must be addressed in the quickest 
manner possible. Initial sampling is extensive and, to ensure safety of 
the public health, must continue even after temporary solutions are 
implimented (the installation of carbon filtration units). Recause of 
the large amount and the frequency of sampling required, and because of 
the fast turnaround time needed for results, Region III EPA/TAT employed 
a portable GC with a photoionization detector (Photovac, Inc.) for on-site 
volatile organic analysis. 

Field analysis was first used at a Superfund site after receiving
preliminary sampling results sent to a private laboratory. Eleven 
residences at this site were shown to have groundwater contaminated with 
various levels of trichloroethylene (TCE) and 1,1,1-trichloroethane (TCA). 
In this way, the technique of a rapid and sensitive field method could be 
evaluated with attendant precision and accuracy. These water samples were 
being consumed by local residents and immediate screening results were 
needed even on a semi-quantitive basis. 

When trichloroethylene and or 1,1,1-trichloroethane were found in 
appreciable concentration by photo-ionization portable gas chromatography 
in the field, the specific sample was sent to the laboratory for 
confirmation by injecting head space vapqr above the solution into a 
Finnigan Ion-Trap Mass Spectrometer to confirm the screenings analysis, 

Furthermore, the mass-spectrometer was calibrated with a fabricated gas 
mixture of l,1,1-trichloroethane, benzene, and tr1chloroethylene in order 
to report as an external standard auto-quantitative mode concentrations 
in parts-per-billion. Through the use of these techniques, all residential 
well water samples were analyzed within 24 hours of collection. Quick 
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turnaround time was necessary for several reasons. first, initial sampling 
results indicated which residences were affected and required immediate 
attention. Extent of contamination results also gave a rough indication of 
the area of the source of the contamination and the flow direction of the 
contamination plume. Knowing plume direction, one could estimate which 
homes were most likely to become contaminated in the future. These homes 
were sampled periodically to check for the presence of contamination. 

Secoodly, once carbon filtration units were installed in indi~idual homes, 
periodic sampling and analysis was required to ensure that contaminant 
breakthrough had not occurred, Samples collected hefore the filters (to 
monitor changes in groundwater contamination). between the filters. and at 
the residential taps were analyzed within 24 hours of collection. If 
contaminant breakthrough had occurred at the tap, both filters were changed 
immediately. If breakthrough was detecterl between filters but not at the 
tap, the contaminated filter was removed ard replaced by the filter ~earest 
to the tap, and a ne\ol filter was put inline nearest the tap. 

Photo~ac detection limits were found to be si~nificantly below below EPA 
appro~ed methods. In addition. EPA's Central Regional Laboratory (CRL) in 
Annapolis. Mn, also analyzed several samples using EP~ Method 624 as a 
QA/OC measure. 

When samples were collected, each VOA bot~le ~as filled half Full, allowing 
t~e volatile organics to equilibrate in the headspace/air space abo~e the 
sample. Standards of each contaminant were made in a similar fashion. 
Krown concentrations of compounds were injected into k~own voTu~es of 
water and allowed to equilibrate with the headspace. By comparing Photovac 
analytical results with those of EPA Methods 601 and 624~ the Photovac 
headspace method has proven to be a qufck, accurate field ~ethod of 
ana\ysis, 

EXPERIMENTAL METHODS 

Sample Collection and Preservation: 

To rid residential water systems of standing water, each well was purged by 
allowing the cold water to run for 10-20 minutes. After purging, the water 
flow rate was reduced significantly a~d samples were taken. For EPA 601 
analysts, 40ml VOA bottles of the same lot number were comp1etely fi1led 
with cold water and capped, For headspace analysis, a 40 ml VOA bottle 
was half-filled with cold water and capped, A field blank (distilled, 
deionized water} was included with each sampling round. 

After collectfon, samples were labelled (date, location, and sampling}, 
placed in z1ploc ba9gies, and then sealed in tin cans and placed on ice. 
Samples were analyzed by the lab within 3 days of col1ect1~n. and w1th 
in 48 hours by the headspace method. 

Headspace Analysis: 

Instrumentation: 

A Photovac ~odel lOAlO (a portable GC with a PIO detector) with a 
Hewlett Packard 59goA Integrator was employed for headspace analysis. 
A 41 x l/8 11 SE-30 column was used with zero grade air (Linde Specialty 
Gas UN 1022) as the carrier gas. 
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Standards: 

The following Supelco standards were used: 
1) 	 1,1,1-trichloroethane (TCA), 1 ml 

200 ug/ml in methanol 
Lot No LA14565 
Cat No 4-8614 

2) 	 Trichlorethylene {TCE), 1 ml 

0,2 mg/ml in methanol 

Lot No LA13702 

Cat No 4-R606 


Previous sampling results revealed that concentrations of these compounds 
found in residential well water ranged from less than 1 pph to greater
than 7500 ppb, making several concentration ranges of standards necessary. 
Standard concentrations were prepared to encompass less than 1 to 10 pph, 
10-100 ppb, and 100-500 ppb. Any sample that contained greater than 500 
ppb of any of the target compounds was diluted until it fell within the 
standard concentration ranges. 

A known concentration of the Supelco Standard was injected into a known 
volume of water and allowed to equilibrate with the headspace. A minimum 
of three different concentrations (with three injections each) of a 
compound were used to make a standard curve. O.l ul of the ~ ppb standard 
was injected into a 40 ml VOA bottle containing 20 ml of water to yield a 
concentration of 1.0 pph. 

(0.2ug/LxO.lul std)/(20ml water) = O.OOlug/ml = l.Oug/L 

Samples: 

Refore injection, samples were removed from ice and allowed to reach room 
temperature (the same temperature of the standards). No preconcentrat1on 
of samples was necessary, as the headspace technique analyzP.s the headspace 
above the water sample. The headspace concentrations are proportional to 
the contaminant concentration in water. Once samples reached room 
temperature, a known volume of headspace was injected into the column. 
Each sample was analyzed in duplicate to ensure accurate injection 
techniques. If a sample contained contaminant concentrations greater than 
the standard concentration ranges, ft was taken from the full VOA bottle 
and diluted. 

Sample Splits: 

Initially, a duplicate of each sample collected was also sent to a private
lab for analysis {volatile organic analysis hy EPA Method 601). After 
private laboratory results proved comparable to those of the Photovac, 
approximately one out of three samples were sent to a private laboratory 
as a OA/OC measure. 

To positively identify the gas chromatography peaks of the target 
compounds, random samples were injected by the same techniques into a 
F1nn1gan GC/Ion-Trap Mass Spectrometer and programmed to search and 
quantitate f n an automatic mode. The same standard solutions used for 
Phctovac screening were 1ntent1onally used to generate calibration 
statistics for the quantitative analysis. 
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A formal fabricated gas standard from 99% pure neat solutions of 1,1,1
trichloroethane, trichloroethylene anrl henzene prepared in a 1 liter gas 
bottle was suitably diluted and injected into the GC/MS system as a cross
referenced standard to compare the Supelco methanol solution standard 
responses. 

RESllLTS and DISCUSSION: 

Sample concentrations were calculated using peak areas of compounds 
&luting with the same retention time as the standards. Concentrations of 
each multiple injected sample were averaged to yield the final sample 
concentration. These results were then compared with analytical results 
of EPA Methods 601 and 624. Typical headspace analysis calibration curves 
are displayed in Figure 3. A typical chromatorgraph of standard 
injections. accompanied by several chromatographs of headspace injections 
of samples are shown in Figures 1 and 2. 

Over two hundred samples were analyzed using the headspace method: an 
average of 30 samples day. Typical results of the headspace method are 
shown below. 

Tables 1 and 2 display the percent differences between the positive values 
of the Photovac headspace method and private laboratory analysis (EPA 
Method 601) for 1,1,1-trichloroethane (TCA) and trichloroethylene (TCE). 
The mean relative percent difference and the standard deviation for 1,1,1
trichloroethane are 50.1 and 28.2, respectively. Corresponding TCE values 
are 76 and 55.3. 

These results compare favorably with those found in the enclosed 
Performance Evaluation Study and Interlaboratory Method Evaluation Study 
(Method 601) results performed by the EPA Environmental Monitoring and 
Support Laboratory Ouality Assurance Branch in Cincinnati, Ohio. Results 
from their interlaboratory study reveal a standard deviation of 23 and 93 
from the mean (based on 100 ppb and 400 ppb), and 12.4 and 61 for TCE 
(based on 41.6 ppb and 200 ppb). 

The standard deviation of the mean percent differences calculated for the 
affected residences are in good comparison with the standard deviations 
from the mean of the study (refer to Table 3). 

When comparing the variation between Photovac and private laboratory 
results, it should also be noted that different instruments and methods of 
analysis were used. The private laboratory utilized EPA Method 601 which 
involves a purge and trap sample extraction technique followed hy 
temperature-programmed GC analysis. while the Photovac method involves 
headspace analysis and no temperature programming. 
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TABLF. 1. Comparison of Photovac and Private Laboratory Split Sampling 
Data for Trichloroethy1ene (Positive Values). 

Photovac Private Lab Relative % 
(ppb) (ppb) Difference 

137.2 120 	 13.4 
144.5 120 	 18.5 

15.7 6.8 	 7Q .1 
20.3 fi.8 9().fi 

150 q4 45,Q 
194 94 6(),4 
174 100 54.0 
224 100 75.5 
13.2 5.8 	 77 .9 
75.1 	 69 8.5 
2.?. 1.3 51.4 

35.4 29 	 19.9 

Average Relative Percent Difference: 50.1 

Standard neviation + 28.2 

TABLE 2. 	 Comparison of Photovac and Private laboratory Split Sampling 
Data for Trichloroethylene (TCE). 

Photovac Private Lah Relative % 
(£!pb) (ppb) Difference 

0.3 0.5 	 50 
3.6 (). 5 151 
2.?. 0.5 125 
3.8 4.7 	 21.0 
5.0 5.0 	 0 
1.0 9,() 	 160 
9.n 7.0 	 ?.5 

Average 3 	nifference: 76 

Standard Oev1at1on: + 55.3 

TABLE 3. 	 Comparison of Photovac and Private Lab Results With the EPA 
Performance laboratory Study. 

Photovac/Martel 
Comparison 

EPA Standard 
(Standard Concentration Deviation of Concentration 

Compound Deviation) (ug/L) %Off erence Range (ug/L) 

l,l,1-Tr1chloro- ?.3 100 ?fl. 2 0 • 200 
ethane 93 400 

TCE l?.,4 41.fi 55,3 n • 200 
61 ?nn 
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OVERVIEW OF THE EMSL METHODS COMPARISON STUDY 

by 

W. A. Mcclenny

Environmental Monitoring Systems Laboratory, u. s. EPA 


Research Triangle Park, NC 27711 


The question of which of several candidate sampling systems to use for 
multicomponent collection at dry deposition network sites has been addressed 
by a methods comparison study. The study took place over a thirteen-day period 
from 29 September to 12 October 1986, The three leading candidates for 
multicomponent collection, i.e., the Canadian filter pack, the transition flow 
reactor (TFR) and the annular denuder system (ADS), were operated on a daily
and weekly basis. A tunable diode laser (TOL) system was used as the reference 
technique for measurements of nitric acid (HN03) and nitrogen dioxide (N02).
Passive sampling devices were used for daily and weekly measurements of N02 
while the Luminox N02 chemiluminescence monitor was used for real-time monitor
ing. The study site was located at a prototype dry deposition monitoring site at 
the US EPA facility in the Research Triangle Park, North Carolina, U.S.A. 

Introduction 

The EMSL developmental and evaluation effort for dry deposition monitoring 
has recently been focused on the selection of instrumentation for sampling 
selected ambient gases and particles. Multicomponent samplers designed for 
continuous collection of targeted species, such as sulfate-containing particu
late, so2. HN03, etc., are being considered for long-term use in the 100-sta
tion national network to be implemented through an EMSL contractual effort. 
Specifically, the factors influencing selection of sampling units for weekly
and sub-weekly multi-component collection are under study. These factors 
include accuracy, art ifact-free collection, re11 ability and expense. Chief 
among the candidate sampling units are: (a) the filter pack (FP) system (usually 
referred to as the Canadian filter pack because of their extensive usagel); (b) 
the transition flow reactor (TFR)2,3; (c) the annular denuder system (ADS) as 
altered from the earlier Italian version 4 to meet dry deposition monitoring 
constraintsS. These systems plus a tunable diode laser system 6 for providing 
reference measurements of HN03 and N02 during common sampling peri ads, were 
brought together for a fi e1 d monitor1 ng comparison study over a thirteen-day 
period from 29 September to 12 October 1986. Supplemental measurements of N02 
were made with the commercially available Lum1nox* Model LMA3 continuous point 
monitor? and with passive sampling badges coated with triethanolamine,8 These 
systems were assembled at the site of EMSL's dry deposition site in the Research 
Triangle Park. North Carolina. Routine measurements of meteorological parame
ters and ozone were also being recorded at this site. 

Discussion 

The five research groups that were assembled for this study are listed in 
Table I. Each of these is represented in the program for this session for the 
purpose of presenting and discussing the results of their individual experiments 
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and the reference measurements. The last presentation in the session is intended 
to provide a comparison of results across different methods and an identifica
tion of conclusions and of unresolved issues. 

Table 1. Participants and Measurement Methods 

Research Group Measurement Method; Measured Species 

Unisearch Associates, Inc Tunable Diode laser: No 2 and HN03 
Toronto, Canada; G. MacKay 

Atmospheric Environmental Service, Filter Packs with several sampling 
Downsview, Ontario, Canada; · periods: N02, S02, sulfate, nitrate, 
K. G. Anlauf, H. A. Wiebe, ammonium, HN03 
D. c. MacTavish 

Research Triangle Institute; Annular Denuder System (ADS), 
J. E. Sickles, II, L. L. Hodson, Transition Flow Reactor (TFR); 
E. E. Rickman, Jr., M. L. Saeger, ADS: so2. HN03, HONO, NH3, sulfate, 
D. L. Hardison, A. R. Turner, nitrate, ammonium; TFR: 502 1 HN03, 
S. K. Sokol, E. o. Estes N02. NH3, sulfate, nitrate, ammonium 

U.S. EPA and Northrop Services Triethanolamine-coated filter in 
J. D. Mulik (EPA) and D. E. holder (PSD); N02 
Williams (Northrop Services) 

Northrop Services; D. K. Bubacz, Luminox Model LMA3 real·time measure
E. H. Daughtrey, J. D. Pl e11 and ments; NOz 
K. G. Kronmi 11 er 

The original sampling schedule is shown in Table 2. Daily sampling periods 
were chosen as the basis for statistical comparisons among the multicomponent 
samplers. Only two instruments were run on a weekly sampling schedule. These 
were the Ans and the passive sampling badges. The originally planned TFR and 
filter pack weekly samples were to be made by personnel providing the routine 
operation of the dry deposition station. However, these samples were not valid 
because of problems encountered during a change in operational responsibility 
from one group to another. ADS and PSD weekly sample results were compared to 
the sum of the daily values for the seven-day period from 30 September until 7 
October and for the five-day period from 7 October until 13 October. Both 
Luminox and diode laser measurements were averaged on a hourly, daily and also 
weekly basis for appropriate comparisons. Daily runs began at 10:30 a.m. and 
ended at 8:30 a.m. the following day. The two hour interval from 8:30 to 10:30 
was reserved for flow audits, ca11brat1on and data processing. 
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Table 2. SAMPLING SCHEDULE 

September October 

29 30 1 2 3 4 s 6 7 8 9 10 11 

TFR (daily) x x x x x x x x x x x x x 

ADS (daily) x x x x x x x x x x x x x 

Filter Pack (daily) x x x x x x x x x x x x x 

Luminox (continuous) 

Passive Badges (daily) x x x x x x x x x x x x x 

Diode laser (continuous) -------------------------------------------------- 

TFR (weekly) ~-------------------------~-------------------~ 

ADS (weekly) ~-------------------------4·------------------4 

Filter Pack (weekly) ~-------------------------4-------------------~ 

Passive Badges (week1y) ~-------------------------~-------------------~ 

The placement of the Unisearch van (housing the tunable diode laser) and 
the AES van, with respect to the station, is shown in Figure l. Figure 2 shows 
duplicate daily TFR, ADS, and FP samplers, as well as weekly ADS and TFR units, 
on the roof of the station. Triplicate PSDs were located on the roof also, 
while a second set of triplicate PSDs were placed inside the station and exposed 
to ambient air brought into the station through a large diameter manifold. Two 
Luminox N02 monitors an? the TDLAS were located inside the Unisearch van. 
Inlets for these units were positioned adjacent to the station near the TFR and 
ADS inlets. Short-term filter pack sampling units using an automated sequencer 
were located on the room of the AES vans. 

A summary of the results to be compared for each of the methods is given 
in Tah le 3. 
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TABLE 3. SUMMARY OF STUDY RESULTS 


Species ADS TFR FP TD LAS Luminox PSD 

N02 x x x x x 

so~HN 3 
x 
x 

x 
x.xa,xd \x x 

NH3 x x 

Total N03 x x x 

Total NH 4+ x,xc x,xc x 

Total so 24 x x x 

a 	 HN03 computed from TFR results assuming it functions similarly to a FP; 
it considers the sum of No 3- recovered from the nylon strip and filter as 
an upper limit estimate of HN03. 

b 	 HN03 from the FP assumes no particle No 3- volatilization and that the No3
on the nylon filter represents only HN03. 

c 	 Total gaseous and particulate ammonia and ammonium (Total NH3 + NH4+) are 
also considered. 

d 	 HN03 was independently measured by Tom Ellestad of the Atmospheric Sciences 
Research Laboratory (ASRL) of the US EPA using equipment that was nominally
identical to the equipment used by RTI (supplied to RTI by Ellestad). 

Quality control for the study included both flow checks and calibrations 
during the daily break in sampling. Standards for HN03 and N02 were taken from 
calibration systems (permeation tubes) on board the Unisearch van. RTI person
nel coordinated sample exchanges between their laboratory and the AES labora
tory for norma11zat1on of instrument response with respect to analyses of 
extracts from filters and denuders. 

Oi scl aimer 

The research described in this article does not necessarily reflect the 
views of the Agency and no official endorsement should be inferred. Mention of 
trade names or commercial products does not constitute endorsement or recommend
ation for use. 
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Figure 1. I ocation of sampling stations for th study, 
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Figure 2. Annular denuder system, transition flow reactor, and personal sampling 
device placement on dry deposition station. 
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Figure 3 Filter rrnck and ~ransiti9n flow reactor (second daily sample) 
placement on dry depos1t1on station 
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REFEAENCE l'IEA5UREt'IENT5 OF HNCb AND NCb 
BV TUNABLE DIODE LASER ABSORPTION SPECTROSCOPY 

G.I. Mackay and H.I.Schiff 
Unisearch Associates Inc., 
222 Snidercroft Rd., 
Concord, Ontario, L4K 18~ 

Canada 

ABSTRACT 

Measurements of HNO;ii and NOe in ambient air were made using a Tunable 
Diode Laser Absorption Spectrometer <TDLASJ. This system was used as a 
reference technique for the two gases because of the unequivocal identifica 
tion and sensitivity achievable with the TDLAS techn1que. The two gases were 
measured simultaneously under 3utomatic computer control with detection 
limits better than 100 pptv and response times of 5 minutes or less. 

Average values of HN03 and NOe ~ere 0.57 ppbv and 8.7 ppbv respectively 
and greater than 95% data coverage of the two week study was achieved. The 
system was calibrated using permeation devices for both gases. Potentio 
metric titrations before and after the study and ion chromatograph measure 
ments of nitrate coll cted in bubblers containing KOH solutions during the 
study indicated that the HNG.. device was stable to within+ 5Y.. The NOe 
permeation rate was determined by weighing before and after the study and was 
stable to within 3Y.. Overall accuracy is estimated to be+ !~% for NOe and 
t 20Y. for HNG... 

~l?~_f_d___indl'!x: t r ace gas measurements, nitrogen d io,nde, nitric acid, 
tunable diode lasers. 

366 




Introduction 

Tunable diode laser absorption spectrometry (TDLAS> offers a number of 
advantages for measuring atmospheric gases•. It is a universal method 
applicable, in principle, to all gases of atmospheric interest. Its high 
spectral resolution provides unequivocal identification of the target gas. 
When operated with a Ieng path cell it can measure most atmospheric gases at 
sub part per billion <ppbvl concentrations. Real time, in situ, measurements 
can be made with time resolutions of less than one minute. 

It is also ideally suited to serve as a standard against which less 
definitive methods, such as filter and denuder techniques, can be compared 
and calibrated••a. Its relatively rapid response permits measurements of 
concentration fluctuations not possible with most other methods. 

This paper describes an improved version of the instrument and measure
ments of NO. and HNO,, made during the Environmental Protection Agency 
sponsored Dry Deposition Study at Research Triangle Park North Carolina, 
during September-October 19Bb. 

Dttscriptlon of th• TDLA& &yst.. 

Figure 1 shows a schematic of the TAMS-150, an i111Proved version of the 
system described previous1y1·-. Temperature control of the Pb salt diodes in 
their operating range of 20 to BO K is provided to ! 0.005 K by the combina
tion of a closed cycle helium cryocooler. a heater and a servo temperature 
system. Two cryostats are used, each having a laser sourc• assembly contain
ing ~ laser diodes. One laser diode from each assembly can be chosen to 
permit two gases to be measured simultaneously. The emitted radiation from 
each of the diodes is scanned over the selected absorption feature by chang
ing the current through the diode. 

The laser beam from each head is collected and focussed by all 
reflective optics into the White cell. Mirror, S flips back and forth to 
select the beam from each of the diodes in turn. 

The beam enters the 1.5 m base path Teflon-lined White cell containing 
a corner cube reflector• and undergoes 102 passes before eMiting to the 
detector. Absorptions down to about 10-• can be measured which correspond to 
detection limits in the ra09e 25 to 100 parts per trillion by volume for most 
atmospheric gases. 

About S% of the beam is reflected by the 45• angle of the White cell 
entrance window through a cell containing high concentrations of the target 
gases onto a separate liquid nitrogen cooled HgCdTe infrared detector. The 
output from this detector is used to lock th• laser radiation wavelength to 
the center of the absorption line. 

Sampled air enters through an inlet, flows continuously down the tube 
and is eMhausted at the other •nd, A constriction at the inlet end and • 
servo valve at the eMhaust end maintains a con•tant flow rate and pre5 sure in 
the cell. Haintainin; the cell at 2:1 Torr reduces pressure broadeniOQ of the 
absorption line which both increases the sensitivity of the measurement and 
minimizes the likelihood of interferences from other ;ases. 

The absorption is mea•ured in the frequency modulated, 2f, mode• which 
results in an increased signal-to-noise ratio compared to using direct 
•bsorption. 
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The system is under computer control. Laser temperature and current 
selections for each species are input to the computer. The system is then 
switched to automatic mode and operates unattended for at least 24 hours. 

The computer signals the selection mirror to position itself so that 
one of the beams enters the White cell. The line is scanned under computer 
control at a rate of ~30 Hz for 3 sec (the approximate residence time of the 
gas in the White celll and an accumulated 2f line shape is acquired. 

At the end of the 3 sec averaging period the signal on the reference 
detector, 02 is checked, If the reference channel indicates that the line is 
not e~actly at the center of the line the computer adjusts the laser 
temperature to bring the line back to the center. 

The selection mirror is then commanded to bring the second beam into 
the White cell and the measurement procedure is repeated for species B. Each 
species is thus measur~d once every 6 sec. Data is accumulated in this way 
for a perjod of, for example, 3 min providing an average value for the 2f 
line shapes over that time frame. The data set, which provides one miKing 
ratio for each species, is then stored on computer disk. 

The computer manipulates solenoid valves and flow controllers to 
perform measurement and calibration sequences automatically. In a typical 
sequence the valve system is commanded to flow either lero (bottledl air or 
scrubbed, ambient air through the White cell. Background spectra of the 
components are obtained by scanning over the wavelength regions of the 
selected absorption lines. A typical example is shown in Figure 2a. 

Calibration gas is then added to the zero (or scrubbed) air flow and 
allo~ed to stabilize for ~i min. An averaged calibration spectrum is then 
obtained for 3 min which also serves as a reference spectrum and the raw data 
is archived <Figure 2bl. 

The background spectrum is subtracted (channel by channel I from the 
reference spectrum. This procedure removes any frequency dependent structure 
in the background from the reference spectra ~rovided it remains stable for 
the averaging period. The result of this subtraction is shown in Figure 2c. 

Valves are then reset to admit ambient air, and after another 
stabjlization period an ambient air spectrum is acquired for 3 min !Figure 
2dl and the background spectrum subtracted !Figure 2el, The net ambient 
spectra is least square fitted to the net reference spectrum. The sa•e 
calibration sequence is followed for both gases being measured. 

The frequency of calibration and the time duration of the various 
stages of the sequence can be altered by the operator. The choice depends on 
the mi~ing ratios of the species being measured; low ambient concentrations 
require more frequent determination of the background and reference spectra. 

Application of th• TDLAS Syat.. ta th• t'lllaaur...nt of NO. and HNQ. 

The use of the system to measure an atmospheric component has 3 
requirements1 1l selection of a laser and an absorption feature; 2> 
establishment of a calibration procedure; 3) ensuring sampling integrity. 

The selection of a laser and an absorption feature represents a 
compromise between the absorption line strength, the characteristics of the 
laser emission at the wavelength of the line. and absence of interferences at 
this wavelength from other atmospheric gases7 • Suitable lines were selected 
in the 1720 cm-1 region for HND• and in the 1600 cm- 1 region for ND•• 
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The calibration philosophy calls for the addition of a known amount of 
the calibration gas to the sampled air stream at the entrance to the sampling 
I ine. The concentration of the "spike" is chosen to provide an increase in 
measured mixing ratio comparable to the miMing ratio of the gas in the 
ambient air. In this way, any surface effects that may occur will be the 
same for the sampled and spiked air and should, therefore, compensate. 

In contrast to NDe, which has a response time equivalent to the 
residence time of the sample gas in the White cell, the response time to 
additions of HN03 is about 5 min to reach 75% of steady state. To permit 
more rapid calibration for HNO. an alternative method was used. During the 
calibration period the calibration gas miKture was redirected into a 15 cm 
cell CC in Figure 1) situated in the laser beam in front of the detector. 
The pressure in the cell was maintained at 25 Torr to match the conditions in 
the White cell and the flow was controlled at a level to provide an 
equivalent mixing ratio in the White cell of 6 ppbv. At the beginning and 
end of the study the HN0 8 spike was introduced at the inlet to sampling line 
<our preferred method of calibration) to check validity of the optical 
calibration. The agreement between the two methods was within lOY.. 

Permeation devices were used as the calibration sources. The NDa 
source was a Metronics wafer device calibrated by weighing before and after 
the study to be permeating at a rate of 144 ! 2 ng.min-•. The HN0 3 source 
was manufactured by Unisearch Associates and was a special design in which 
the carrier gas passes through ~ length of Teflon tubing immersed in a tube 
containing a mixture of HNO. and 1;.so~. The permeation rate was determined 
by pH titration before and after the study and by ion chromatography on the 
extract from KOH bubblers during the study. From all determinations, an 
average value of 267 ~ 13 ng.min-1 was obtained for the HN03 permeation rate. 

Results 

Data coverage, as expressed as percentages of the total measurement 
period were better than 95Y. for both species. The standard measurement 
period was 10:30 through 08:30. The period 08:30 through 10:30 was set aside 
for calibrations and maintenance of the instrumentation. 

Figures 3 and 4 show respectively, the one hour averaged values of N0 8 

and HNO. taken on October 2. These observations are typical of the study 
period, NO. had two daily maxima, morning and evening which coincided with 
the peak automobile traffic in the area. 3 min data points ranged as high as 
40 ppbv and down to 1 ppbv. HNO• showed a single maximum in early afternoon 
which is more typical of photochemical production. 3 minute data points 
reached maximums of ~3 ppbv during the early part of the study and nighttime 
minimum were generally in the 0.1 to 0.3 ppbv range with some periods below 
the detection limit of 0.1 ppbv. 

Figures 5 and 6 show the corresponding measurements for the entire 
study. After the bth of October the weather deteriorated, becoming mostly 
overcast with heavy rain occurring on the 11th. This is evidenced by the 
decrease in-the HNO.. maximum during the latter part of the study. Average 
values for HNO. and NO. over the two weeks were 0,57 ppbv and 8.7 ppbv 
respectively. 
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Conclu•ion& 

The tunable diode laser absorption spectrometer has been shown to be 
capable of providing real time measurements of the diurnal behaviour of NC. 
and HNGa in relatively clean air under field conditions. Its high 
specificity, good sensitivity and rapid response time makes it a very 
suitable standard against which other less definitive methods can be 
compared. 

l. 	 H.I. Schiff, D.R. Hastie, G.I. Mackay, T. lguchi, B.A. Ridley, 
"Tunable diode laser systems for measuring trace ga&es in 
tropospheric air" 1 ~!lYJ__r_!,.__$t;j_~-l~!::.!JnoJ...!'. J.7.: 352A ( 1983). 

2. 	 J.G. Walega, D.H. Stedman, R.E. Shetter, G.I. Mackay, T. Iguchi, 
H.I. Schiff, "Comparisons of a chemiluminescent and a tunable 
diode laser absorption technique for the measurements of nitrogen 
oxide, nitrogen dio)(ide and nitric acid", !;JJ...Vj.f...!_____!2,!;;..L~..--I~<;.IJD.9...t!.. 
.Hli 823 { t 984) . 

3. K.G. Anlauf, P. Fellini H.A. Wiebe, H.I. Schiff, G.I. Mackay, 
R.S. Braman, R. Gilbert, "A comparison of three methods for 
measurement of atmospheric nitric acid and aerosol nitrate and 
a111monium", B..tl!l.Q..§P.h~_r i{:..S...!J'.!'..ti:..QD!!.!~n~ 1.5': 325 Cl9B5 l. 

4. 	 G.l. Mackay, H.I. Schiff, H.A. Wiebe, K.G. Anlauf, "Measurements 
of N0 8 , HCHO and HNOa by tunable diode laser absorption 
spectroscopy during the 1985 Claremont interco111parison study", 
~J.[!1.Q_~he_r:jf_ E11.v.i rQ.!!!!!~.D1 in press. 

5. 	 D. Horn, G.C. Pimentel, "2.5-km low-temperature multiple
reflection cell", 8m!.1~_Qe!l.£a J_Q: 1892 fl97l>. 

6. 	 J, Reid, K. Garside, J Shewchun, M. El-Sherbiny, E.A. Balik 1 

"High sensitivity point monitoring of atmospheric gases employing 
tunable diode lasers", fu>.R.L._.QRU£!!! 12: 1B<l6 <1978). 

7 	 F. Slemr, G.W. Harris, D.R. Hastie, G.I. Mackay, H.l. Schiff, 
"Measurement of gills phase hydrogen peroxide in air by tunable 
diode laser absorption spectroscopy", _J, Geop_IJJl,...!._fl:~!?-!..~J.i 53?1 
( 1906). 

Figure 1. Schematic of the optical system and control electronics 

Fiqure 2. Computer screen printouts far ND.1 al raw background spectrum; 
b> raw calibration spectru~I cl calibration spectrum, background 
subtracted; dl raw ambient spectrum; el ambient spectrum, 
background subtract•d 

Fiqure 3. Hourly a~eraged NO• mixing ratios at RTP, NC on Oct 2, 198& 

Figure 4. Hourly averaged HNOa mixing ratios at RTP, NC on Oct 2 1 1986 

Figure 5. Hourly averaged NO. mixing r~tios at RTP, NC; Sept 29-0ct 12 1 1986 

Figure b. Hourly averaged HNO. mixing ratios at RTP, NC; Sept 29-0ct 12 1 1qe& 
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MEASUREMENT OF ATMOSPHERIC NITRIC ACID AND AMMONIA BY THE FILTER METHOD 
AND A COMPARISON TO THE TUNEABLE DIODE LASER METHOD 

Kurt Anlauf, Davfd MacTavish and A1an Wfebe 
Atmospheric Environment Service 
4905 Dufferin Street 
Downsview. Ontario, Canada, M3H 5T4 

Gervase Mackay
Unisean=h Associates Inc. 
222 Snidercroft Road 
Concord, Ontario, Canada, L4K 185 

ABSTRACT 

The measurement of atmospheric nitric acid by nylon filters is 
compared to that by tuneable diode laser spectroscopy over the range
0-2.5 ppb. lh/2h and 22h sampling periods are compared. Furthermore, 
the effect of sampling period (up to 22h) on artifact nitric acid is also 
discussed - any such effects were within experimental error and hence 
were minimal under the study conditions. The results of measurements of 
atmospheric anmonia (lh-12h sampling periods) by citric acfd-impregnated
W41 filters are a1so presented. The results of this comparison study
have shown that filter methods for measurement of atmospheric nf tric acid 
and, probably ammonia, may be adequate and reliable for rural conditions 
in N.E. America. 

INTRODUCTION 

Measurement of water soluble nitrogen and sulfur compounds in air 
can be readily and economically made by means of filtration methods. By
using combinations of fi1ters, atmospheric species such as particle
-NHt, -NO, and -SOl and gaseous so2, NH3 and HNOJ can be routinely
measured ln monitoring networks. An eight-station regiona1 network 
(CAPMoN), employing filter methods fs currently being operated 1n Canada 
by the Atmospheric Environment Service for measurement of atmospheric 
partfcles, S02 and HN03. 

There are potential artifact effects in measurements of the 
pa~tf cles and gases when using filter methods, since particles can have 
gaseous precursors that exist in equilibrium with the particles. These 
art1facts are caused by displacement of equf11brium cond1tfons when 
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changes occur in gas concentrations. temperature or humidity during 
sampling. For example. the collection and subsequent evaporation of 
NH4NOJ during long sampling periods (24 hour) could be an important 
process when filter measurements are made at locations with high 
concentrations of NH3 and HN03, high temperature and low relative 
humidity. Furthermore, reactions with particles can result in the 
evolution of reactive gases, which can be lost from particle filters and 
collected by subsequent impregnated filters. 

Comparisons of nitric acid and particle-N03 measurements by
filter and denuder difference methodsl over 24h sampling periods have 
shown that in urban atmospheres. filter measurements were, on average,
about 25% higher than those by the denuder difference method. This 
difference was attributed to systematic artifact particle ·N03 
volatilization during 24-hour sampling periods. 

A comparison stud,Y of methods for measurement of atmospheric 
nitrogen and sulfur species was held at Research Triangle Park, N.C. from 
September 29 to October 12, 1986. This study provided an opportunity to 
evaluate volatile nitrate losses during filter sampling of regional. 
rural air masses. For this study, short duration (lh and 2h), extended 
duration (4h • 12 h) and daily (22h) filter samples were collected. 
Comparison of the averaged short duration with the extended period daily 
filter samples should provide information on artifact processes during 
filter sampling for HN03. It fs expected that artifact processes will 
be minimized for the short duration samples, since concentrations and 
composition of particles, precursor gases, temperature and humidity are 
unlikely to change dramatically during sampling. Besides the filter 
measurements, a diode laser was operated by Unfsearch Associates Inc.2 
and provided an independent measurement for comparison with HNOJ 
collected by nylon filters. Results of HN03 and NH3 measurements by
the filter method and HN03 measured by the diode laser will be compared. 

EXPERIMENTAL 

Filter Holder and Sample Analyses. For filter sampling,
triple-stack filter holders of inner fluorocarbon polymer and outer 
polyethylene construction were used. Atmospheric particles were 
collected on the front Teflon filter (1 micron pore size, Gelman 
Sciences. Inc.). The second filter, made of nylon ( 'Nylasorb'. Gelman 
Sciences Inc.) was used for collection of nitric acfd. Ammonia or S02 
was collected on a third, impregnated Whatman 41 filter. For amnonia,
the impregnation solution was an aqueous mixture of 10% v/v glycerol and 
25% w/v anhydrous citric acid (Baker, reagent grade). Details of 
operation of the filter holder system and analyses of the collected 
samples are reported fn another publicatfon3, The only variation to 
these procedures was that 6 ml extraction volumes were used for the lh 
and 2h samples and 20 ml for the 22h samples. The 22h filter samples 
were originally extracted and analyzed at the Research Triangle Institute 
(Research Triangle Park, N.C.). Remaining solutions were then returned 
to the Atmospheric Environment Service for re-analysis. The latter set 
of results were used for calculations of atmospheric concentrations used 
in this report. 

Filter Blanks. Two dffferent levels of water soluble nitrate and 
chloride were found in the 13 nylon filters used as field blanks during 
the study. These were evaluated as two separate sets. Seven of the 
filters contained low levels of chloride (3-5u g/filter) and an average 
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of 0.43µ g/filter of N03 (standard deviation •o • 0.10). The 
other set of six contained 25-40 ug/filter c1- and an average of l.82 

µ g/fil ter N03 b = o. 37). Each of the samples col 1 ected on the 
nylon filters was corrected by using the appropriate average blank value 
according to the level of chloride found in the filter. For the high
chloride containing filters, the standard deviation corresponds to 0.06 
and 0.03 ppb HN03 for lh and 2h sample periods respectively (nominal
2.5 and 5 m3 air volumes). 

The average NH3 found in 13 citric acid-impregnated filters used 
as field blanks was 0.47µ g/filter b = 0.17), wfth a range of 0.23 
to 0.77u g/filter. For the lh and 2h samples, the Standard Deviation 
of the average blank corresponds to 0.10 and 0.05 ppb NH3. 

RESULTS 

Results of filter measurements are ex~ressed fn ppb and were 
calculated from air volumes referenced to 2o·c and 1 atm. Figure 1 shows 
HN03 and NH3 concentrations as obtained from the lh/2h filter 
samples. The photochemically fanned HNOJ shows the typical diurnal 
pattern for regional air masses, reaching a maximum in the mid
afternoon. NH3 generally showed the opposite behavior, reaching a 
maximum during night-time hours and declining to minimum during the day 
(although there were some exceptions). 

The results of a lfnear least squares regression comparison
between the filter and laser measurements are presented in Table I. The 
951 confidence intervals about the regression slopes and the intercepts 
are 1 ncl uded. 
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acid and ammonia during the comparison study period 
at Raleigh. N.C. 
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Table I. 	 Linear least squares regression statistics on filter and tuneable 
diode laser measurements of HN03 and NH3 (concentrations in ppb). 

mean mean 
n r2 slope CI y-int CI x y Sy ,x 

1h/2h fflter sam~les (~) vs laser (x) HN03 

148 0.82 1.12 ± o.oa 0.06 ± 0.07 0.66 0.80 0.24 

22h filter samEles (l) vs laser (x) HN03 

11 0.66 0.85 ±0.46 0.09 ± 0.26 0.58 0.59 0.10 

22h (l) vs lh/2h (x) filter samEles HN03 

12 	 0.95 0.86 ± 0.13 o. 01 ± 0.10 0.72 0.63 0,03 

4-l 2h (t) vs l h/2h ( x) filter samEles HN03 

16 	 0.99 1.00 ± 0.07 -0.04 ± 0.07 1.00 0.96 0.07 

4-12h (l) vs lh/2h (x) filter samEles NH3 

16 0.79 0.87 ± o. 26 -0.01 ± 0.30 1.10 0.95 0.20 

n = no. of samples, r2 ~ square of the correlation coefficient, CI ~ 95% 
conffdence 1nterva1. Sy .x = standard error of estimate of y on x 
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Figure 2. 	 Linear least squares regres$ion plot of measurement of 
nitric acid by the nylon filter (22h sampling period) 
and the tuneable diode laser (averaged over 22h). 
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lh/2h filter samples vs laser HN03. Over the range of 0-2.5 
ppb HN03, there was more reasonable agreement and the degree of scatter 
was considerably less than in a previous comparfson3. The detection 
11m1t of the tuneable diode laser was about O.l ppb and its accuracy was 
estimated to be better than 20$ over most of the measuring range2,
This uncertainty, and those in the filter blanks probably account for the 
observed differences. 

22h filter samples vs laser HN03. Although there is excellent 
agreement fn the means of concentrations, there are considerable 
uncertainties in the slope and intercept of the regression line. This is 
not unexpected. given the few data points and the fact that all, except 
one, were in a limited concentration range of about 0.4-0.8 ppb (see
Figure 2). 

22h vs lh/2h filter samples HN~. The average HN03 
concentration as obtained by the 22h fflters was somewhat lower than for 
the 22h-averaged 1h/2h filters; likewise the slope was somewhat less than 
one. If volatilization of particle nitrate were important to our 
measurements, an HNOJ concentration difference in the opposite 
direction would have been observed. The observed difference may be 
related to two causes: (1) unlike other samples, the 22h samples were 
re-analyzed at AES about 3 months after extraction and analysis at RTI, 
N.C., and some sample deterioration may have occurred; (2) variability 
in blank corrections for the lh/2h filters. 

4-12h vs lh 2h filter sam les HNO • In contrast, to the 
previous case, t ere s exce en agreement between filters from two sets 
of sampling periods. In this case, all filters had been extracted and 
analyzed at AES. Again, volatilization of particle nitrate is not 
evident. 

4-l2h vs lh/2h filter samples N~. Over the range of 0-2 ppb,
there was little difference in measured HJ concentrations (see Table I 
for details). Some of the difference may be attributed to variability f n 
blanks. As observed before for HNOJ, the measured NH3 difference 
does not suggest volatilization of particle a11111onium nitrate as being 
important during our study. 

CONCLUSIONS 

Acomparison of lh/2h and 22-h n,ylon filter measurements of 
atmospheric nftrfc acid with those from a tuneable diode laser have shown 
on average, good agreement at the low concentrations encountered (0-2.5 
ppb), Varying the sampling period for the filters did not reveal any
s1gnf ffcant differences; that is, artifact effects due to volatilization 
of particle nitrate could not be detected. The technique of using 
Whatman 41 filters impregnated with citric acid for measurement of 
atmospheric ammonia seems promising - again, sampling periods of 1h-2h 
gave similar results as those for longer periods. All the findings. so 
far, support the use of filter methods for measurement of atmospheric 
nitric acid (and probably a11111on1a} in N.E. America. 
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MEASUREMENTS OF NITRIC ACID AND OTHER DRY 
DEPOSITION COMPONENTS USING THE ANNULAR DENUDER 
SYSTEM AND THE TRANSITION FLOW REACTOR 

J, E. Sickles, II, L. L. Hodson, E. E. Rickman, Jr., 
M. L. Saeger, D. L. Hardison, A. R. Turner, 
C. K. Sokol, and E. D. Estes 
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R. J. Paur 
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Research Triangle Park, North Carolina 

An intensive field study was conduct d in the Research Triangle 
Park, North Carolina in the fall of 1986. The main objectives of this 
study were to conduct me sur ments of nitric acid and selected oth r 
irborne gas ous and p rticul te cidifying species using differ nt 

types of samplers and to compare their performance under field sampling 
conditions. niis p p r presents and compares results collected using 
the annular denuder system (ADS) and the transition flow reactor 
(TFR). 

Ambient cone ntrations of the following constituents were 
obt ined: nitric acid, nitrous acid, nitrogen dioxide, sulfur dioxid , 
ammonia, strong hydrogen ion, and particulate nitrate, sulfate, and 
ammonium. Concentration and precision results from both samplers are 
compared. Statistical analyses of selected results are also presented. 
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Introduction 

The phenomenon of acid deposition has received considerable 
public, political, and media attention. Dry deposition includes all 
processes where airborne contaminants are removed from the atmosphere 
at the earth's surface, excluding those processes aided by precipita
tion. Since dry deposition may contribute substantially to the acidic 
deposition burden, the U.S. Environmental Protection Agency (EPA) plans 
to implement a dry deposition monitorinf network. Several consituents, 
including HN0 3, HN02, N02, S02, NH3 , NH4 , NOJ, so4

2-, and H+ may be 
important contributors to ecosystem acidification. Currently, three 
multiple-constituent sampling systems are available for sampling 
selected acidifying constituents from ambient air. They are the filter 
pack (FP), the transition flow reactor (TFR), and the annular denuder 
system (ADS). The objective of the current study was to collect data 
that would permit the comparison of the performance of the ADS and the 
TFR under field sampling conditions, 

Experimental 

A 2-week intensive study was conducted at the EPA dry deposition 
monitoring site in the Research Triangle Park, North Carolina. Daily 
sampling was performed over 13 consecutive days beginning 09/29/86 and 
ending 10/12/86. RTI operated two ADSs and two TFRs each day (22-hour 
sample duration) and two ADSs each week (7- and 5-day sample durations) 
of the study. 

The ADS is described in Reference 1. In this device, sampled air 
passes in series at 14 SLPM through: a cyclone to remove large parti 
cles = 3.3 µm); two Na2co3 coated annular denuders to collect(D50 
HN03 , HN02 , and so2 ; one citric acid coated annular denuder to collect 
gaseous NH3; one Teflon filter to collect fine particles; and one 
nylon filter to collect volatilized nitrate. 

The TFR is described in Reference 2. Air is sampled at 33 SLPM 
through a cyclone of the same design employed in the ADS 1.8(o50 • 
µm); the sample is then split into two identical trains. A 1 SLPM 
bleedstream is drawn from the cyclone base to prevent particle accwnu
lation, This stream passes through a NazC03 coated filter to 
permit resolution of nitrates and sulfates. Each 16 SLPH stream passes 
through a tube lined with a 3.2 cm long strip of nylon to collect 8,5 
percent of the gaseous nitric acid and a similar strip of Nafion to 
collect 17 percent of the gaseous NH3 . The sample then passes through 
a Teflon filter to collect fine particles, a nylon filter to collect 
the remaining HN03 and volatile nitrate, and an oxalic acid coated 
filter to collect the remaining NH3 and volatile ammonium. At this 
point a 1.6 SLPM stream is drawn through two triethanolamine (TEA) 
coated filters to collect so2 and N02 . This 1.6 SLPM stream and the 
remaining 14.4 SLPM stream then pass through mass flow controllers and 
are exhausted through a pump. 
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The samples collected in the ADS and TFR are extracted into solu
tion where the recovered nitrate, nitrite, and sulfate are determined 
by ion chromatography (IC). Ammonium is determined by a colorimetric 
method, indophenol blue. Hydrogen ion concentration is determined as 
pH. The measured mass of each species is used along with the sampled 
volume of air to infer the airborne concentration. 

Results 
Concentration and Precision Results 

Concentration and precision results for the A.DS and TFR samplers 
are summarized in Table l. The tabulated parameters include: total 
gaseous and particulate ammonia and armaoniun (Total NH~+NHZ); fine 
particle ammonium (Fine NH4); ammonia (NH3); hydrogen ion collected on 
the Teflon filter (H+ Teflon); total gaseous nitric acid and 
particulate nitrate (Total NO)); fine particle nitrate {Fine NOj); 
nitric acid (HNo3 ); nitrous acid (HN02); nitrogen dioxide (N02); total 
particulate sulfate (Total soz-); fine particle sulfate (Fine soi-); 
and sulfur dioxide {so2). The term "total" indicates that the cyclone 
catch for that species is incl~ded. The term "fine" refers to parti
cles passing the cyclone and entering the Teflon filter in the particu
late phase. Studywide estimates of mean and standard deviations (SD) 
of each parameter are given for each sampler. It should be noted that 
tabulated SDs represent day-to-day variability. Within day median 
coefficients of variation are also given for the two samplers. 

The TFR Fine NOj results are negative in 24 of 26 cases. As a 
result, they do not permit meaningful comparisons and are not consid
ered in subsequent data analyses. 

In general, both the ADS and TFR show good precision for all the 
remaining parameters. In all cases, the media3 difference between the 
paired ADS daily samples is less than 0.2 µg/m , and with two excep
tions, the corresponding results for the TFR are less than 0,5 µg/m3• 
With only two exceptions. TFR HNOJ and TFR H+ Teflon. the median CV's 
are less than 20 ~ercent. The median CV's for the Total NH3+NH4, Total 
NOj, and Total so4- are all less than 5 percent. This shows excellent 
within sampler precision for both the ADS and TFR. 

Since the colorimetric ammonillll analysis was more variable than 
the IC analyses, the relatively high median CV's for NH3 in each 
sampler may be reflecting the large analytical variability for NH: at 
the low concentrations associated with ambient NH3. 

The pH analysis of Teflon filter extracts resulted in appreciable 
variability of the H+ Teflon in both samplers. This is not surpris
ing when it is noted that a difference in pH of 0.25 at a pH of 5.00 
can propagate a differen.ce of 7.8 n mol a•tm3. 

381 


http:differen.ce


Sample Stability 

Weekly average concentrations were computed using results from the 
appropriate daily ADS samples. These results were then ratioed to the 
results of the appropriate weekly samples. Ratios near unity suggest 
sample st~bility across sampling durations of 22 hours to 7 days. 

Most of the computed to measured results are near unity. The 
ratio for HN02 is high and thought to be so because collected nitrite 
is oxidized to nitrate to a larger extent in the ADS over the 1-week 
sampling duration than over 1-day periods. The low ratio for HN03 
may also be reflecting this enhanced conversion of nitrite to nitrate 
in the weekly samples. 

Statistical Analysis of ADS and TFR Results 

Correlation coefficients from linear regression analysis of ADS 
and TFR daily mean values for the 13-day study are given in Table 2. 
The average ratios of daily mean ADS to TFR results for each parameter 
are given in Table 2. Differences between the daily mean ADS and TFR 
values were used in t tests to determine if the observed differences 
between the results from the two samplers are significant at the 95 
percent confidence level. Results of these tests are also given in 
Table 2. 

Behavior of Stable Species. Results of the ADS and TFR are 
highly correlated in most cases. In six of seven cases,· correlation 
coefficients (r) exceed 0.85. For the two stable species, total 
particulate sulfate and total gaseous nitric acid and particulate 
nitrate, the results from the two samplers are highly correlated, with 
average ratios of concentrations near unity. There is no apparent 
difference between the results from the two samplers. This provides 
strong evidence that both samplers were operating under known flow 
conditions. It also suggests that acros!-sampler dif~:rences in the 
partitioning of portions of the Total N0 3 or Total so4 must depend on 
unique characteristics of the samplers employed. 

Total NOj. As noted above, the measures of total gaseous 
nitric acid and particulate nitrate from the ADS and TFR are in agree
ment. !bey are highly correlated (i.e., r • 0.96). Tiie average of the 
ADS to TFR ratios is l.00+0.08, and the t test does not indicate a 
significant difference between the two measures. 

HN03, Tiie ADS and TFR measures of HN03 are well correlated 
(i.e.-:--;-• 0.88). The average of the ADS to TFR ratios is 0.54+0.12, 
and the t test indicates that the difference between the measures is 
significant at the 95 percent confidence level. The sum of the nitrate 
on the TFR nylon strip and filter was used to obtain upper bound HN03 
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estimates which were also compared to ADS measures of HN03, Although 
not shown in Table 2, these parameters are highly correlated (i.e., r • 
0.98), the avera~e of the ADS to TFR ratios is 0.88+0.08, and the two 
measures are again significantly different at the 9S percent confidence 
level. These results show better agreement between TFR and ADS 
measures of HN03 when the TFR HN03 is computed under the assumption 
that the TFR functions similarly to a filter pack rather than according 
to TFR theory. 

2Tot al S04. As noted previously, the measures of total particu
late sulfate from the ADS and TFR are in agreement. They are highly 
correlated (i.e., r • l.00), the average of the ADS to TFR ratios is 
1.03 +0,04, and the t teat does not indicate a significant difference 
between the measures from the two samplers. 

!Qz_. The ADS and TFR measures of S02 are also highly corre
lated- (T.e., r • 0.98). The average of the ADS to TFR ratios is 1.32 
,!.0.30 (reciprocal• 0.76) 1 and the t test indicates that the difference 
is significant. Tests of the recovery of so2 from TEA-coated filtere 
conducted in our laboratory have shown approximately 80 percent recov
ery under humid conditions. The observed discrepancy between the ADS 
and TFR S02 concentrations may be related to reduced sulfate recovery 
from the TEA-coated €ilters in the determination of S02 with the TFR. 

+
Total NH3+NH4. Total gaseous and particulate mmnonium as 

measured by the ADS and TFR are highly correlated (i.e., r • 0.95), 
Although the average of the ADS to TFR ratios ie 0.86!,0.13, the t test 
does indicate that the results of the two samplers are significantly 
different. A portion of this difference may be attributed to under
samplin~ of particulate ammonium by the ADS since there wae no provi
sion in this sampler to collect any volatilized allllllOnium downetream of 
the Teflon filter. The discrepancy may also be associated with the 
previously noted variability in the at11111onium detenninations. 

NH3. The ADS and TFR measures of ammonia are poorly correlated 
{i.e., r • 0.49), and the average of the ADS to TfR ratios is 1.17 
!_0.41. The variability of the results prevents detection of a differ
ence between the ADS and TFR measures of this parameter. 

a• Teflon. Strong hydrogen ion is determined from the measured 
pH of the extract of Teflon filtera in both the ADS and TFR. ADS and 
TFR measures of R+ are well correlated (i.e., r • 0.86}, and the 
average ratio is 1.59+0.66. In spite of the large variability, the t 
test indicate• that the results of the two samplers are different at 
the 95 percent confidence level. The ADS H+ concentration may exceed 
the corresponding TFR value in part because undenuded a11tmOnia in the 
TFR neutralizes a portion of the H+ in that sampler. 
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Conclusions 

Conclusions and findings drawn from this study are given below. 

o 	 Both ADS and TFR show good precision for all measured species 
concentrations except fine particle NO) {Fine No3). 

o 	 Fo2_the two stable species, total particulate sulfate (Total 
so4 ) and total gaseous and particulate nitrate (Total No3), 
the results from the ADS and TFR are highly correlated, have 
average ratios near unity, and are not significantly different. 
These findings indicate that both samplers were operating under 
known flow conditions. 

0 	 Statistical comparisons of AD~ and TFR r~~ults sh~w no signifi 
cant: differences for- Total N0 3, Total so4 , and NH 3 ; the ADS 
estimate to exceed that of the TFR for so2 and H+; and the TFR 
estimate to exceed that of the ADS for HN03 and Total NH3+NH4. 

o 	 Weekly average concentrations computed from measured daily 
samples were ratioed to measured weekly results to assess 
sample stability in the ADS. The ratio was near unity for most 
species. High ratios for HN02 may be reflecting enhanced NOi 
oxidation on the denuders over 1-week versus 1-day sampling 
periods, The conversion of nitrites to nitrates over extended 
sampling periods (i.e., weekly periods) may result in an over
estimate of ambient HN03 concentrations and an underestimate 
of ambient HNOz concentrations with the ADS. 

o 	 H+ concentrations measured with the ADS exceed those with the 
TFR because undenuded NH3 in the air sample reaching the TFR 
Teflon filter neutralizes a portion of the R+ collected on 
the 	Teflon filter with that sampler. 

o 	 S02 concentrations measured with the ADS exceed those 
measured with the tFR by approximately ~O percent. Tests in 
our laboratory sugg!!t that the TFR results require a correc
tion for reduced so4 recovery efficiency (i.e., 80 percent) 
under humid conditions. 
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TABLE 1. SUMMARY OF CONCENTRATION AND PRECISION RESULTS FOR ADS AND TFR SAMPLERS 

Dail~ (9/29/86 to 10/12/86) 
Mean + SDa Median CV 

I 
%6-

ADS TFR ADS TFR-
Total NH3+NH4 2.545+1.153 2.911+1.191 3.3 4.6-

+ +Fine NH4 ( as NH4 ) 1.794+1.055 2. 174+1. 091 3.2 9. 1-
NH3 0. 717+0. 246 0.632+0.176 10.0 13. 5 

H+ Te fl on 29.61+15.3lc 22.82+16.74c 11. 2 21.8-
Total NO) 3.086+0.586 3 .141,!.0. 739 4.2 l. 3 

Fine N03 0.602+0.559 -o. 728!_0.688d 15.7 46.6d 

HNo3 (as NO)) 1. 509+0. 62 7 2. 715,!.0. 847 7.7 20.6 

HNo2 (as No;) 0.911.!,0.466 4.8 

No2 (as N02) 19.17+6.94 3.2-
Totlll soZ- 6.687+3.332 6.528.!,3.238 2.4 1. 7 

2.2 1.9Fine sol- 6.275+),446 5. 972,!3. 282-
<as so~-) 8.490+5.460 7.197,!5.676 l.8 12.8so2 

8 Units: µg/mj except where noted otherwise; SD represents day-to-day varia
bility. 

bRepresents median within day precision for 13 days of paired measurements for 
each sampler. 

cu . I 3 < >d n1ts: n mol m uncorrected for blanks . 

TF~ Fine NOj results are negative in moat cases. They do not permit meaningful 
co111parisons. 
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TABLE 2. STATISTICAL COMPARISON OF ADS AND TFR RESULTS 


Average Ratio t Test 
r a of ADS to TFRb Resultsc 

Total N03 0.96 1.00 + 0.08 no difference 

HN0 0.88 0.54 + 0.12 ADS ( TFR3 

Total $02- 1.00 1.03 + 0.04 no difference4 

so 0.98 l. 32 + 0. 30 ADS > TFR2 

Total NH 3 + NH+ 0.95 0.86 + 0.13 ADS ( TFR4 

NH3 0.49 1.17+0.41 no difference 

H+ Teflon 0,86 1. 59 + 0.66 ADS > TFR 

acorrelation coefficient for linear regression of mean daily ADS on TFR 
results, n • 13. 

hAverage of ratio of daily mean results for ADS and TFR (+ one standard 
deviation). 

CResults of t test for 13 paired results at 95 percent confidence 
level. 
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Abstract 

Passive sampling devices (PSDs) using triethano1amine-coated glass fiber 

filters as the collection surface and stainless steel mesh as a diffusion 

barrier between the air and the collection surface were deployed as part of the 

{2 11methods comparison study. The PSDs do not require a pump, and are small 

diameter cy)indrical sections), inexpensive sampling dev1ces. The sampling 

rate for the devices with both surfaces of the dev1ce co11ect1ng has been 

established as approximately 154 cc/min under typ1cal ambient· conditions. 

Three PSDs were placed in the ambient air and were therefore subject to 

any sampling rate variations due to wind, humidity and temperature changes. An 

add1tiona1 three devices were placed inside the 1ota' dry deposition she,ter 

within a glass cylinder through which ambient air was drawn at a controlled 

rate. The outside and inside PSDs averaged 8.A4 ppbv and 9.92 ppbv, respect1ve

1y, and a significant degree of var1ability was noted among triplicates. 

Introductio11 

Several years ago the EPA began a modest program to develop pass1 ve 

samp11ng deY1ces (PSDs) for the collection and analysis of both organic and 

inorganic air pollutants. More recently, however, the EPA has become more 

interested in personal exposure monitoring to support the ambient a1r quality 
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standards set under the Clean Air Act. Passive sampling devices are ideally 

suited for personal exposure monitoring because of their relatively low cost 

and srnan size. Commercially available N02 passive sampling dev1ces. such as 

the Palmes tube (1). 1ack the sensitivity needed to obtain 8 to 24 hr time 

weighted average (TWA) measurements in non-occupational air. The sampling rate 

for the Palmes tube is - 1.0 cm3/min. which affords a sensitivity of 300 

ppbv-hr when analyzed spectrophotometrically. Consequently, 5- to 7-day expo

sures are required to determine much lower levels of N02 found in ambient and 

indoor air. 

PSDs have been used extensively by industrial hygienists to assess the 

effects of respiratory exposure to hazardous poll utants of workers. 51 nee 

ambient air levels of most pollutants are several orders of magnitude lower 

than those normally found in the workplace, more sensitive monitoring systems 

are required. These systems are generally not portable and are usually located 

at fixed, outdoor sites. Such fixed-site monitor.1ng may not accurately reflect 

the average daily exposure of the general populace to air pollutants. This is 

particularly true in the Un1ted States, where the average person spends an 

estimated 90% of the time indoors (2). 

To obtain an accurate estimate of individual exposure to air pollution, 

the person must carry or wear the monitor. Therefore, the device must be 

unobtrusive, and lightweight. It should operate quietly, and place little or 

no burden on the individual. It must a1so be inexpensive, since many more 

units may be required for personal monitoring than for fixed-station monitor

ing. Active (pump-based) sampling syste~s used for occupational exposure 

assessment can and have been used successfully outside of the workplace (3). 

However, the pumps weigh from 0.5 to 1.5 kg and may not be comfortable to wear, 
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esµecia11y for sma11 persons. In addition, they must be battery-powered and 

most cannot be continuously operated for more than 6 to 12 hr. Passive devices. 

which require no pump, are much lighter in weight and are not power limited. 

EPA's initial efforts in developing passive sampling devices resulted in 

several publications and EPA final reports (4-8). Four N02 passive sampling 

methods were studied and were described in detail at the 1986 EPA-APCA Meeting. 

Two of the four methods that showed the most promise were: 

1. 	 AG/AGO coated on Chromosorb P followed by thermal desorption into a 

chemiluminescent NOx monitor. 

2. 	 Modified EPA-PSD using triethanolamine coated on glass fiber filter paper 

as the sorbent, followed by extraction and ion chromatographic analysis. 

Experimental 

Further evaluation of the AG/AGO chemiluminescent N02 method showed that 

water vapor was a serious interferent. At relative humidities higher than 30% 

the overall sampling and recovery efficiency declines sharply and approaches 

30% recovery at 80% relative humidity. The interference by water vapor would 

prevent the use of the sorbent in a passive sampling device. but when used in 

an active sampling device. this effect could be avoided by removing the water 

vapor ahead of the sorbent tube by means of a Nafi on dryer. Because of the 

water vapor problem with AG/AGO in the passive mode, this work was dropped to 

focus on the modified EPA-PSD with Palmes tube chemistry and ion chromatographic 

analysis. 

The EPA PSD that was originally designed for volatile organic compounds 

was converted to a PSD for NOz simply by replacing the Tenax• sorbent with 

tri ethanolami ne-coated glass fiber fi1 ter paper. Ion chromatography was em
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ployed for analysis. The effective samping rate of the modified EPA-PSD is 154 

cm3/min making 1t potentially 150 times more sensitive than the Palmes tube, 

The PSD has recently become commerc1ally available from Scientific 

Instrumentation Specialists, Inc. (SIS) of Moscow, ldaho. An exploded v~ew of 

the device is shown in Figure 1. The PSD is 3.8 cm 1n diameter, 1.2 cm in 

depth and weighs 36 g. Pairs of 200-mesh wire screens and perforated plates 

placed on each side of the sorbent bed serve as diffusion barriers. 

The S!S-PSD for NDz was shown to ha~e a mini~um detectable quantity of 3n 

ppb-hr; to show no interference from NO and relat7ve humidities as high as 80%; 

and to respond linearly from 20 ug/m3 to 460 ~g/m3 (9), 

All passive sampling devices have a minimum face velocity above which 

they must be used to maintain a constant sampling rate. The curve shown in 

Figure 2 1s a plot of the response of the SIS-PSO to N02 versus face velocity 

(cm/sec.). From a practical standpoint, it appears that the SIS-PSO for N02 

samples at reasonably constant rates at face velocities above lO cm/sec. 
' 

The SJS-PSOs for N02 were tested in ambient air by direct comparison with 

a tunable diode laser system (10) during a field study in the EPA Annex parking 

lot at the Research Triangle Park, NC in October 1986. The PSDs were exposed 

outdoors in triplicate at amb1ent conditions of wind velocity, temperature and 

humidity and were located near the tunable diode laser sampling line. They 

were exposed for 22 hours each day of the 13-day study. Table I shows the 

excellent comparab1l ity between the two methods. In addlt1on to the direct 

outdoor exposures, another set of 3 PSDs was simultaneously exposed inside a 

chamber through which outside air was passed at a constant known face velocity 

(100 cm/sec). Wh11e these measurements were generally s11ghtly higher than 

those made outside the chamber, they agreed within exper1menta1 error. 
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Conclusions 

Prior to this work, commercially available passive sampling devices for 

N02 could not be used as personal exposure monitors because they lacked the 

sensitivity needed for concentrations found in non-industrial settings, such as 

indoor air and ambient air. The results presented in this paper demonstrate 

that the SIS-PSD can be successfully applied to 8 to 24 hr time weighted average 

(TWA) measurements of N02 in ambient air. Although there was some variability 

between the 22 hr daily averages of the PSOs and the tunable diode laser daily 

average, the 13 day average agreed within a part per billion. 

It should be noted that the PSOs were not meant to provide data that is 

accurate to plus or minus a few percent of the real value. They were designed 

to provide semi-quantitative data inexpensi~ely and to be user friendly 

so that they could be used as personal exposure monitors to obtain the data 

that health effects researchers and statisticians need for their models. 

The agreement between the two methods is even more remarkable when 

cons1dering the complexity and high cost of the tunable diode laser ("' 0.2 

mill1on) and the s1mplic1ty and low cost of the SIS-PSD (less than $200). The 

cost of the SIS-PSD for N02 could be reduced drastically by making the dev1ce 

out of a moldable plastic material. Th1s passive sampler must be further 

evaluated for potential interferences from nitrous acid (HONO) and peroxy

acetyl nitrate (PAN). HONO 1s not expected to be a s1gnif1cant interferent 

because of recent work by Biermann et al. (11) on measuring HONO in both 

indoor and outdoor a1r environments. Biermann found that the observed HONO/N02 

rat10 was only 2.5% indoors and s~ outdoors. PAN 1s also not u.pected to 

interfere with the SIS-PSD for N02 for the following reasons: 

1. 01ffus1on coefficient of PA" is probably very low. 

391 




2. PAN would probably not get through the stainless steel diffusion barrier. 

3. The ion chromatographic technique separates nitrate from nitrite. 

The SIS-PSD described herein provides a personal exposure monitor that has 

the sensitivity and selectivity to monitor N02 in non-occupational environments, 

thus making it possible to perform large-scale monitoring at a relatively low 

cost. rt is envisioned that such devices can be tailor-made for other pollu

tants, such as formaldehyde, ethylene oxide, ozone, etc. 

392 




R£HHENCES 


1. 	 Pdlmes. E. 0. 1 Gunnison, A. F., OiMattio. J., and Tomczyn. C.: Personal 

Sampler for N5trogen Dioxide. Amer. Ind. Hyg. Assoc. lZ.:510 (1976). 

2. 	 Bud1ansky, S.: lndoor Air Po1iution. Environ. Sc~. Tech. ~:1023 (1980). 

3. 	 Wallace, L.A. and W. R. Ott: Personal Monitors: A State.of-tne-~rt Survey. 

J. Air Pollution Control Assoc. 32:601 (1982). 

4. 	 R.W. Coutant and D.R. Scott: Applicability of Passive Dosimeters for 

Amo1ent Air Monitoring of Tox'ic Organic Compounds. Environ. Sc1, Tech. 

16:410 (1982). 

5. 	 lewis, R,G., R.W. Coutant, G.W. Wooten. C.R. McMil11n and J,0, Mulik: 

Applkability of Passhe Monitoring Dev,ce to Measurement of \lo1atne 

Organic Chemicals 1n Ambient Air, 1983 Spring National Meet1~, ll.merican 

rnst1tute of Chemical Engineers (March 1983). 

6, 	 Lewis, R.G., J.D. Mulik, R.W. Coutant, G.W. Wooten and C.R. M<:M1llin: 

Thermally Desorbable Passive Samp11ng Device for Volat11e Organic Chemi

ca\s in Mr. Anal. Chem. £:214 (1985). 

7. 	 Coutant, R.W., R.G. Lewis and J.D. Mulik: Passive Samp11ng Devices with 

Reversible Adsorption. Anal Chem. iZ,:219-223 (1985), 

S. 	 M111er. M.P.: Ana1ts1s of Nitrite 1n N02 01ffus1on Tubes Using Ion Chroma~ 

tography. u.s. Env~ronmental Protection Agency Report No. 600/2-87-000, 

Research Triangle Park, "C, .!!!. e.ress (1987). 

9. 	 Mulik, J.D. and D.E. Williams: Pass~ve Samp11ng Devices for NOz, pp. 61

70, Proc&edings of the 1986 EPA/APC~ Symp~sium on Measurement of Toxic 

A1r Pollutants, Air Pollution Control Association Publication VIP-7, u.s. 
Environmental Protection Agency Report 600/9-86-013, Research Triangle 

Park, 	NC (1986), 

393 




10. 	 Schiff, H,I., D.C. Hastie, G.!. Mackay, T. Iuguchi and B.A. Ridley: Tunable 

Oio~e Laser Systems for Measuring Trace Gases 1n Tropospheri~ Air. 

En11iron. Sci. Technol. lZ.:352 (1980). 

11. 	 Biermann, H. t,./., Pitts, J. N., Winer, A. M.: Simultaneous Spectroscopic 

Determination of Gaseous Nitrous Acid and Nitrogen Dioxide in Polluted 

Indoor and Outdoor Environments. Proceedings of the Amer1can Conference 

of Governmental Industrial Hygienists, Inc., Symposium on Advances il'i A~r 

Sampling,~ press (1987). 

394 




TABLE I. Comparison of SIS-PSD with a tunable diode laser for N02 in ambient air. 

Modifi ec1 PSD 

Outside Inside ChamberA Tunable Diode Laser 

~ Cone, PPB Uncertainty Cone, PPB Uncertainty Cone, PPB Uncertainty 

11.1 +- l. 3 12.4 +- 3.8 10.2 +- 1. 5 

2 9.0 +- 1.1 9.3 +- 2.9 6.0 +- 0.9 

3 10.9 +- 1. 3 11.2 +- 3.S 7.8 +- 1. 2 

4 9.6 +- 1.2 11.2 +- 3.S 11.3 +- 1. 7 

s 9.3 +- 1.1 8.3 +- 2.6 6.2 +- 0.9 

6 6.2 +- 0.7 5.9 +- 1.a 4.5 +- 0.7 

7 9.1 +- 1.1 8.4 +- 2.6 8.4 +- 1. 3 

8 10.3 +- 1.2 10.3 +- 3.2 9.2 +- 1.4 

9 12.1 +- 1.4 14.5 +- 4.5 13.4 +- 2.0 

10 7.3 +- 0.9 11.l +- 3.4 12.0 +- 1.8 

11 7.1 +- 0.9 10.6 +- 3.3 12.2 +- 1.8 

12 9.4 +- 1.1 9.9 +- 3.1 7.8 +- 1.2 

13 3.5 +- 0.4 5.1 +- 1.6 4.7 +- 0.7 

Avg a.a +- 1.1 9.9 +- 2.a 8.8 +- 1. 3 

A 
Ambient outside air passed through chamber at 100 cm/sec. 
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LUMINOX MEASUREMENTS OF AMBIENT N02 


D.K. Bubacz, E.H. Daughtrey, J.D. Pleil, and K.G, Kronmiller 
Northrop Services, Inc. - Environmental Sciences 
Research Triangle Park, NC 27709 

Abstract 

Two Luminox LMA-3 rnoni tors were run simultaneously to measure 
real-time fluctuations of ambient N02. This was done as a part of the 
Fall 1986 Methods Comparison Study for measurement of compounds 
related to acidic deposition, conducted at the U.S. EPA Environmental 
Research Center Annex, Research Triangle Park, NC, from September 29 
through October 13, 1986. Although they were purchased from the same 
manufacturer (Scintrex, Ltd., Ontario, Canada), the two instruments 
employed different temperature-dependence correction methods. One 
used temperature-sensing electronics to compensate the output signal; 
the second used feedback-controlled heating to maintain the reaction 
chamber of the instrument at a fixed temperature. 

Data from both LMA-3 instruments were collected in real time by a 
Keithly-Compaq data acquisition system, which stored and printed 
hourly and daily averages. In this paper we describe our system and 
experimental methods, and we use our test results to compare the two 
monitors with one another and with the N02 reference system, a diode 
laser operated by another group. 

398 




Introduction 

Between August 29 and September 12, 1986, as part of the methods 
comparison study held at the U.S. Environmental Protection Agency 
(EPA) Annex in Research Triangle Park, NC, two Luminox LMA3 N02 
monitors (Scintrex, Ltd; Ontario, Canada) measured real-time NOz gas 
concentrations in ambient air. The two luminol-based instruments 
simultaneously sampled outside ambient air in a performance study of 
instruments equipped with different temperature compensation devices. 
The modifications were implemented to remedy a substantial 
temperature-sensitive response problem observed in earlier model 
instruments.1 One LMA3 instrument (11LMA3} was equipped with a 
temperature-controlled (30°C} reaction cell, whereas the other 
(H2LHA3) contained signal-correction circuitry to compensate for 
ambient temperature fluctuations. The data sets from the two 
instruments were compared with each other and with the tunable diode 
laser (TDL), the instrument used as the reference method for NOz 
measurement. 

Experimental Methods 

Ambient N02 measurements were made from inside a mobile laboratory 
situated next to the dry acid-deposition station in the rear parking 
lot of the EPA Annex in Research Tr tangle Park. The two Luminox LMA3 
instruments sampled ambient air through separate 0.25-in .-i.d, Teflon 
lines extending from each instrument to a Teflon tee. From the tee a 
conunon sample line extended to the top of the dry-depo!ition station 
to a vertical height of approximately 10 ft. At the inlet of each 
Luminox instrument, 47-mm Teflon filters were installed to prevent 
fouling by dust and dirt. Sample air was drawn into each instrument 
by a small d.c.-driven, flying-vane-type air pump operating at a 
nominal flow rate of 1.5 L/min. Luminol solution was moved into and 
out of the reaction cell of each instrument by means of a peristaltic 
pump operating at approximately 0.05 mL/m1n. 

Real-time ambient monitoring was maintained continuously tor 
22 h/day, throughout the study. The 2-h downtime each day was used 
for equipment maintenance, data transferal, and instrument 
calibration. Real-time data were collected and stored on a Keithly
Compaq (Keithly Instruments, Inc.; Cleveland, OH) data acquisition 
system. The system calculated and stored hourly averages, which were 
then manually reduced to daily, 22-h averages. 

Multipoint calibration curves generated both before and after the 
comparison study were used to arrive at the final average daily 
concentrations of ambient N02. 

Results and Discussion 

Ambient N02 values versus time for the two Luminox instruments and 
the TDL are plotted in Figure 1. A qualitative comparison of data 
from the two Luminox LHA3 instruments indicates that the instruments 
tracked each other on a day-to-day basis, showing good agreement on 
increasing and decreasing trends. Similarly, good agreement is 
evident in the comparison or the Luminox instruments with the TDL with 
the except ion of day 7 to day 8, when the Luaiinox instruments both 
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indicated a.decrease while the TDL showed an increase in the N02 daily 
averages. On the eleventh day of the study, the #2LMA3 instrument 
showed a substantially higher average daily value than either of the 
other two instruments. 

Quantitative comparisons are shown in Figures 2 and 3. Figure 2 
is a comparison of N02 daily averages of Luminox instruments # 1LHA3 
and il2LMA3. A 1: 1 correlation line drawn on the plot shows that 
#2LMA3 measured higher daily averages than #1LMA3 nearly two-thirds of 
the time. Two daily averages from the Luminox monitors show agreement 
to within 5~ of each other. 

Figure 3 compares the daily averages of the #1LMA3 instrument to 
those of the TDL instrument. Results indicate excellent agreement 
between the two instruments for approximately three-fourths of the 
study. In Figure 4, data from the #2LMA3 instrument and the TDL 
instrument are compared. Although the #2LMA3 instrument yielded dally 
N02 averages that were consistently higher than averages calculated 
for the reference method (TDL), the results roughly parallel those of 
the TDL, indicating a possible calibration offset in the Luminox 
instrument. 

An overall comparison of the two temperature-corrected Luminox 
instruments from this preliminary investigation was made in terms of 
agreement with the reference method and in terms of versatility in 
field operation. Both Luminox instruments approximated ambient N02 
concentration to a degree comparable to the TDL 1 s performance. The 
#1LMA3 instrument showed an overall average concentration of 8.98 ppbv 
N02 while the #2LMA3 instrument showed 10. 2 ppb N02. These values 
agreed within 99% and 86% of the value obtained with the TDL, 
respectively. 

The advantages and disadvantages of each temperature modification 
design should be weighed before a design is selected for field use. 
An advantage of the #1LMA3 design is that the reaction cell 
temperature remains constant, thereby reducing interference of ambient 
temperature fluctuations with reaction kinetics, On the other hand 
the #2LMA3 instrument design incorporates signal-processing 
electronics, which may introduce calibration-shift problems. 

Portability must be considered for operation of instruments in the 
field. When sampling requirements do not exceed 2-3 h, the Luminox 
instruments may be operated on a single battery charge. In this 
respect the thermostatic control of the #1LMA3 instrument is limited 
by its 110-V a.c. power requirement, whereas the 12LMA3 instrument ls 
capable of independent operation up to 2-3 h. However, the advantage 
of independent operation becomes negligible when one considers that 
the data recording devices require an external power source to 
operate. In addition, most field monitoring studies far exceed the 
maximum 2- to 3-h operating time of a single battery charge. 

Based on the data from the study, both temperature-correction 
modifications ahow comparable results to those of the reference 
method, TDL, with the exception of a slight caltbration offset in 
#2LMA3. Thus, the temperature-correction design employed in the field 
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should be chosen on the basis of the suitability of its design for the 
conditions under which the instrument is to be operated. 
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Comparison Across Different Methods and Interµretation of Results 

Richard J. Paur and William A. McC1enny 

Environmental Monitoring Systems Laboratory 
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Research Triangle Park. NC 27711 
Abstract 

Athirteen day comparison study of samplers/methods for estimating 
concentration of various sulfur and nitrogen containing species was conducted 
in Sept/Oct 1986 in Research Triangle Park. NC. The primary objective of the 
comparison was to determine whether results obtained from mult1component 
samplers. each representing a candi date method for use in acid deposition
networks. were equivalent, and to further determine whether those results were 
in agreement with an independent spectroscopic method for gaseous nitric acid 
and nitrogen dioxide, This paper presents selected results from the study and 
compares the performance of the various methods. 

Introduction 

The Environmental Monitoring Systems Laboratory (EMSL) of the US EPA 
has been conducting a methods development program for measurement of the atmos
pheric concentration of the chemical species that are important in acid deposi
tion monitoring. These sp~cies include nitrogen and sulfur containing species 
such as so2, N02, N03-, S04-, HN03, NH3, and NH4+, and other contributing species 
such as ozone and H202· The aciaity of particulate matter collected on Teflon 
filters can be estimated by measurement of the pH of aqueous extracts of the 
filters; however. the significance of the measurement 1s unclear due to problems 
in maintaining the integrity of the sample. 

One of the methods examined in the study. the annular denuder system 
(ADS), collects acidic species on a carbonate coated denuder assembly. One of 
the materials observed during ion chromatographic (IC) analysis of the denuder 
extract is N02- 1 on; the NOz- ion 1 s present 1 n concentration greater that 
that expected for partial collection of N02. NO or PAN. The source of the 
excess nitrite has been tentatively identified as HONO. The ambient concentra
tions of HONO, HN03 and N02 is compared to provide some insight into the poten
tial role of HONO as a nitrogen donor to biological systems and to examine the 
plausibility of the identification of the species as HONO by its correlation 
with the concentration of N02. one of the precursors of HONO in the troposphere. 

Many of the results presented here are presented in more detail 1n the 
previous papers given in this session. The intent of this paper is to provide 
comparisons between similar measurements from different methods. 

The data obtained in the study was reduced to 22 hour average values tor 
each pollutant and sampler. Replicate values were averaged together to permit 
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statistical analysis of the data in terms of linear regression treatments of 5 
or 13 22-hr values from individua1 samplers. or, in the case of nitric acid 
from a composite average of 4 different samplers. The uncertainties presented 
are those associated with the least squares linear regression and do not include 
the uncertainties assoc1ated with the chemical analysis or flow rates {see the 
preceding p9pers for estimates of these uncertainties). The error bounds are 
calculated for 95~ confidence intervals. 

In the following discussion the methods for sampling and/or the corres
ponding measurement results after sampling will be referred to as: 

ADS -- annular denuder system
TFR -- transition flow reactor 
FP -- filter pack
-F suffix -- denotes measurement results for particle species collected 

downstream of an inlet. 
-T suffix -- denotes sum of measurement results for particle species

collected on inlet and downstream of inlet 
TFR-RTI -- TFR results obtained by Research Triangle Institute person

nel 
TFR-ASRL TFR results obtained by Atmospheric Sciences Research Labor

atory personnel 
TFR-RTI-FP TFR results interpreted as a filter pack instead of as 

recommended by originator's standard operating procedure
TD LAS -- tunab1e diode laser spectrometer measurements 
COMP -- composite average of measurements from ADS. FP, TFR-ASRL 

and TFR-RTI-F P 

Results and Discussion 

Sulfate 

The sulfate results presented in Table 1 indicate generally close 
agreement between the ADS and TFR samplers for both fine fraction and total 
particulate sulfate. For the TFR-ASRL subset of five sampling runs, the in1et 
was not extracted, so only TFR-ASRL-F can be reported. The FP results were 
10-15% greater than ADS or TFR results in terms of the regression line slope;
this difference is probably not significant when flow and analytical errors are 
considered. The implication of such good agreement for sulfate results is 
that flow rates were accurately known and that any disagreement in results for 
other species must be due to causes other than uncertainty in f1 ow rates. 

Total sulfate values are evenly distributed over the concentration range
of 4-14 ug/m3. The difference between fine and total sulfate is. incremental, 
averaging about S% of the total sulfate; hence, all inlets used were adequate. 

Sum of gas phase and particle nitrate 

The sum of gas phase and particle phase nitrate obtained by the ADS. TFR
RTI and FP are in agreement. The relatively large uncertainties associated 
with the slope and interceP.t values are 1n large part due to the narrow range
of concentrations (2-4 ~g/m3) observed during the comparison. · 
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Nitrate 

The size range of particles containing nitrate extends from fine parti
cles to particles well above the cutpoint of the inlets on the ADS and TFR 
samplers (3.3 µm and 1.8 J,Jm aerodynamic diameter, respectively). Therefore, 
comparisons are complicated and conclusions are less certain than for sulfate, 
Table 1 shows that the total particulate nitrate from the ADS and FP are in 
agreement. The relatively narrow concentration range observed during the study 
is largely respofls1b1e for the large uncertainty associated with the slope. 
The compar1son of ADS-F with FP is not meaningful, since FP results include 
large particle nitrate and, without exception, are considerably hlgher than the 
corresponding ADSYF values. The comparison between ADS-F and TFR-RTI-F is not 
meaningful due to unexplained differences between the nominal and observed 
collection efficiencies of the TF~ for HN03 and the fact that fine nitrate is 
calculated (not measured) using TF~ measurements of HN03. 

The 0.79 ratio between the ADS and TFR-ASRL is likely due to the 
different cutpoints for the two inlets. 

Sul fur dioxide 

The sulfur dioxide data shows that the FP, ADS, and TFR·RTI agree well 
in terms of slope but that the FP and TFR show an offset of 0.5 and 1.5 µg/m3, 
respectively, compared to the ADS. The capture of some of the sulfur dioxide 
by nylon filters 1n the FP and TFR was taken into account. The offset may be 
due to extraction problems, matrix effects w1th the IC, or blank problems; 
however. a cursory examination of the pertinent data does not offer strong sup
port for any of these hypotheses. 

Nitrogen dioxide 

Comparison of the TFR-RT I with the tunable di ode laser (TDLAS) shows 
favorable agreement. The relatively greater estimates provided by the TEA 
treated filter in the TFR are somewhat surprising in view of laboratory 
studies indicating less than 1003 collection/extraction efficiencies for the 
TEA filters. 

Nitric Acid 

N1tric acid measurements from the various methods were compared to 
a composite average of measurements from the ADS, FP, TFR-ASRL, and TFR-RTl-FP. 
Table 1 shows that 4 of the 5 integrating sampler methods agreed with the 
composite average to within 0.1 in terms of slope and with less than 0.1 µg/m3 
intercept va1ue. The slope of the TFR·RTJ vs the Comp regression was I.17 and 
the intercept value was large. This combination causes the TFR-RTI to average 
63% higher than the composite average. The cause of the anomo1ous behavior of 
that sampler 1s not understood, in spite of a deta11ed investigation of its 
performanrn. 
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~moniurn ion 

The TfR and ADS comparison yi e1ds unity s1 ope but the data shows a 
significant intercept. This may be due to positive artifact in the TFR or loss 
of ammonium ion from the Teflon filter in the ADS. L1m1ted (4) tests to 
determine the losses in the ADS suggest smaller losses than would be required
to explain the observations. Both mechanisms suggested above may be operating. 

Ammonia 

The results for ammonia show little correlation between the measurements. 
The low concentration of ammonia might be expected to produce measurement 
difficulties; however, the coefficient of variation of replicates measurement 
with the AOS and TFR wou1d suggest that the measurements should agree better 
than was observed. 

~itro9en 

An interesting aspect of the use of carbonate coated denuders in the ADS 
is the observation of nitrite ion in the denuder wash solution. Some nitrite 
may be expected from react 1 on of N02 and PAN with the surface; the second 
denuder tube is used as a fie~d blank to correct for this artifact. The excess 
nitrite left after correction for known interferences has been tentatively 
identified as due to collection of HONO. 

Figure 1 is scatter plot showing the concentration of nitrogen ava,lable 
from nitric acid vs the concentrat1on of nitrogen available from HONO. For the 
s1te and sampling period of this comparison. the amount of n1tr

3
ogen available 

from the two sources is roughly equ1valent at about 0.3 119/m , In view of 
the considerable interest in determining HN03 concentrations for purposes of 
understanding p 1 ant response and delay of winter harden1 ng 1 n forests, the 
above results suggest that an effort should be made to verify the source of the 
excess nitrite. The only information available from this comparison study
concerning a possible source of the n1tr1te is a plot of the excess nitrite vs 
nitrogen dioxide (see Figure 2). The nitrite concentration is roughly equal to
si of the N02 concentration. This is in general agreement with results presented 
by Biermann et al.l• however. the samples reported here were taken over 
a 22-hr period and interpretation of the data is very d1ff1cult since the 
day/night concentrat1ons are merged. It must also be noted that a s1m1lar 
re1ationship might also be due to imperfect.correction for nitrite interference 
from nitrogen d1ox1de conversion to n1tr1te 1n the denuder tubes. 

Conc1us1ons 

The various methods agree well in terms of sulfate estimates. Measure
ments for nitrate are comp11cated bf particle size/inlet size selection and 
nitrate volatility, but are 1n generally good agreement when these factors are 
taken into account. The sulfur dioxide measurements suggest some blank and/or
extraction problems st111 exist; these problems may be primar11y problems 1n 
samplers which pass the gas stream through nylon filters prior to collection of 
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the sulfur dioxide. The limited nitrogen dioxide comparison showed close 
agreement betw~en the TOLAS and TFR-RTI. 

The nitric acid measurements showed c1ose agreeJ11ent among the FP. ADS, 
TFR-ASRL, and the TFR-RTI when treated as a filter pack. When operated according 
to recommended operating procedures, the TFR-RTI gave results which eneeded 
the compos;te average by 63% when averaged over the 13-day comparison period. 
For ammonium ion, the FP result are about 303 high relative to the ADS and TFR 
in terms of regression line slopes. The TFR has a positive offset of about 
0.5 µg/m3 relative to the FP and A.DS. The TFR and ADS ammonia results were 
in very poor agreement over the concentration range observed. 

The excess nitrite observed in the ADS contains nitrogen in concentrations 
approximately equal to the nitrogen present in HN03, 

01 scl aimer 
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Table 1. Linear Regression Parameters for Comparison of Selected Methods/ 
Chemical Species 

Method n Slope* Intercept* 

Sulfate; range= 4-14 µg/m3 

TFR-ASRL-F vs ADS-F 5 .993 1.00 + 0.15 - 0.05 + 1.36 
TFR-RTI-F vs ADS-F 13 .993 0.95 + 0.06 0.05 + 0.45 
ADS-T vs FP 13 .961 0.86 + 0.12 0,74 + 0.90 
TFR-RTI-T vs FP 13 .953 0.84 + 0.12 0.77:£0.96 

Sum of gas phase and part1c1e nitrate; range = 2-4 µg/m3 

FP vs ADS 13 .769 0.88 + 0.32 0.30 + 1.01 
TFR-RTI vs ADS 13 .914 1.20 + 0.25 - 0.57 ! 0.77 

Nitrate; range = 2-4 µg/m3 

FP vs ADS-T 13 .769 0.88 + 0.32 0.30 + 1.01 
TFR-ASRL vs ADS-F 5 .993 0.79 + 0.12 0.13 ! 0.13 

Sulfur dioxide; range = 2-14 µg/m3 

FP vs ADS 13 .994 0.94 + 0.05 - 0.41 + 0.48 
TFR-RTI vs ADS 13 ,966 1.02 ! 0.13 - 1.48 ! 1.27 

Nitrogen dioxide; range = 8-30 µg/m3 

TD LAS vs TFR-RTI 13 .938 1.11.:.0.19 - 0.68 .!. 3.58 

Nitric acid; range • 0.3-3 µg/m3 

FP vs Comp 13 .982 1.02 + 0.09 0.02 + 0.16 
ADS vs Comp 13 .976 0.95 + 0.10 - 0.08 + 0,17 
TFR-ASRL vs Comp 5 .996 1.08 + 0.13 0.04 + 0.24 
TFR-RTI vs Comp 13 .804 1.17 + 0.38 o. 77 + 0.68 
TFR-RTI-FP vs Comp 13 ,988 0.98 + 0.07 0.07 + 0.13 
TDLAS vs Comp 12 .731 0.65 + 0.28 0.53 + 0.51 

Ammonium ion; range = 0.5-5 µg/m3 

TFR-RTI vs ADS 13 .987 0.97 + 0.07 0.44 + 0.15 
FP vs ADS 13 .933 1.32 ! 0.23 0.02 + 0.48 

Ammonia; range = 0.3-1.2 µg/m3 

TF~-RTI vs ADS 13 .239 0.35 .!. 0.41 0.38 + 0.31 

* 95% confidence intervals for slope and intercept, 
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ABSTRACT 

A preliminary inve~tigation of the relative atmospheric
stability of selected oxyqenated polyaromatic hydrocarbons (Oxy
PAH) and nitrated polyaromatic hydrocarbons (Nitro-PAH) on 
airborne soot particles exposed to sunlight was undertaken. 
Diesel soot particles were used as a source tor Nitro-PAK and 
wood soot particles as a source ot oxy-PAH. Dilute particle 
systems were eJPosed to midday natural sunliqht for periods of 3
4 hours in 25m outdoor Teflon tilm environmental chambers. 
Aromatic oxygenates such as 9,10-anthracenedione and 
cyclopenta(def)phenanthrone appear to be stable on wood soot 
Particles, while polyaromatic hydrocarbons such as benzo(a)pyrene
and benzo(ghi)perylene decay on fresh wood or diesel soot 
particles in sunlight; 1-nitropyrene and 6-nitrobenzo(a)pyrene on 
freshly emitted diesel soot particles also exhibit decay under 
certain outdoor conditions: 

411 




THI BEHAVIOR of OXY-PAB and NITRO-PAK on 
ATMOSPBERIC SOOT PARTICLES 

INTRODUCTION 

A significant portion of the extractable orqanic matter from 
airborne soot particles is composed of semi-polar and polar 
oxygenated compounds. Currently, however# there is almost no 
inforll'lation on the stability of these compounds in the 
atmosphere. In this paper we ~ill describe preliminary outdoor 
chamber experiments which address the stability of selected 
oxygenated polyaromatic hydrocarbons (Oxy-PAH) and nitrated 
polyaromatic hydrocarbons (Nitro-PAR) on airborne combustion soot 
particles. 

EXPERIMENTAL 

Chamber Ezperiment• 

Wood soot particles were added to two 25m3 outdoor teflon 
film chambe~s)in the manner whichihas been described in previous 
documentsl 1 3 • Diesel soot part cles were added to the challlbers 
directly from the tail pipe of a 1967 Mercedes 2000 sedan. 
Injection occurred for approximately 6 seconds, after warm engine 
startup, with a slight load on the enqine. Diesel soot particles
(purchased from the National Bureau of Standards, SRM #1650) also 
were injected into the chambers using a liquid nitroq!p injection 
system, previously described by Saucy and co-workers\ >. The 
resulting aerosol systems, ranging in concentration from 400 to 
2500 ug/m3 , were aged for periods of 3 to 4 hours in mid-day sun. 

Sample Workup Procedure• 
Particles were collected at various times during the 

experiments on 47 nun Pallflex Teflon-impregnated glass fiber 
filters. In selected experiments, an XAD-2 cartridge (4 x 0.9 cm 
id SS tube) was placed downstream of the filter to assess the 
collection distribution of selected oxygenated PAH between the 
particle filter and the XAD trap. The sample flow rate was 18 
l/min. 

Filters were extracted with 25 ml of dichloromethane (MeC1 2 ) 
in ~icro soxhlet extractors. Material collected on XAD traps was 
removed by passing 10 ml of Mec12 through the XAD cartridge. 
Ext~acts were concentrated to approximately 200 ul and 
fractionated on a Waters semt~fep Poracil column with a mobile 
phase flow rate of 2 ml/min . The solvent program started with 
95\ hexane, 5t M!Cl2 . At 12 minutes it was programmed to 100\ 
MeCl at 5% min- , held at 100% Mecl 2 for 1 minute, and then 
quicily programmed to 100\ ACN and held there for 24 minutes. 
The PAH fraction was collected from 8-23 minutes, the Nitro-PAlf 
from 23-29.5 minutes and the oxy-PAH fraction from 29.5-42.5 
minutes. Recoveries through the fractionation ranged from 60 to 
98% depending on the compound and concentration of the sample. 

412 




Analysis of oxy-PAH and Nitro-PAR 

Analysis of the semipolar oxy-PAH fraction was performed with 
Carlo Erba model #4130 qas chromatoqraph (FID) with a 30 m fused 
silica J&W 1701 column. This column gave better resolution of 
the compounds of interest when compared with a less polar 30 m 
fused silica J&W DB-5 column. A 30 m J&W carbowax 20 m column 
~lso was evaluated, but its upper temperature limit of 220 to 240 

C and high column bleed prevented analyis of peaks elutinq after 
9,lO-anthracenedione(9,lO-anthraquinone). Identification of 
selected oxy-PAH were determined from GC/MS analysis of the oxy
PAH fraction on either a Hewlett Packard 5992 GC/MS or a Finniqan
Mat 4500 GC/MS system. Repeated GC/MS analyses of chamber soot 
samples of the Oxy-PAH fraction indicated that compounds 
identified from authentic standards or compounds tentatively
identified by comparison with library spectra, were tree from 
contamination by artifact phthalate peaks. All tentatively and 
authentic standard identified compounds had an correlation 
coefficients greater than or equal to 0.9 when matched aqainst 
the eight most intense mass spectral peaks from library spectra.
The structure and names of seven different Oxy-PAH typically
monitored in a chamber experiment are shown in Table 1. A 
reconstructed ion chromatograph ot an oxy-PAH traction from a 
chamber wood soot sample is shown in Fiqure 1. 

Nitro-PAH were analyzed by reverse phase HPLC with 
fluorescent detectiont ~sing a method originally developed by 
Tejada and co-workers 51. A Supelco PAH sum column was used for 
chromatographic separation. The eluting Nitro-PAH were then 
reduced to correspondi~g Amino-PAH in a 20 mm x 4 mm id column 
which contained ground automobile Pt/Rh catalyst. The size of 
the catalyst particles was estimated to be 40 to 100 um and the 
reducer column was maintained at 60 °c. 1-nitropyrene (lN-P) was 
monitored at excitation and emission wave lengths of 360 & 430 
nm; 7-nitrobenz(a)anthracene (7N-BaA) at 300 & 475 nm; 6-nitro 
chrysene (6N-Chry) at 273 & 437 nm; and 6-nitrobenzo(a)pyrene 
(6N-BaP) at 420 & 495 nm. 

RESULTS AJfD DISCUSSION 

PAK and oxy-PJJI stability on Soot Particle• 

To determine the recovery ot oxy-PAH compounds from XAD-2 
sampling, clean air, at a flow rate of 18 l/rnin for 20 minutes, 
was drawn through XAD cartridqes which contained a preloaded
mixture of oxy-PAH. The oxy-PAH concentrations were 100 nq per
species, and the compounds ranged from napthaquinone to 7,12
benz(a)anthracenedione. Elution with MeCl 2 gave recoveries for 
most compounds in the range from 81 to 96,. The exceptions were 
anthrone and 1-hydroxyanthraquinone. These compounds were 
recovered at 23 and 70t attar the 20 minutes of air flow. Similar 
recoveries were obtained when using acetone as an eluant solvent 
but much lower recoveries were observed when acetonitrile was 
used (43-56t). 
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During experiments with wood smoke (ave temp• 21 °c}, 

partitioning between the filtar and the XAD cartridge was 

observed for lower molecular weight oxygenates. For example 

34.1% (sd •15.2; n•lO) of the recovered 9-fluorenone (mw • 180, 

bp • 341.5 °c) was found in the XAD-2 extracts. 'For 9,10
anthraquinone (mw • 208, b.p. • 379.8 °c) 91.1% was recovered 

from the filter extracts (sd•7.5%; n•lO). 


Thus in this paper we have assumed that compounds with 
boiling points and molecular weights similar to or greater than 
that of 9 1 10-anthraquinone have a tendency to exist primarily in 
the particle phase and are not appreciably stripped from our 
filters during sampling. 

Wood soot systems aged for several hours in the dark show 
that PAH and oxy-PAH concentrations (ng of compound per mg of 
collected soot) are stable. When wood smoke with PAH and oxy-PAH
loadings in the thousands nq/mg was aqed in the presence cf 
midday sunlight (NO < o.07ppm, photochemical o3 < o.oa ppm), PAH 
concentrations slowfy declined • Oxy-PAH concentrations however, 
appeared to be more stable (Fiqure 2}. At lower organic particle
loadings and moderate humidities, PAH tend to degrade more 
quickly in sunlight. ay analogy, we speculate that under such 
lower concentration condition•, Oxy-PAH species also would be 
more stable than PAH. A possible exception is 7-benzanthrcne. 
In all of the sunlight experi~ents it exhibited some decay while 
other oxy-PAH appeared to be more stable. 

Based on these experiments it is not possible to determine 
the extent to which simultaneous oxy-PAH synthesis and 
destruction processes are cccQrring as airborne soot particles 
age in the presence of sunliqht. Our results suqgest that if 
siqnificant synthesis occurs, then it must be offset by a loss 
process in order to maintain the relatively stable time
concentration profiles that are observed. 

NITRO-PAR Behavior 

A diesel soct-particle'aerosol free from combustion gases was 
established in one chamber using the NBS diesel soot particulate 
standard (SRM #1650) and the liquid nitrogen injector. Chamber 
Nitro-PAH concentrates from SRM #1650 diesel soot aged in the 
presence of sunlight are illu$trated in the bottom graph of 
Figure 3. The average temperature for this run was 34.9 °c, the 
dew point wa~ 17,4 °c and the average total solar intensity was 
0.81 cal cm- min- 1 • The chaThber contained rural background NOx 
and NMOC concentrations. Photochemically generated o 
accumulated to a maximum concentration of 0.06ppm. F1qure 3 
sugqests that most Nitro-PAH are stable on these soot particles 
under the noted experimental conditions, although some compounds 
(6-NBap) may decay. 

Simultaneously, in the second chamber, we conducted an 
experiment with automobile diesel emissions. The initial NO and 
No2 concentrations were 0.31 and 0.16 ppm. The NMOC was 0.6 pprnc, 
ana 0.03 ppm of o3 accumulated. PAH and Nitro-PAH on these 
particl4s exhibited a rapid decay (Figure 3, top qraph). We 
were unable to determine if nitre compounds that can be generated 
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from secondary photochemical reactions, (e.9., if 2-nitropyrene 
or 2-nitrofluoranthene), were formed during these experiments. 

Particle measurements taken with a laser optical particle 
instrument (LAS-X, PMS, Boulder, CO.) indicate that the Mercedes 
diesel particles had a symmetrical particle size distribution 
with a mean mass diameter of 0.196 um. This size distribution 
did not change significantly over the course of the experiment. 
The NBS SRM #1650 particles had a broader mass size distribution 
(mean• 0.293). The calculated surface to volume ratios 
(assuming smooth, spherical particles) for both the fresh and the 
NBS diesel soot particles did not change appreciably with time 
during the course of an experiment. The surface to volume ratio 
of NBS diesel soot was approximately 40% lower than the fresh 
Mercedes soot (assuminq that the Lasser particle counter 
responded to both types of soot particles in the same manner).
It is additionally possible that as NBS diesel soot part~clea 
aged (in their sealed vial containers) prior to use in these 
experiments, the surface morphology changed appreciably as 
volatile compounds were lost. This may have tanned channels and 
interstices on the particle surface. The net result would be an 
additional reduction in the effective surface available for 
reaction with light and other reactive gases in the immediate 
enviromnent of the particle. Lastly, we do not know if suspension
of the NBS diesel particle& in the liquid nitrogen injector 
altered the surface of the particles. 

SUMMARY 

The preliminary results reported in this study suq9est that 
high oxy-PAH loadings on airborne wood soot particles and ambient 
air (N~x < 0.07ppm) appear to be stable in sunlight. Similarly
hiqh PAH concentrations slowly decline. When fresh diesel soot 
particles were exposed to sunliqht,(NO • o.47 ppm) Nitro-PAH 
decreased in concentration. However, ~AH and Nitro-PAH present 
on NBS pre-collected diesel soot particles were stable in 
sunlight under the same outdoor conditions. Differences in 1) 
Particle surfaces between freshly emitted and stored particles or 
2) photoche~ical environments, may explain the difference in 
behavior between the same Nitro-PAH on these two types of diesel 
soot particles. 
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~~9Ure 1. Reconstructed ion chromatograph of Oxy-PAH fraction from a 
al!lber wood soot extract. 30 m 1701 o.25 u fused silica column(J&W). 50 

sec Split/splitless inj at room temp; program from 130 °c to 290 °c. 
!innigan Mat 4500 GC/MS. Authentic standards were available for 9,10
lnthraquinone, 9-fluoreone, 7-benzanthrone, and benzanthracene7
2,dione. Other peaks tentively identified by library matching. 
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Mercedes DIESEL nitro-PAH IN SUNLIGHT 
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Figure 3. stability of Nitro-PAH on Diesel soot Particles in 
Sunlight; lN-P particle loading divided by lO in NBS diesel soot 
experiment(bottom graph), and tentitive identity of 6N-Chry 
assigned on the basis of retention time. 
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COMPARATIVE HUTAGENIC ACTIVITIES OF SEVERAL PEROXYACYL NITRATES 

T.E. Kleindienst, P.B. Shepson, C.M. Nero, E.E. Hudgens 
Northrop Services, Inc. - Environmental Sciences 
Research Triangle Park, NC 27709 

L.T. Cupitta, J.J. Bufalinia, L.D. Claxtonb 
aAtmospheric Sciences Research Laboratory 
bHealth Effects Research Laboratory 
U.S. Environmental Protection Agency 
Research Triangle Park, NC 27711 

Salmonella typhimurium strain TA 100 was exposed to a series of 
peroxyacyl nitrates including peroxyacetyl nitrate (PAN), 
peroxypropionyl nitrate (PPN), peroxybutyryl nitrate (PBN), 
peroxybenzoyl nitrate (PBzN), and chloroperoxyacetyl nitrate (CPAN). 
Gas-phase concentrations for the individual exposures were in the high 
ppbv range. The deposition rate (i.e., the dose) could be determined 
from the measured decrease of the gas-phase concentration in the 
exposure chamber and the exposure time. The mutagenic activity of 
each compound was determined from linear dose-response curves. Values 
for the mutagenic activity ranged from 250 {PBN) to 7350 (PBzN) 
revertants/µmole. The mutagenic activity of PAN as a function of 
initial gas-phase concentration showed nonlinear effects that could 
not be attributed to Henry's Law considerations. 
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Introduction 

Peroxyacyl nitrates (PNs), RC(O)OON02, represent oxidants formed 
in the polluted troposphere. Aldehydes, except for formaldehyde, 
serve as important precursors to PN formation following their reaction 
with OH. The peroxyacyl radical formed combines with N02 to produce 
PNs. Thus, acetaldehyde leads to peroxyacetyl nitrate (PAN) 
formation, propionaldehyde to peroxypropionyl nitrate (PPN) and 
butyraldehyde to peroxybutyryl nitrate (PBN). PAN has long been 
associated with possible physiological damage, and it has been shown 
to be mutagenic in the Ames Test with Salmonellatyphimurium, strain 
T~10Q.1 However, quantitative data on the toxicity and genotoxicity 
of PAN are fairly limited. Of the PNs only PAN, PPN,2 and 
peroxybenzoyl nitrate (PBzN) (vide infra} have been observed in 
ambient air.3 PAN concentrations in polluted air generally range from 
1-20 ppb with the others one to two orders of magnitude lower in 
concentration. 

Over the past four years, we have examined the mutagenic 
activities of mixtures of hydrocarbons (e.g., propylene, toluene) and 
oxides of nitrogen that have been irradiated in a smog chamber. In a 
number of these mixtures, strong mutagenic activities have been 
observed from the products of these oxidations. Although the mixtures 
were complex, we have been able to determine that Pl\N was one of the 
primary contributors to the total mutagenic activity in TA100.~ We 
are currently examining the mutagenic activities of a series of 
peroxyacyl nitrates. These include PAN, PPN, PBN, PBzN, and chloro
peroxyacetyl nitrate (CPA.N). (The last two compounds arise as 
products from the oxidation of benzaldehyde and chloroacetaldehyde, 
respectively.) The results of these measurements are of significance 
with respect to assessing the human health hazards associated with 
exposure to urban air. 

Experimental Methods 

The experimental method involved flowing dilute mixtures of the 
test compound in air into an exposure chamber that houses the test 
bacteria, S. typhimurium. Several timed exposures were performed for 
each compound in order to obtain dose-response curves. The mutagenic 
activities were determined from the measured deposition of each PN and 
from the dose-response curves·. Two methods were employed to generate 
the PNs: (1) the appropriate aldehyde was oxidized by N03 in the 
presence of N02 and air, and (2) a solution-phase synthesis was used 
that involved the nitration of a peroxyorganic acid to give the 
peroxyacyl nitrate. 

In the first technique (which has been previously described with 
respect to the formation of PAN4}, the appropriate aldehyde, N02, and 
03 in air were mixed in a 22.7-m3 Teflon reaction chamber. The 
chamber was operated in a dynamic mode; which allowed steady-state 
concentrations of PNs to be generated in the chamber. The effluent 
from the reaction chamber was then fed into a 190-L chamber where the 
bacteria were exposed to the gas-phase PNs. This procedure was 
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employed to generate CPAN, PBzN, and PAN. For CPAN and PBzN, 
chloroacetaldehyde (50% in water) and benzaldehyde (neat), 
respectively, were added in the vapor-phase to a mixing manifold by 
bubbling N2 through the liquid. For the PAN preparation, acetaldehyde 
was taken from a dilute tank mixture in N2 (0.8%). The aldehydes were 
introduced into the manifold to give an initial concentration of 
1 ppm. 03 was added to the manifold from the output of a commercial 
ozonizer, and N02 from a concentrated tank mixture in air at 
concentrations of 1 and 2 ppmv, respectively. Dilution air was 
provided using an Aadco zero-air generator. All flows were regulated 
using mass flow controllers to give the desired chamber concentration. 
The average residence time of gases in the chamber was 6.7 h. There 
was no evidence of major product formation other than the desired PN . 
.In addition, there was no evidence of appreciable decomposition of the 
PNs. 

The PNs were measured directly from the reaction and exposure 
chambers by GC as has been previously described for PAN. 1 The GC used 
to measure PAN was calibrated with a standardized solution of PAN in 
dcdecane (vide infra). A known quantity of this solution was injected 
into air in a Teflon bag to make the gas·phase standard. These 
solutions were not synthesized for PBzN and CPAN. For these two cases 
it was assumed that the decrease in the aldehyde concentration 
measured between the inlet and the effluent of the reaction chamber 
represented the concentration of the PN formed. This assumption was 
tested for P~N and found to be valid within 15%. 

The biological assay used in this work employed the bacteria 
S. typhimurium, strain TA 100. Tester strains were obtained from 
Dr. Bruce Ames, University of California, Berkley, C~, and maintained 
by the Genetic Toxicology Division of the Health Effects Research 
Laboratory, U.S. EPA Environmental Research Center. The test 
procedures were those of Ames etal.5 with modifications as described 
earlier ( 1). 

Each exposure chamber (clean air control and effluent) was filled 
with 45 petri dishes containing the tester strain and five survivor 
plates used as a qualitative check for toxicity. The exposure chamber 
was then brought up to the same steady-state concentration of the PN 
as in the reaction chamber. The covers on the petri dishes were then 
removed to begin the exposure. The total mass of PN deposited into 
the plates was determined by measuring the concentration in the 
exposure chamber before and after the covers were removed. Exposures 
were performed for various lengths of time to obtain a dose-response 
curve. We have found that re-covering a dish effectively stops the 
deposition of material and that the deposition is linearly related to 
the exposure time for PAN. Exposure periods ranged from 15 to 600 
min. Following the exposures, the bacteria were incubated for 48 h at 
37°C, and the number of revertant colonies/plate was counted. The 
exposure of the bacteria to clean air served as the control. 

The second experimental method (i.e., the nitration of the 
peroxyorganic acid} was employed for PPN and PBN. These PNs were 
prepared according to the procedure outlined by Gaffney eta/.6 The 
synthetic procedure ultimately yielded a solution of the PN in 
dodecane. This solution could then be used as a steady source of 
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vapor-phase PN. PAN was also synthesized for analytical purposes. 
The concentration of PAN in dodecane could be determined by 
hydrolyzing PAN to give CH3C(O)O- and N02- and measuring N02- by IC. 
For PBN and PPN, the analogous conversion to N02- was significantly 
slower, and reproducible results could not be obtained. Thus, the 
solution concentration was not determined. 

The electron capture GC could not be calibrated directly for PPN 
and PBN in air. Thus, these PNs were measured on the NOx channel of a 
calibrated NOx analyzer. It was assumed that the response of the 
analyzer to PPN or PBN was equivalent to N02 on a molar basis. 
Although this assumption could not be tested for PPN or PBN, it was 
tested for PAN since gas-phase standards in air could be generated. 
In this case, the magnitude of the response generated by PAN was 
identical to that from an equivalent concentration of N02. 

To perform the exposure, the PN in dodecane was added in 
sufficient quantity to a bubbler. N2 was bubbled through the 
solution, which was thermostatted to 0°C. The N2 stream containing a 
equilibriwn concentration of the PN was added to a 150-L manifold 
where it was mixed with zero air. The contents of the manifold were 
flushed through the exposure chamber containing the biological assay. 
All further experimental techniques for this method were identical to 
those described above, except that the exposure chamber concentrations 
were measured with the NOx analyzer rather than by GC. 

Results 

In each of the experiments, the primary data (i.e., the number of 
revertants/plate and the difference in concentration of the test 
compound before and after the plates were uncovered} leads to the 
calculation of two quantities, the mutagenic activity (revertants/h) 
and the deposition rate of the test compound (µmoles/h). The 
mutagenic activity was obtained directly from the slope of the dose
response curve. One such plot has been presented previously for PAN.4 
The number of revertants/h (per plate) was determined from the linear 
portions of the dose-response curves. Effects of toxicity can lead to 
nonlinear plots with negative curvature. All plots obtained in this 
study were linear, although PPN did give depressed survivor levels at 
the longer exposure times. 

The fraction of the gas-phase test compound that deposits into the 
plates is used to determine the deposition rate, which is calculated 
from the fallowing equation · 

(1)ll[P.Nl( µmoles)= a[PNJ0 llV 

llt h RT Np 


where [PN10 is the initial concentration of the peroxyacyl nitrate in 
ppmv, a is the fraction of the PN depositing into the medium, V is 
the flow rate through the chamber (850 L/h, in all cases), and Np is 
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the total number of plates. The fraction (a) is independent of 
concentration, but can vary with flow rate through the chamber. 

The results of these experiments have been tabulated in Table I. 
The table lists the compounds tested along with the procedure used to 
perform the exposure. [PNJ 0 and (a) were measured during the 
exposures, whereas 6[PN)/~t was calculated from equation (1). The 
slope from the dose-response curves is given in the second to last 
column. The mutagenic activity (revertants/µmole} is given in the 
last column and was obtained by dividing the (revertants/h) by 
{pmoles/h}. 

For the P~N, PBzN, and CP~N exposures, significant concentrations 
of the reactants were present in the effluent mixture. The reactants 
were thus tested for mutagenic activity by performing an exposure of 
the initial unreacted mixture. ~or P~N and PBzN, the initial mt~ture 
was nonmutagenic. This was not the case for CPAN, because the initial 
mixture contained ClCH2CHO, which is a mutagen of 1~100. Thus, the 
mutagenic activity for the effluent mixture of CPAN needed to be 
corrected for the contribution of ClCH2CHO. However, the ClCH2CHO 
contribution to the mutagenic activity was greater than that d~e to 
CPAN, because ClCH2CHO is significantly more soluble in the test 
medium than is CP~N. Thus, only the upper limit for the CPAN 
mutagenic activity was calculated. 

In previous studiesl,4 we have examined the mutagenic activity of 
PAN and found various measurements to differ by up to an order of 
magnitude. It was originally suggested4 that PAN decomposition 
products might be the cause of the discrepancy. Subsequently, a 
series of exposures was performed at a number of different gas-phase 
PAN concentrations. It was found that while the mutagenic activity 
(revertants/h) increased linearly with eKposure time {i.e., dose), the 
activity was largely independent of the gas-phase concentration over 
the 100-3000 ppbv range. This observation would imply that the test 
medium had reached saturation (i.e., Henry's Law conditions) for PAN. 
However, as previously observed (ref 1, figure 1) even at a gas-phase 
concentration of 1 ppmv there is no evidence of PAN saturation in the 
medium after a 20-h exposure. In addition, for relatively large PAN 
concentrations, the dose-response curve is linear throughout the 
exposure, implying that the rate of deposition remains constant and 
Henry's Law conditions are not being approached. Therefore, it is 
currently unclear why the measured reversion rate should be 
independent of the gas~phase concentration. For the present, howevert 
a reversion rate of 14 rev/h represents an average mutagenic activity 
over a wide range of gas-phase concentrations (104-850 ppbv}. 

Conclusions 

Mutagenic activities for a series of PNs have been presented. 
PBzN gave the greatest activity being nearly an order of magnitude 
greater than any other tested. However, the values for the mutagenic 
activity in Table I should be considered preliminary values until it 
is determined what effect changing the gas-phase concentration has on 
the mutagenic activities. 
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Disclaimer 

Although the research desribed in this article has been funded 
wholly or in part by the U.S. Environmental Protection Agency through 
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Sciences, it has not been subject to the Agency's peer and policy 
review. Therefore, it does not necessarily reflect the views of the 
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Table I. Summary of Experimental Results and the Mutagenic
Activities for the Exposure of Peroxyacyl Nitrates (Plls) 

to S. typhimurium, Strain TA 100 

Mutagenic Mutagenic 
[PN}o A(PN]/~t Activity Activity 

PN Method ppbv Q (µmoles/h) (rev/h) (rev/µmole) 
PAN8 -cHO/N03 850 0.161 0.0374 14 a 
PPN SOLTN 332 0.133 0.0306 10.8 353 

PBN SOLTN 287 0. 160 0.0320 8.1 254 


PB2N -cHO/N03 138 0.070 0.0067 49 7350 

CPAN -cHO/N03 \06 0.210 0.0155 <10 <645 


8See 	discussion. 
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An experimental technique for studying OH rates of reaction 
with particle-bound polyaromatic hydrocarbons (PAH) is described. 
PAH on combustion soot particles were reacted directly with OH 
radicals in a 200 liter continous stirred tank reactor (CSTR). 
To provide a relatively stable source of particles for reaction 
in the CSTR, wood soot particles were injected into a 25 ml 
outdoor Teflon film chamber. Soot particles were drawn at a 
constant flow into the CSTR. The large chamber in effect served 
as a storage tank or reservoir for combustion soot particles. 

The photodissociation of methylnitrite inside the CSTR was 
used to provide a source of OH. PAH concentrations at the inlet, 
(PAHJin• and outlet, [PAHJout' of the CSTR were monitored along
with vapor phase species, such as propylene or ethylene, 
(RefJout• which have established literature OH rate constants 
(k0 ) . The OH rate constants for selected PAH (k1 ) was then be 
determined from the expression given below if the rates of 
reaction with in the CSTR (r1 for PAH and r 0 for the reference 
compound) can be determined. 

f PAHJout ---= 
rref [RefJout 

Non steady state CSTR equations were developed to calculate 
r for both particle bound and gas phase reactants. other 
reactants in the CSTR which result in a loss of PAH (i.e. o3 , 
No2 , HONo2 , photolysis, etc) were considered in the PAH-OH rate 
constant estimates. 

426 




AN EXPERIMENTAL TECHNIQUE FOR JIEASURING 
'l'HB OB RAT:£ OF ATTACK ON PARTICLB BOUND PAH 

INTRODUCTION 

The reaction of vapor phase organic compounds with hydroxyl 
radicals(OH) is one of the most significant reaction pathways of 
both tropospheric and stratospheric chemistry. The frlatively
high OH rates of reaction for two and three ring PAH ] suggest 
that OH attack may be the major loss process for these compounds 
in the atmosphere. However, virtually nothing is known about the 
reactions of OH radicals and polyaromatic hydrocarbons (PAH) with 
more than four rings. This is because there has been difficulty 
in developing a technique for studying the reaction of particle 
bound PAH with gas-phase OH radicals. 

GENERAL APPROACH 

In this work PAH on soot particles were reacted with OH 
radicals in a continuous stirred tank reactor (CSTR). To provide 
a relatively stable source of particles for reaction iq the CSTR 
~e injected into one of our large outdoor charnbers{25m ), 
combustion soot particles from a residential wood stove. The 
large chamber was a reservoir for the feed aerosol which could 
then be introduced at a constant flow rate into the CSTR (Figure 
1). Real soot particles were used because we have found that 
compounds coated onto substrates (silica, alumina, carbon black) 
do not necessarily exhibit the same atmospheric reactivity as 
these same compounds do on real soot particles. 

We have previously shown that particle size distriby~i~os do 
not change appreciably with time in our outdoor chambersl ' J, 
and that the slow loss of particles to the chamber walls can be 
characterized. We have also shown that in the dark, particle 
bound PAH, nitro-PAH, and aromatic carbonyl mass as measured in 
ng pef mq of soot are very stable over a period of many
hours 314 1. 

The photolysis of m~thylnitrite (CH30NO) inside the CSTR was 
used to provide a source of OH according to the following 
reactions: 

--> cH30+ NO 
--> HCRO + H02 
--> OH + N02 

To inhibit the formation of 03, N20S and N03 , excess NO was 
added to the inlet flow. PAH concentrations at the inlet and 
outlet of the CSTR were monitored along with vapor phase species, 
such as propylene or ethylene, which have established literature 
OH rate constants. These vapor phase compounds were used as 
reference compounds. The OH rate constants for selected PAH was 
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determined by comparing the relative loss of a PAH with that of 
the reference compound. This approach is similar in concept to 
the relative rate technique developed and useg ~U batch reactors 
at the University of California at Riversidel - ~· In the case 
of CSTR, as will be discussed later, the equation for rate 
constant calculation is different, but one still need measure 
only the decay of the reference compound and compare that to the 
decay of a selected PAH to determine the unknown rate constant. 

EXPERIMENTAL 

The 200-liter CSTR used in this pilot ~~~dy has been 
previously described by Gery and co-workersl J. It is surrounded 
by thirty-four long-wave UV lamps(GE, F20 BLB}. Gas and filter 
samples were taken at both the inlet (large chamber) and the 
outlet of the CSTR. To aid in the transfer of material from the 
large chamber to the CSTR, an airtight in-line fan was used 
between outdoor chamber and the CSTR inlet. The inlet/outlet 
flow was maintained at 9.24 liters per minute, corresponding to a 
residence time of 21.6 minutes. The in-line fan and CSTR outlet 
pump were balanced so that one atmosphere of pressure existed in 
the CSTR. Particle size measurements (0.09 to 3.0 um) were 
performed with a laser optical particle counter {Model Las-X, 
Particle Measuring Systems, Boulder, CO). The effects of the in
line fan on CSTR particles size distributions were negligible. 

The method of Me~NO preparation in our laboratory has been 
previously describedl J. calculated volumes of ethylene and/or 
propylene were directly injected into the chamber and were 
monitored by a on-site GC (Carle model 211, isothermal at 600c, 
porapack Q 50-80 mesh 1/8" SS col, FID). NOx was monitored with 
a Bendix model 8101-B chemiluminescent analyzer (Ronceverte, WV 
24970, USA). was monitored with a Bendix model 8002o3
chemiluminescent analyzer. 

To avoid any adverse light effect in the large chamber 
reservoir, all the experiments were conducted after dark. Wood 
smoke emissions were added directly from the chimney of a 
residential wood stove to the 25 m3 outdoor Teflon film chamber. 
Split pine logs (6 cm x 10 cm x 50 cm) were used as a fuel and 
these were burned at a rate of 2 to 6 kg/hr. The resulting 
dilute wood smoke had initial particle concentrations of 1500 to 
3000 ug/m3. A calculated volume of methylnitrite (500 to BOO 
c.c.) was flushed into the outdoor chamber by a nitrogen stream. 
When the addition of particles from the feed reservoir began, the 
lights around the CSTR were turned on. sampling began 90 minutes 
later. 

Particle samples were taken from both the large chamber and 
the CSTR outlet. Soot particles were collected on 47 mm teflon
impregnated glass fiber filters (Pallflex T60A20) at a flow of 
9.24 liters/min. Particulate masses on the filters were ranged 
from 0.2 to 1.0 mg. 
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Filter samples were extracted in 25 ml micro soxhlet 
extractors with methylene chloride (Burdick and Jackson, HPLC 
grade) 3-4 hours after collection. sample work up procedures and 
analyticat te~hniques used for PAH analysis have been described 
elsewhere 2- 4 J. 

THEORETICAL CONSIDERATIONS 

A CSTR consists of a well-stirred tank into which there is a 
continuous flow of reacting material and from which the partially 
reacted material passes continuously. cTBe1r~eory of CSTR in 
steady state has been well established ' . The mathematics 
that describes the behavior of the CSTR are based on the 
assumption of perfect mixinq. A fair approximation to perfect 
mixing is not difficult to attain in a CSTR provided that the 
fluid phase is not too viscous. The rate expression for a CSTR in 
the steady state is: 

[CJin - (CJout 
(l)r = --------------- 

where: 
r • the reaction rate for the chosen reactant with the units of 
concentration per unit volume per unit time; 
(CJin • the inlet reactant concentration; 
[Clout• the outlet reactant concentration;
'( = tne residence time or holding time, which is defined as 6 = 
V/F; where f is the inlet/outlet flow rate in volume per unit 
time, and v the volume of CSTR; After seven residence times at a 
constant inflow, the CSTR will attain 99.9% of its steady state 
concentration. 

CSTR in Non-steady state 

In this work gas and particle phase species in the large 
reservoir were slowly decreasing. This occurs because the large 
reservoir is being slowly diluted by drawing samples into the 
CSTR, and because particles are being lost to the reservoir 
walls. These loss mechanisms slowly change the rate at which 
reactants enter the the CSTR. It is necessary therefore, to 
consider the situation of a CSTR under non-steady state. For this 
purpose, we have developed two rate expressions. 

For gas-phase species, the rate can be determined by 

[CJin - [Clout 
(2)r = ---------------- - s

( 

where (CJ in' (Clout' and r are the same as in Eq. (1); term s here 
is defined as, s ~ d[CJ ut/dt, the rate of change of 
concentration in the csTH. The value of s can be determined by 
finding the slope of [Clout vs. time curve. This equation looks 
very similar to Eq.(l) except an extra terms. As one can see, 
Eq.(1) is actually a special case of Eq. (2). This expression may 
be used for reactions of any order. 
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The behavior of reactant molecules on the particle surface differ 
from that of gas molecules. Although particles entering the CSTR 
can freely move about, the molecules on particle surface can not. 
They cannot leave the surface and intermix with other gas 
molecules. Each particle retains its identity and actsc!B a tiny 
batch reactor. We call this type of mixing macromixing l. For 
particle bound species and first-order PAH (or pseudo first 
order) reactions, the rate can be determined by 

(Alin - lAlout 
r = (3)---------------- p 

where: 
(Alin and {A>out are the inlet and outlet concentrations of 
particle bound species respectively, measured in molecules per mg 
of particles, and P the particle concentration in the CSTR during 
sampling period, measured in mg of particles per m3 of air. 

"'(* is the average residence time for particles collected 
from the outlet flow. "'( may not necessarily equal ""(, and its 
value is affected by the change of inlet particle concentration 
and the particle l~ss rate in the CSTR. The experimental 
determination of ~ is not difficult. The step-by-step 
derivation cf Eq.(2) and Eq.(3) will be discussed elsewhere. 
However, our computer modeling has shown that both equations are 
correct and accurate. 

Calculation of the OH•PAH Rate Constant 

We have assumed that OH attack on PAH and a reference 
compound is a first order reaction with respect to OH and the 
reactants of interest. In actuality, may be a pseudo secondaryk 1order rate constant which embodies other features on the particle 
surface which, in turn, promote the reaction of OH with a surface 
PAH molecule. 

According to the perfect mixing assumption, the CSTR effluent 
stream should have the same composition as its contents. rpah is 
the rate of reaction of a specific PAH and rref is the rat~ of 
reaction of a the reference compound. 
Thus: 

rpah = k1 [OH) (PAHJout (4) 

rref ko [OH) [RefJout (5) 

Combining these two equations gives: 

rPAH k1 [PAHJout------ = ---------- {6) 

rref ko (RefJout 

Note that the (OH] terms were canceled out in the above 
equation, which means OH concentrations need not be known and 
need not remain constant during the experiment. The reference 
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rate constant, k0 , is known from established literature values. 
By utilizing Eq. (3) to calculate and Eq.(1) or Eq.(2) tor 1
calculate r 0 , the OH rate constant, k1 , can be determined. In the 
determination of r 1 , all reaction rates which le~d to a loss of 
PAH must be subtracted from r 1 • 

PRELIMINARY EXPERIMENTS AND FEASIBILirY TESTS 

To estimate the OH rate of attack of a given PAH on a soot 
particle surface, we must also know the reaction rate from other 
processes ~hich might result in a PAH lass. These include PAH 
reactions ~ith light, o3 , N02 , HON02 , HONO, and N2o5 . In the OH 
experiment to be described we estimated that 0.05 ppm o3 , 8.6 PPM 
Of N02, 9.0 PPM Of HON02, ~.4 ppm HONO, 0.003 N205 formed in the 
CSTR. Since the data to be presented are very preliminary. we 
will report for illustration purposes only the rate data for 
benzo(a)pyrene (BaP). It is important to reemphasi2e that these 
data are very preliminary. 

In charact~rization test of the CSTR we determined the photoiysis 
loss constant of BaP 1~Y to CSTR lights to be 1.24xio-4 min- • 
Base on previous work , the half-life of BaP at o.os ppm iso3in excess of 10 hours and thus the loss due to o3 was not 
considered important. With 23 ppm of N02 + wood2soot in the CSTR 
(dar~}, we determined the kN02 to be 1.28 x 10- cm3 molecules-1 
sec- • Separate CSTR experiments with 4 ppm of nitric acid did 
not show a loss of BaP. This is consiste9~ with the work reported 
by Lindskog et a1.(l~J and Pitts et a1.l J, BaP on wood soot 
~articles passiyy~y exposed ta 0.1 ppm HONO did also not result 
in any BaP loss 1, 

When 4.2sx10-4 [mg cm-3 ] wood soot particles, 10 ppm of NO and 24 
ppm of CH3No2 were fed into the CSTR with the lights on, a 33% 
reduction in BaP resulted in the CSTR. The CSTR temperature was 
2~6 K and the residence time in the ~STR was 1296 s~Ionds {21.6 
minutes). The inler BaP was l.06x101 (molecules mg ] and the 
outlet was f.07xlO 4, This give a BaP concentration in the CSTR 
o~ J.OJx1ol (molecules cm-3]. Et~r!ene ~as used a~ 1a re~trence with a rate constant of S.5 x 10 [cm molecule sec ]. 

The cal~ulated gross reaction rate for BaP using Eq.(3) was 
l.67xl0 • ParentheticaLly, it is useful to add, that when just 
ethylene and propylene were separately run in the CSTR with 
CH 30NO, the OH rate constant of propylene was 3.08 times 9reater 
than that of ethylene. This is very good agreement with 
literature OH rate constants for these t~o compounds. 

In the calculation of rate constant for BaP above losses due 
to photolysis, N02 were not excluded. The OH rate may be 
calculated however as follows: 

OH rate overall rate - Photolysis rate - No2 rate 

= overall rate - kphota (BaPJ - kN02 [N02 J[BaP) 

= 1.67x108 - 1.24x10-4 ~ J.OJx1011 

-1.2sx10-19 x 7.3ex1oi3 x 3.o3xto1 1 
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1.67x108 - 3.75xlo7 - 2.86x10 6 

l.27x10s [molecules cm-3 sec-1 ] 

It can be seen that OH rate takes 63% of the overall rate. 
This va±ye ca~ be transl~ted to a~ OH rate constant of k = 
7.SxlO- (cm molecule- second-). At an assume~ ~tmospheric 
OH radical concentration of 1Xl06 molecules per cm [ J, the 
atmospheric half-life for BaP due to reaction with OH radicals is 
146 minutes. Daytime wood soot PAH experiments in our outdoor 
chambers (~olar radiation= 1 cal/cm2;sec, NOx=O.OGppm), 
typically exhibit (under midday sunlight and moderate humidities 
and temp2rgtures) PAH half-lives at 293 K which range from 35-50 
minutesl ' l. It is reasonable to assume that OH conceRtrations 
~ram photoche~ical smog processes are higher than ixio 
[molecules/cm J in these outdoor runs. If this is the case, then 
a significant portion of the previously observed photo-induced 
decay may be attributed to OH attack. We have observed in trying 
to characterize the photo-induced PAH loss on soot particles in 
our large chambers that this process is influenced by the 
intensity of sunlight, humidity, particle loading, and 
temperature. Future work will address these factors with respect 
to OH-PAH reactions. 
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Introduction 

The aerosol particles emitted by jet engines operated by the U.S. Air Farce 
are predominantly of submicron diameter and composed of unburned carbon. Compo
nents of this aerosol which are very minor, on a mass basis, may, however, assume 
great importance 1n the occupational and ambient environment. Trace elements, 
especially heavy metals, which may be present at very low concentrations in the 
jet fuel w111 be concentrated in the small particle fraction of the emitted 
aerosol due to the very low volatf lity of these materials. Reactive hydrocarbons, 
such as polycyc11c aromat1c hydrocarbons {PAH) and nitro-PAH may also be present 
in condensed form on the· particles emitted due to the low vapor pressures of 
these compounds. The very small size of the emitted particles permits them a 
relatively long residence tfme fn the atmosphere and enables them to be deposited 
in the innermost portions of the respiratory tract. 

The objective of the current study being performed by BattelJe for the 
U.S. Air Force is the characterization of the chemicals found on engine exhaust 
particles and assessment of their environmental significance. This type of 
measurement of these particle emissions from military jet eng1nes has not been 
previously reported. 

In this study, the gaseous and particulate-bound organic species 1n the 
exhaust from three different jet engines operated at several power settings were 
analyzed. The engine exhaust was also injected into 25 m3 Teflon-walled outdoor 
chambers and the evolution of the resulting photochemical system was followed 
with periodic measurements of NOx' o3, and total hydrocarbon concentrations. 
During the multi-hour photochemical experiments, samples of the chamber contents 
were collected for subsequent analysis of gaseous and particle-bound organics 
using gas chromatography-mass spectrometry (GC/MS). In a companion study, the 
engine emissions were characterized at various power settings for a more detaf led 
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analysis of the hydrocarbon species present, especially for the lower molecular 
weight compounds. 

Experimental Method 

Three Teflon-walled chambers were used in these experiments. Two of the 
chambers were used to age engine exhaust under different conditions, and the 
third chamber was used as a control, containing either ambient air or ambient 
air plus a mixture of reactive hydrocarbon gases and NOx• but no jet engine 
exhaust. The chambers were cylindrical in cross section with a conical top, and 
the interior surfaces were Teflon or aluminum to minimize surface reactivity. 
The chambers had a diameter of 3 m and a height of the peak of 4 m, which provided 
a volume of approximately 30 m3• Each chamber was equipped with a low rpm 
impeller for mixing, with heated injection and sampling lines, and with a blower 
and air inlet for purging. 

Prior to use in the engine exhaust study, the chambers were "conditioned" 
by injection by high concentrations of o3 repeatedly. Chamber characterization 
experiments subsequently performed included measurements of leakage rates and o3 
decay under dark and light conditions, examination of chamber background reacti 
vity by performance of ambient air photochemical runs and matched runs of reac
tive HC-NOx systems. 

The matrix of experiments performed which involved injection of jet engine 
exhaust into the chambers included three engines operated at a total of three 
different power settings of interest. A total of six engine exhaust tests was 
run, with 12 chamber conditions. The following factors were examined in the 
aging experiments: the influence of photochemical reactions in the light versus 
dark chamber experiments, the effect of engine power setting, and the differences 
between the engine types. 

For each experiment the chambers were purged overnight with charcoal 
scrubbed, filtered, shop air which was turned off prior to 0600. Chamber back
ground measurements and SF6 injections were performed during the time from 0600 
until the chambers were moved to the engine test cell to be charged with engine 
exhaust. During the period that the exhaust-containing chambers were not being 
sampled, the control chamber was injected with either ambient air or a reactive 
hydrocarbon/NOx mixture and monitored exclusively until the exhaust containing 
chambers were repositioned for the aging experiment. 

For characterization of the organic compounds in the engine exhaust, samples 
of the engine exhaust were collected on quartz fiber filters and XA0-2 sorbent 
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traps. For these samples the sampling line was heated to 50 C from the sample 
Probe to beyond the exit from the test cell. The exhaust gas sample was then 
Permitted to cool by contact with the walls of a stainless mfxfng chamber and 
drawn through the filter and sorbent trap at.a measured flow rate and temperature. 
In this manner the aerosol sample was obtained at nearly ambient temperature. 

Samples of the chambers contents were collected for later analysis at 
several times during the aging experiments. These samples were obtained by with
drawing approximately 1 m3 of the chamber air through a quartz f1ber filter and 
XA0-2 sorbent trap. At the end of each aging experiment, a 5 m3 sample was with
drawn in the same manner. Selected XAD traps were spiked 1!11llediately after 
sampling to assess the losses of PAH due to sample handling. The XAO traps were 
sealed and enclosed in a1uminum foil after sample collection to prot~ct the 
collected sample from light, and the traps and filters were maintained below o c 
on site unt11 they were shipped to the laboratory for extraction and analysis. 

The chambers were monitored at 20~m1nute intervals for NO, NOx, o3, THC, 
and SF6 concentrations. The temperature and relative humidity of the a1r 1n 
each chamber was monitored as well. To monitor these parameters, the air was 
drawn through a switching valve which permitted air to be withdrawn from any of 
the three chambers or from an ambient air intake located above the mobile analy
tical laboratory. The sampling lines were either Teflon or glass and were main
tained above ambient temperature to prevent condensation within the sampling 
lines. Each chamber was sampled for a 5-minute interval, and the measurements 
made during last 3 m1nutes were averaged by the data collection/system control 
software. Table 1 lists the instruments which were monitored by the Apple IIe

based data collection system. 

TABLE l, INSTRUMENTATION USED FOR CHAMBER ATMOSPHERE MONITORING 

Parameter 

Total hydrocarbons 
Ozone 
Solar intensity 
Oxides of nitrogen 
Temperature/humfdity
Chamber tem~erature 

Instrument 

Beckman 402 
Bendix Model 8002 
Epp1ey UV radiometer 
Monitor Labs Model 8440 
EG&G Model 911 

Type K thermocouple~ 
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Anal*sis of Samples for 
P H and nitro-PAH 

Certain filter and XAD-2 samples from the chambers and engine exhaust were 
extracted separately with methylene chloride by Soxhlet technique. The remaining 
filters were extracted together with their corresponding XAD-2 sample to maximize 
the mass in the extract. Prior to extraction, a standard solution of perdeuter
ated PAH was spiked onto selected filters and XAD-2 to determine PAH losses 
attributable to sample preparation. The extracts were then concentrated by 
Kuderna-Oanish (K-DJ evaporation. Aliquots of the concentrated extracts were 
removed to determine the total extractable organic mass. Selected extracts were 
fractionated using open bed silica gel column chromatography. This procedure 
has been successfully used to separate the extracts from diesel exhaust particles 
and ambient air part1c1es into four compound classes including aliphatic, aromatic. 
moderately polar. and highly polar compounds. Three of the fractions (aromatic • 
moderately polar, and highly polar) were analyzed by gas chromatography/mass 
spectrometry (GC/MS) in the full scan mode. The preliminary information obtained 
from the GC/MS analyses includes the est}mated extraction efficiency. the extract
able organic mass of the jet engine particles, the PAH distribution between 
filter and XAD samples, and the classes of compounds present in the filter and 
XAD-2 samples. 

The analyses were conducted on a Finnigan 4500 quadrupole mass spectrometer 
(MS) equipped with a gas chromatograph (GC) and an !NCOS 2300 data system. A 
fused-silica capillary GC column and on-column injection (45 C) with negative 
chemica1 ionization at 150 eV were used for determination of N02~P~H. The conven
tional splitless injection (300 C) with electron impact mode at 70 eV was used 

for PAH analysis. The multiple ion detection ll'IOde was emp1oyed in both El and 

NCI ana1yses. 

Results and Discussion 

The results presented here are preliminary and include only a portion of 

the experiments performed and have been selected to indicate the range of results 
obtained and analyzed up to this time. The results indicate the nature of the 
influences of engine operating power, engine type, and photochemical activity on 
the PAH and n\tro-PAH determined in the initial and final filter samples collected 
in several of the experiments. 

The XAD-2 samples of engine exhaust conta1ned much higher masses of extract
able organic matter than did the corresponding filter samples. Full scan GC/MS 
analyses of the XAD-2 samples showed the major components to be aliphat1c 
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hydrocarbons, while alkyl benzenes, 2- to 4-ring PAH, and oxygenated PAH were 
also present. Similar classes of compounds were detected in the filter samples, 
although the more polar compounds dominated the mass found in these extracts. 

Table 2 presents the concentrations of the PAH and nitro-PAH found in the 
filter samples collected at the start and at the end of the experiment in which 
exhaust from a J-79C (smokeless) engine was aged in the chamber exposed to sun
1ight. These values are expressed as concentration of each compound associated 
with the suspended particulate matter in the chamber. The initial values in the 
chambers represent the engine exhaust diluted by approximately a factor of five. 
It is readily seen that these concentrations are quite low and that the decay of 
these compounds during the experiment reduces their concentration by one to two 
orders of magnitude, in general. 

This table also presents the PAH and nitro-PAH concentrations measured at 
the start and end of the "light" aging experiment for the TF33-3 engine operated 
at idle power. The idle operating power produces the most hydrocarbon laden 
exhaust of the power settings examined in this study and the TF 33-3 was seen to 
emit higher hydrocarbon concentrations than the other engines studied. Compari
son of the "initial" concentrations seen here with those in Table 2 permits a 
relative comparison of the TF33-3 and J-79 engines to be made. The very exten
sive decay of the PAH compounds seen above is repeated here. 

A final set of results is presented in the table for the TF33-3 engine 
operation at 30 percent power. There is an obvious reduction in the exhaust 
concentrations of these compounds. There also appears to be a significant les
sening of the extent of decay of these compounds relative to those seen elsewhere 
in the table. The explanation for this result requires further analysis of the 
gas concentrations measured in the chambers in these experiments. Sull1llary values 
such as these may mask the actual dynamics of the formation and decay of the 
individual compounds. Only by making comparisons across experiments and with 
intermediate values of compound concentrations can one deduce the processes lead
ing to the changes observed in tables such as these. 

Conclusions 

The analysis of samples obtained and the Interpretation of the experimental 
results of these experiments are currently under way. The results assessed to 
date permit us to conclude that the concentration of PAH and nitro·PAH associated 
with particulate phase of the engine are quite low, due, no doubt, to the very 
large volumes of air processed through these engines. There 1s an apparent 
increase in the decay rate of the PAH for the chambers exposed to sunlight, 
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relative to those kept darkened, and obvious evidence of the formation of various 
nitro-PAH during the experiments. Differences in the results for the different 

engines and power settings have been noted at this time and will be better 
defined as the analysis proceeds. 
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IN AERC·SOL SAMPLE 
FROM CHAMBER CHARGED WITH EXHAUST FROM J79 AT IDLE, TF33-3 ENGINE AT IDLE 
AND 30 PERCENT POWER 

TABLE 2. INITIAL AND FINAL CONCENTRATIONS (ng/m3) OF COMPOUNDS 

J79 {Idle) TF33-3 (Idle} TF33-3 (301:) 
Conipound In1 t ia l Final Ratio Init ia 1 Final Ratio Initial Final Ratio 

Pol.l".!!uclear Aroonatic H~drocarbons 

Naphthalene 8.41 0.68 0.081 12.90 1.25 0.104 3.5 0.3 0.09 

Oibenzothiophene 32.15 0.54 0.017 82.lO 0.45 0.005 11 1.() 0.09 

l'henanthrene 153.3 3.49 0.023 757 .0 6.45 0.0085 304 15 0.05 

Anthracene 11.62 0.56 0.048 lOl.O 0.41 0.0041 24 2.3 0.10 

Fluoranthene 119.0 l. 74 0.015 294.0 l.!B 0.0062 217 4.8 0.02 

Pyrene 138.5 0.98 0.007 410.0 0.97 0.0024 280 2.5 0.01 

Benz[a]anthracene 3.96 0.98 0 47 .30 <0.22 0.0047 14 <.3 <.02 

Chrysene 9.89 0.21 0.021 25.60 0.37 0.014 22 0.7 .03 

Cyclopenta[c,d]pyrene 0.25 NO 0 4!.00 0 47 NO 

Benzofluoranthenes 4.70 NO 0 94 .70 0.22 0.0023 22 ND 
BerJzo[e )pyrene 2.08 NO 0 34 .70 0.26 0.0075 9.4 NDt 
Benzo[a)pyre'1e J.14 NO 0 37.90 0.2:2 0.0058 8.4 ND 

lndeno[l,2,3-c,d]pyrene 2.05 MD 0 56.BO <0.22 0.0039 4.7 NO 
BerJZo[g,h,i)perylene 5.19 NO 0 78.90 <0.22 0.0028 lO ND 

Oibenzo[a,h]anthracene NO NO 0 Ul6 ND 0 <.2 ND 

Nitrated Polynuclear Hydrocarbons 

2-Nitro-1-naphthol 37 .1 0.87 0.023 133.0 0.77 0.006 14 l. 3 0.09 

4-Hydroxy-3-nitrobiphenyl 1.86 0.31 0.17 5.37 0.12 0.022 2.8 0.25 0.09 

1-Nitronaphthalene 2.10 O.OS9 0.028 2.05 0.17 0.083 2.3 0.38 0.17 

Nitronaphthalene isomer 1.24 0.049 0.040 0.31 0.045 0.15 0.35 0.16 0.46 

9-Nitroanthracene 0.57 0.071 0.12 0.57 0.016 0.028 3.0 0.26 0.09 

9-Nitrophenanthrene 0.30 0.024 0.08 0.15 0.37 2.5 0.49 0.09 0.18 

Nitroanthracene/phenanthrene isomer 0.27 0.021 0.078 0.27 0.011 0.041 0.33 0.04 0.12 

3-Nitrofluoranthene 0.13 0.012 0.092 0.30 0.0071 0.024 0.54 0.57 l.06 

1-Nitropyrene 0.69 0.0033 0.0048 0.15 0.0049 0.033 0.18 0.02 0.11 

6-Nitrochrysene 0.07 NO 0 ND ND ND tiD 

Di-Nitropyrene isomer ND ND ND NO NO ND 

NO = Not detected. 
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Abstract 

Chemical mechanisms developed for use in Air Quality Simulation 
Models for photochemically produced ozone may be used as a 
method to estimate formaldehyde yields from the hydrocarbon and 
nitrogen oxides precursors. Two chemical mechanisms are 
compared in their ability to simulate smog chamber experiments 
conducted at the University of North Carolina where formaldehyde 
was measured as a photochemical product. A wide range of 
experimental conditions are used including simulated automobile 
exhaust, simulated urban-like mixtures, and specific 
hydrocarbons which are predominant in the atmosphere. 

Introduction 

Chemical mechanism models have been developed for simulation of 
photochemistry leading to the formation of ozone in the 
troposphere. Formaldehyde is an important compound in this 
chemical system (1). Although successful simulation of the 
ozone chemistry requires including the chemistry of 
formaldehyde, the mechanisms primary development goal has been 
the prediction of ozone. There is concern that these chemical 
mechanisms developed for ozone, rnay be used to estimate 
formaldehyde concentrations in the atmosphere. The chemical 
mechanisms have not been evaluated as thoroughly for 
formaldehyde as they have been for ozone. 

There is reasonable concern that the simulation and prediction 
of formaldehyde may be less successful than simulation of ozone. 
This arises from several problems. 

Formaldehyde is formed as a product from the oxidation of 
hydrocarbons in the atmosphere. The amount depends on the type 
of hydrocarbon and the type of reaction. Often many chemical 
intermediates and reactions are involved. Formaldehyde also 
photolyzes to yield radicals and carbon monoxide. Many details 
of these processes are still uncertain or unknown. The 
experimental database of formaldehyde measurements in either the 
atmosphere or smog chambers is rnuch less developed and certain 
than for ozone and its primary chemical precursors. The 
successful simulation of formaldehyde has been only a secondary 
goal in the development of these types of chemical models, 
mainly to assure the predic~ion of ozone. Because of limited 
resources imposed on mechanism develope~s, development of a 
chemical mechanism often stops when reasonable successful 
prediction of ozone is achieved. 
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The goal of this study was to perform a limited modeling program 
to determine how successful two mechanisms developed for ozone 
in the urban atmosphere are in simulation and prediction of 
formaldehyde. 

Chemical Mechanisms, Test Conditions and Methods 

Two recent chemical mechanisms were ~sed to illustrate the 
ability to simulate formaldehyde in two types of photochemical 
systems: UNC outdoor Dual Smog Chamber experiments and an 
"EKMA-type" url:Jan scenario with continuous emissions and 
meteorological dilution. The new ERT, Inc. chemical nechanis~ 
developed by carter, Atkinson, Lunnann and Lloyd {CALL) (2)
and the recently distributed SAI carbon Bond IV chemical 
mechanism developed by Whitten and Gery {CB4) (J) were used. 

The code for the computer-based model PC-PKSS, used to implement 
the chemical mechanisms and simulate the different photochemical 
systems was written by Harvey Jeffries (4). It is capable of 
not only simulating outdoor smog chamber-type experiments with 
varying temperature and photolytic rates, but also EKMA-type 
simulations with continuous emissions and meteorological 
dilution (5). It reproduces EKMA-type simulations performed by 
the OZIPM1 (6). The photolytic rates used are discussed in (7). 

The UNC outdoor Dual Smog Chamber has been used to study the 
photochemistry responsible for ozone formation in urban systems 
since 1974 (8 •. 21). Experimental data including the 
measurements of chemical precursors and products, and physical 
parameters throughout the experiment have been obtained for a 
wide range of conditions of interest to chemical model 
developers. over 300 dual-smog chamber experiments have been 
processed and distributed (16,19). The description of the 
chamber and the analytical methods are in several reports. The 
formaldehyde ~onitor is an automated reversed ~est-Gaeke method 
sold by CEA Instruments. At its normal operating range (O to l 
ppm) it has a minimal detection sensitivity of -20 ppb.
Prelirninary results show that it compared reasonably well with 
other formaldehyde methods in this range in a Interccmparison 
study conducted in 1986 (22). 

Several experirnents from the UNC S~og Chamber set were selected 
which study the reactivity of individual important hydrocarbons 
in the atmosphere. These are also either explicitly represented
in the chemical model or are the representative compound used in 
the model to represent a class of compounds. Experiments
conducted with hydrocarbon mixtures developed to be equivalent 
to autoexhaust in reactivity, or structured from ambient 
measurements were also selected. 

In modeling smog chamber experiments, assumptions need to be 
made concerning the effect of the chamber on photolytic rates 
and type and magnitude of l:Jackground chamber reactivity. 
Discussions of these concerns are in several reports (16,19,21). 
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The chamber teflon material attenuates solar radiation which is 
a function of wavelength; and the reflective chamber floor also 
must be considered. The area around the chamber also needs to 
be considered. Spectral irradiance measurements made inside the 
chamber have been used to derive a preliminary set of photolytic 
rates for the UNC cha!Tlber. These are shown in Table l. Research 
in this area is continuing. Background chamber reactivity has 
been studied (1,23,24) and is also continuing. The surface to 
volume ratio is lower than most smog chambers because of the 
large size. Each side of the dual chamber has a volume of 150 
ooo liters. Background reactivity assumed by most modelers is' 
much less than assumed for other chambers. Normal assumptions 
include O to 50 ppb of formaldehyde (25 ppb average) and o to 25 
ppb of N02 source material (10 average) on the walls which 
off-gas as a function of light intensity. Also initial HONO 
levels of 0 to 3 ppb are normally used: with a maximum of S ppb 
used for experiments performed after a long series of very 
reactive experiments have been conducted. The protocol followed 
in modeling a set of experiments is to maintain reasonable 
consistency in chamber assumptions through the entire set, using 
the same assumptions for both sides of the dual chamber pair of 
experiments perforrned on a given day. The benefit of the 
dual-nature of the smog chamber is that the instruments are 
time-shared and both chamber sides are prepared (vented and 
dehumidified) the same. Both sides are subject to the same 
light and temperature: chamber assumptions should be similar. 
Even if there is a question of calibration of an analytical 
method, at least the relative differences in measured chemical 
reactivity should be simulated by a chemical mechanism model. 

Results - Smog Chamber Comparisons 

Formaldehyde is explicitly represented in both chemical 
mechanisms. Four formaldehyde/NOx experiments were simulated. 
The dual experiment performed on July 6, 1986 is a matched 
initial NOx (-0.17 ppm) and different initial formaldehyde: 1.02 
vs 0.54 ppmc. This type of experiment illustrates the benefit 
of the dual-nature of the chamber design in that two levels of 
reactivity (HC/NOX), with the same chamber physical conditions 
and assumptions are provided for testing. The time
concentration profile results are shown in Figure 1. The ozone 
maximum is better simulated on the 1.02 ppmC side but the 
formaldehyde is better simulated on the lower 0.54 ppmC side. 
This experiment was part of the formaldehyde intercomparison 
study, The other two experiments July lB, 1977 and August 12, 
1980 were also simulated reasonably well. These results are not 
shown for space considerations. 

Ethylene is an dominant hydrocarbon in the atmosphere and is 
explicitly represented in each mechanism. Propylene is also 
important in the atmosphere. It is the surrogate in the CALL 
mechanism for terminal olefins and is the basis for the CB4 
olefin chemistry. Four ethylene and two propylene experiments 
conducted in three dual-chamber experiment combinations were 
modeled: low HC/NOX ethylene vs propylene on July 13, 1986, low 
vs high HC/NOx ethylene on July 9, 1986, and high HC/NOx 
ethylene vs propylene on October 4, 1984. These cover a range 
of reactivity. The two 1986 experiments were also part of the 
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formaldehyde intercornparison study (22) and the formaldehyde 
measurements compared well. A consistent set of chamber 
background assumptions were used. 

In general, the success of simulating these experiments was a 
function of HC/NOx, especially for ethylene. The ozone maxima 
were simulated fairly well in ~eneral but both mechanisms were 
late in predicting ozone especially in the lower HC/NOx runs. 
Both mechanisms underpredicted ozone for the lowest HC/NOx 
ethylene experiment: one side of the July 9, 1986 experiment. 
The CALL mechanism overpredicts ozone for the high HC/NOx 
ethylene runs. For both mechanisms for all experiments the 
hydrocarbon predictions were good to excellent. Formaldehyde 
predictions were best for the high HC/NOx experiments for both 
mechanisms although both mechanisms underpredicted (15 to 25\ 
CB4 and 20 to 30% CALL). See Figure 2. For the lower HC/NOx 
experiments both mechanisms underpredicted about 45\ (see Figure 
3). That is, neither mechanism simulated the relative change in 
formaldehyde produced in the delta HC/NOx ethylene experiments 
of July 9, 1986. It should be pointed out that the model 
simulations of the formaldehyde concentration profiles of the 
July 8, 1986 experiment shown in Figure 1 were much more 
successful. The formaldehyde monitor was checked for span 
calibration at least twice a day. It was very stable during the 
entire intercomparison study. 

Toluene and m-xylene are the basis for these two classes of 
aromatics for both mechanisms. A dual experiment conducted June 
27, 1984 compares matched initial NOx conditions with 2 ppmC 
m-xylene on one side and 5 ppmc Toluene on the other. Both 
mechanisms simulate the m-xylene NOx, 03 and xylene . 
concentration- time profiles very well, with the CALL mechanism 
just a little slower in reactivity passed the midpoint of the 
experiment. Both mechanisms overpredict ozone on the toluene 
side (-25\ CB4, -33\ CALL), but the CB4 mechanism reproduces the 
proper shape. While the CB4 mechanism simulates the toluene 
profile, the CALL mechanism does not oxidize enough. The CALL 
mechanism predicts the measure amount of formaldehyde on the 
toluene side and overpredicts about 40% on the xylene side. The 
CB4 mechanism overpredicts by a factor of 2 for both svstem~. 
The differences between the chemical mechanism predictions is 
from the different representations of the still uncertain 
aromatics chemistry. The C84 mechanism is still under 
development with a new release projected for September 1987. 
Changes to the toluene chemistry representation are currently 
being made (25) . 

Four hydrocarbon mixtures were used for testing. Mixtures are 
good tor testing a chemical mechanisms ability to respond 
correctly to composition variation. on August 31, 1981, two 
matched initial NOx and hydrocarbon concentration conditions 
with two different compositions were compared. These are two 
olefin/paraffin compositions of different complexity. These 
mixtures contain no aromatics. Two experiments with two 
mixtures designed to be reasonable approximations of autoexhaust 
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(SYNAUTO) and an urban atmosphere (SYNURBAN) were also modeled. 
The design of these mixtures are described in detail (18,20). The 
sYNAUTO has been shown to be reasonably equivalent to the 
reactivity of real autoexhaust (19). 

Both mechanisms underpredict the ozone and formaldehyde maxima 
of the SIMMIX side by 20%. CB4 simulates the UNCMIX ozone to 
within 10% while the CALL mechanism underpredicts by 25%. Both 
mechanisms however underpredict the formaldehyde concentration 
by 45 to 50%. The SYNAUTO experiment of August a, 1984 is 
simulated relatively well for both ozone and formaldehyde with 
both mechanisms with CB4 overpredicting the measured 
formaldehyde by -10% and the CALL mechanism underpredicting by 
-12% (see Figure 4). The SYNURBAN experiment of August 22, 1984 
is overpredicted for ozone by both mechanisms with the CALL 
mechanism predicting ozone better although it is too reactive 
initially. The formaldehyde is underpredicted by 26 (CB4) to 35 
(CALL) percent (see Figure 5). 

Results - Urban Simulation 

An "EKMA-type" urban simulation is the example 1 in the 
"Guidelines for OZIPM3 11 document (6). This example was 
selected for the comparison because it is published and 
demonstrates the ability to reproduce the photochemical 
simulation. This is a simple trajectory model with initial 
chemical precursors including formaldehyde, emissions along the 
trajectory path, and with meterological "characteristic-curve" 
dilution. The conditions are listed in Table 3. 

The original example 1 simulation utilized a default composition 
determined by the carbon Bond mechanism developers. Since then 
a new database from 41 cities and rural sites has been used to 
determine new default composition for CB4 (26). The same 
database was used to determine a default composition by the 
developers of the CALL mechanism for urban simulations with the 
CALL mechanism {2) . Speciation is different for each mechanism, 
and some interpretation is necessary: the developers of CALL 
assume 3% formaldehyde in the emissions composition and 2.2\ is 
used for the CB4. For the entrained aloft hydrocarbon 
composition assumptions: 5\ formaldehyde is used for CALL and 6\ 
is used for CB4. These default compositions were used with each 
mechanism. 

The results of these simulations with both mechanisms for five 
levels of control are shown in Figure 6. The agreement between 
mechanisms is better for ozone than for formaldehyde, although 
the shapes of the ozone profiles are apparent. The absolute 
predictions of formaldehyde are shown in Figure 7. These final 
concentrations for both pre-control and 100% control are in 
agreement with published ambient measurements (27). The 
relative effect of control is also shown. This is also 
different. 
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Shown in Figure B are the production and loss flowcharts for 
formaldehyde for the two mechanisms. These are computed from 
the integrated rates giving total mass through each of the 
different reactions. The reactions shown are often incomplete 
for space considerations. The formaldehyde yields from certain 
reactions such as the oxidation of principal hydrocarbons is 
misleading also since other intermediates produced in the same 
reaction go on to produce formaldehyde. The main reason for 
showing these flowcharts is for showing the differences in the 
representation of the the chemistry in the two mechanisms and to 
compute the relative sources of formaldehyde between direct 
input and chemical production. Notice that the direct injection 
source accounts for 35 to 40 percent of the formaldehyde: only 
10 to 13% are from direct emissions and entrainment of aloft 
formaldehyde. More than half of the formaldehyde in this 
particular urban system is photochemically produced during the 
day. 

Conclusions and Recommendations 

In general, these chemical mechanisms simulate 03 better than 
they simulate formaldehyde. Although the simulations were good 
for the synthetic autoexhaust and perhaps passable for the 
synthetic urban mixtures, the fact that different mechanisms 
show different success for simulating the formaldehyde yield 
from different important individual hydrocarbons suggest that 
the general success with these mixtures is a result of 
fortuitous averaging. Other reasonable hydrocarbon mixture 
compositions not yet tested may be even less successful. These 
mechanisms have not been evaluated for formaldehyde as 
thoroughly as they have been for ozone. The formaldehyde/smog 
chamber database is not as good or extensive as the general 
ozone/smog chamber database. Research is needed to better 
understand the aromatics chemistry. As these new kinetic details 
are incorporated into the chemical mechanisms, formaldehyde 
predictions will become more successful over a wider range of 
conditions. 

The atmospheric modeling examples illustrate some of the 
problems and issues that will arise from different modelers 
using different mechanisms and different input assumptions. 
Predictions of formaldehyde and control strategies for the 
atmosphere are subject to the same uncertainties of the 
underlying experimental database used to develop and test 
chemical mechanisms. 
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Table 1. Photolytic Rates for UNC Smog Chamber 

UNC Chamber Rates, ES=Aug,A=0.08,Rho=0.4,Tau=0.75--0.45,Sky=0.8 

ZA 0 10 20 30 40 50 60 70 78 86 

N02 Ll 

0.5731 0.5661 0.5427 0.5045 0.4500 0.3788 0.2887 0.1788 0.0830 
0.0153 

HCHOR x 1000 L2 
1. 6522 1. 6176 1. 5093 1.3364 1.1043 0.8282 0.5297 0.2517 0.0916 0.0227 

HCHOS x 1000 L3 
2.1693 2.1345 2.0221 1.8398 1. 5856 1. 2655 0.8874 0.4835 0.2030 0.0547 

010 x 1000 L4 
l. 6878 1. 6243 1.4372 1.1576 0.8259 0.4979 0.2294 0.0657 0.0131 0.0016 

CCHO x 1000 LS 
0.1973 0.1917 0.1747 0.1484 0.1150 0.0786 0.0438 0.0169 0.0048 0.0009 

Table 2. Conditions for Urban Simulation Example 1. 

Latitude: 39.9 Longitude: 75.1 Date: 6/24/80 

Mixing Heights: 250m at 0800, l235m at 1500, Characteristic Curve 

03 aloft: 0.07 ppm, NMOC aloft: 0.04 pprnC, NMOC surface: 0.038 

Initial Values: NMOC = 1.1 ppm, NOx c 0.12 ppm 

Future NOx: No change 

Emission Fractions of Initlal Values: 

Hour 8 9 10 11 12 13 14 15 

NMOC 0.17 0.17 0.17 0.10 0.02 0.02 0.02 0.02 

NOx 0.35 0.35 0.35 0.19 0.03 0.03 0.03 0.07 
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OZIPM Run # 1, CB4 MECHAl'JIStv1 
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THE INHIBITION OF PHOTOCHEMICAL SMOG--X. 
MODEL CALCULATIONS OF THE EFFECT OF 
(C2H5)2NOH ON NOx-C2H4-C4Ha-2 ATMOSPHERES 

Julian Heicklen 
Department of Chemistry and 
Environmental Re ources Research Instilu.le 
The Pennsylvania Slat University 
University Park, PA 16802 

Mod I calculations are made on the effect of (C2II5)2NOH on 
NOx-C2H4-C4Hg-2 atmospheres. The critical initial DEHA concentration 
needed to keep the maximum 03 and PAN concentrations <1 ppb is 100-200 
ppb for slightly or moderately smoggy days. It is independent of [NOJQ1 
(H20J0 and nearly indep ndenl of [N02Jo/[N0x10· It increases dramatically 
with dilution rate and incre s s linearly with hydrocarbon concentration. 
The cost. for using DERA as an anti-smog ag nt would be about $1 p r car 
per day used. 
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Introduction 

In a previous paper,l I have modelled a C2Jl4-NO atmosphere lo test 
the inhibiting effect of diethylhydroxylamine (DEHA), The mechanism used 
reproduced well lhe data of Schaal et al.2 In t.he presenl paper, the 
calculations are extended to see what critical initial concentrations of DEHA, 
[DEHA]c, are needed to keep the maximum 03, [03lmax1 and PAN, (PANJmax1 
concentrations t.o <1 ppb for a 12-hour run under typical Loe Angeles 
sunny-day conditions (sun declinations of 10.53" and latitude of 34") !or a 
variety of reaclion conditions. 

Moat of the model runs have been done with C2J4 as tbe hydrocarbon. 
The mechanism used was that used earlierl with some updating of rate 
coefficients. Some calcultttions were also done with 2-C4Hg as the 
hydrocarbon. The rate coefficients were drawn from the same sources as 
before with the updating from Finlayson-Pitt.a and Pitts.3 

The updated ·and added reactions and their rate coefficients are given 
in Table I. An explanation of the parameters in Table I ha given in my 
earlier paper.I As before NO, N02t and H20 are assumed to be in a rapid 
heterogeneous equilibrium with HONO. The HONO photodisaociation acts as a 
homogeneous HO radical source. There are 135 reactions and 60 reaction 
species plus N2, which is not reactive but acts as a chaperone. 

Reaulu 

The results of the model calculations are given in Figures. 1-5. Figure 
1 shows the effect of initial NO concentration on a C2H4-NO-H20 atmosphere 
with a dilution rate of 7% per hour. The diluent air contains 104 ppm H20 
and 25 pp b 03. In the absence of DEHA, the maximum 03 concent.rat.ion, 
[03hnax1 goes throua:h a rnaximum value of 181 ppb as the initial NO 
concentration, [NO]Q, increases. The critical initial DEHA concentraUon1 

{DEHA)c, needed to keep {03lmax and (PANlmax <l ppb remains unchanged 
at 120 ppb, independent of [NOJo. 

Figure 2 shows the effect the initial t"atio of [N02J to [NOxl at constant 
total NOx concentration. There is no effect on (03Jrnax which i11 • l 70 ppb, 
but CDEHAlc increases from 120 to 160 ppb as [N02lo/lNOxJo increaaes from 
D t.o 0.50. This occurs because the N02 can oxidize some of the PRHA by 
1eneraf.ing odd oxygen (O or 03). 

The effect of water vapor concentration is given in Fi•uro 3. Neith~r 
(03lmax nor [DEHAlc ta &ii'ni!icantly affected by wat.er vapor composition. 
1u1 long as it is above C.3% ao that HONO i.s present to generate HO radicals. 

In Figure 4 we see the effect of dilution rate, which is •ignificant. 
With no dilution (03lmax in the absence of DEHA is 287 ppb. but it drops 
rapidly with increaainl' dilution rate, reaching the U.S. federal standard of 
120 ppb at a dilution rate of 14%/hour. On the other hand 1 [DEHAlc rises 
sharply from 100 ppb tor ataJrnant air to 165 ppb at a dilution rate of 
14'X./hour. 

The effect at hydrocarbon concentration js shown in Fiaure 5. Three 
series of runs are depicted there. In one C2H4 is the hydrocarbon and 
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[C2H4]Q/[NO]Q is kept constant at 2.25. Both [031max in the absence of 
DEHA and [DEHA)c increase linearly with [C2H4]Q with [03lmax being 75 ppb 
greater than [DEHA]c. Two series of runs were done with 2-C4H9 as the 
hydrocarbon. One of these also contained C2H4. The results are plotted 
vs [C2H4Jo + 7.46 [2-C4HaJo because the HO radical reaction is 7.46 times 
faster with 2-C4Ha than with C2H4. Since the DEHA scavenges HO radical, 
it was anticipated that the HO-radical reactivity is the critical parameter in 
determining [DEHAlc· For the run with only 2-C4H9 as the hydrocarbon, 
the ratio (2-C4H9Jo/CNOJ0 was kept constant at 0.56. [031max in the 
absence of DEHA was much lower than in the C2ff4 runs, but at.ill exceeded 
the U.S. federal standard of 120 ppb in all runs. It increased with 
hydrocarbon concentration. Similar results were observed with the series 
containing both C2H4 and 2-C4H9. [DEHAlc increased linearly with 
hydrocarbon concentration, but [DEHAlc was lower for comparable HO 
reactivity than for the runs containing only C2H4. 

Conclusions 

In summary about 100-400 ppb of DEHA are needed initially to 
completely suppress photochemical smo1t :production, at. least for CzH4 and 
2-C4H9 as the hydrocarbons. The amount needed is independent of [NOJo, 
fH20J01 and is nearly independent of [N02lo/CNOxlO• It increases 
dramatically with dilution rate and increases linearly with hydrocarbon 
concentration. For alitrhtly or moderately smogg;y days wher• [03lmax ia 
le88 than 200 or 250 ppb, (DBHA1c : 100-200 ppb. Only for very heavy 
hydrocarbon loadings, where the effective equivalent C2ff4 concentration 
exceeds 1 ppm, does (DEHAlc become larger than thia. 

With the aBBumption that about 200 ppb of DEHA are needed to prevent. 
a typical smoggy day, we can estimate the co1t of 1uch a program. 
Typically the morning inversion heig;ht at the beginning of a smo1ani: day is 
100 meters. Thua Lhe amount of DEHA needed is 161 pound• per km2. At a 
coat of about $3 per pound for the DEHA and ita diat.ribution, the cost 
becomes $483 per km2. Ty_pically urban centers have a motor vehicle 
density of about 500 per kmZ. The cost for usinar DEHA as an anti-smog; 
a1ent becomes about $1 per car per day used. Thia ~n be compared to 
the coat of pollution control devices which exaeed $100 per car per year 
including; the price of the device, annual inapectiona, repaira, re,ulation, 
and the use of unleaded 1aaoltne. 
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Table I: Rate coefficient parameters for updated and additional rate 
coefficients* 

lllll.l:TtON 	 IAIH.•lltH.) PU l 12) talc~) CoeJft ••••• PU... '"'"'}
02•HND•HOa•NO t. 0.-1• " 0 0 0 0 
HD • C2H• • HOC~ a. IH•U 0 -01 0 0 
HQ • CHaCJ 1111 H20 + M'CO •. 01-12 0 0 0 0 
o • ca..-• • c~ • HCO o. 771-u 0 140 0 0 
02 • CH30 • H03 + CIQO l.H-U 0 sa•m 0 0 
NO + CH30 • CH::IOND l. ...·11 0 0 0 0 
NCI + CH3Q • HND • CH20 I. ~l-12 0 0 0 0 
NC»2 + CMJO • CH3DHCil l. 111-11 0 0 0 0 
N02 • CWlO • MllQ;t • CHQO I. ll•U 0 0 0 0 
CM3CHQ • CH• • CO o. 11-• 0 0 0 •o. aooo.-o. o. 20001-0• o. 20001-0. 0. 10001•0• 0.10001-~ 0. 10001•0. O. OOOOS•OO o.-- 0.-- o.-•oo 
CJ3 • C2H4 • CH20 • ++CD:I• }, 21-1• D a.33 0 0 
0 + CHZO • 1G • MCO 2. ~r-11 0 0 0 0_,..

HO • il-C:•HI ~ 2-HOC4Hll 1. 01-11 0 0 0 
2•HCC4MI • m • a-..ac•Hilo; 1. 0.-11 0 0 0 0 
il•HOC4HllD2 • ND • fCJZ + CH3CHO • CH:lCHC::lt4 7. 01-12 0 0 0 0 
02 .,. CKlC""°"" • CJOC'4D • HOil 1.01-11 D 0 0 0 
M02 • il•HOC ....:Ji2' • MDC •H8o;M 7. 71•14 0 0 0 0 
-HQC4H:I02H • tGO • .;r-C4HI • 02 1. 01-u 0 0 0 0 
0 • ea...., • 1>11 + CH2C...O :Q.4X-tl 0 0 0 
CHXHO • CIGO • HCQ I.QIU 0 0 0 
0 • il-C:4MI • ~"DDUCTI z.x-11 0 --10 a
c-...aa• • c~ 0. "lll•IZ 0 0 D 
CHi02• • cm • Ha 0.121-12 0 0 D 
c...aa• • ea + Hao 0 "'11•1:1 0 a a 
c..;oa• • " • ...coa 0.0..•111' 0 0 0
m • HCD-2 •~•ca •. 01-111 0 a 0 
m • Z•C 4t411 • C:H:.'IC-HD • CM3CH02• • 011-1• 0 11» 0 
CK!ICHC12• • CH3CH02 o. 40.•ll 0 0 0 
CH3C-HO:a• • Cl<I • CO • HO o. 1'1-1a 0 0 0 
Ctoi:J(.HCl:J• • CIG .. cm ..... o a•1-11 0 0 0 
CH::SCHDC• • HCO + CH:I 0. OSl-12 0 0 0 
C~CHOI• • CH4 • C-0 0 121•12 0 0 0 
cM;C; • NO • c..ao • N02 7. 011-12 0 0 D 
CIN.:!0:2' • fGI • CHilD • NO:I 1 01-13 0 0 0 
CliQCHD2 • ND • Ct0Cl1G • M02 1 or-12 0 0 0 
CHX"402 • NQil • Ct<ICHO • H03 7. Ol-13 0 0 0 
HO • CM:IONO • HN02 • CH30 •. Dl-1' 0 0 0 
HO • C~:IC»iO • H;Q • C"20 • -.a •. 01•13 0 0 0 
HO • CM:3DNCl2 • lolflilD3 • C11::IO • Ol-13 0 0 0 
MD • CH3DN02 • tti110 • CHZO • NCll •. 01-13 0 0 0 

*see Heicklenl for a list of other reactions and descriptions of the 
various paremeters. 
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and HzO are 400 ppb, 178 ppb, and 104 ppm, reapectively. 
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open point• five (03lmax in the abaence of DBHA.. The filled 
point• five [DBHAlc at 8:00 a.m. to keep (03Jmu and (PANlmu <1 
ppb. 
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A study was C<1nducted to perform simultaneous measurements of H202 
concentrations using several teohniques 1 i~cludlng {1} tunable diode 
laser absorption spectl"<lscopy, (2) re~onanee fluorescence rran an 
enzymatically produced complex, and (3) cheaiilumtnescence trcm 
reaction with luminol. Sources of H202 included surrogate samples in 
zero air in the presence and absence of oomnon interferences, that 
produced by irradiating hydrocarbon (e.g., C2H4 or CH3CHO)/NOx
mix:wres in a smog chamber, and that found in ambient air. The 
-technique:a f'rOlll rour g'l"Oups were c011pared wlth resp.ect w senllitlvlty, 
selectivity~ and dynamic range for measuring -H2Q2 oa-noentratlons. 

Meaturements of H202 in aero air were perfor111ed for concentrations 
ranging from 0.062 to 130 ppb. The aareement for the four att1 or 
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measurements ranged from 14 to 23% when compared to standard values 
for the H202 concentration. For each technique, there was no 
indication of interferences from 03, NO, N02, HCHO, CH300H, and S02, 
except for the lwninol technique, which showed a negative S02 
interference. Agreement among the techniques was considerably worse 
for the irradiated hydrocarbon mixtures. In these mixtures, 
significant concentrations of organic hydroperoxide were also detected 
by the enzymatic techniques. For the ambient measurements, agreement 
of approximately 3oi with the mean values was achieved on average. 

Introduction 

Hydrogen peroxide (H202) 1 an oxidant formed in the troposphere, 
has received recent attention due to its proposed role in the 
formation of acid precipitation. Produced from the recombination of 
hydroperoxyl radicals, H202 is extremely soluble in water as it has a 
Henry's Law constant of 1.5X105 !YI atm•1 at 25°C. It is currently 
believed that H202 is the primary species in the atmosphere that 
oxidizes sulfur (IV) (e.g., S02) to sulfur (VI) compounds in the 
condensed phase. 1 This has been suggested not only due to the high 
aqueous solubility of H202, but also because its rate of reaction with 
sulfur (IV) increases with increasing acidity. Although in-situ 
mechanisms exist for forming H202 in the aqueous phase, absorption 
from the gas phase represents the major source of aqueous-phase H202. 
Thus, to assess quantitatively the role of H202 in acid precipitation, 
accurate measurements of H202 in the gas phase are required. 

Few measurements of atmospheric H202 in the gas phase have been 
reported. Until recently, most attempts have been plagued by 
techniques having poor sensitivity or lack of specificity. Host of 
these techniques have relied on trapping soluble air components in a 
liquid scrubbing medium followed by analysis of the resultant 
solution. Many of the previous difficulties have been met with the 
use of improved liquid methods,2,3 Direct gas-phase measurements of 
atmospher le H202 in situ have now also been reported. These recent 
developments make it possible to measure H202 accurately under a 
variety of atmospheric conditions. 

This paper describes an intercomparison study of various 
techniques to measure H202 at ambient concentrations. The study was 
conducted to measure H202 in zero air and in the absence and presence 
of several interfering compounds. Measurements were also made for 
H202 formed in surrogate photochemical mixtures and H202 produced in 
ambient air. Four techniques, three of which were recently developed, 
are compared with respect to sensitivity, selectivity, and dynamic 
range. 

Experimental Methods 

The intercomparison study was conducted at Northrop Services, Ino. 
- Environmental Sciences (NSI-ES) during the period June 16-26, 1986. 
Participants in the study included groups from the National Center for 
Atmospheric Research (NCAR), Texas Tech University (TTU), Unisearch 
Associates, Inc. (UNI), and NSI-ES. The techniques each of the groups 
employed during the study have been presented in the literature and 
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only a brief description is given here. NCAR employed a continuous 
scrubbing, fluorometrio detection (CSFD) technique in which a 
fluorescent dimer of p-hydroxyphenylacetic acid is formed by an 
enzymatically mediated reaction with H202.2 TTU used a diffusion 
scrubbing, fluorometric detection (OSFD} technique3 that employs the 
same basic chemistry as in the NCAR technique to produce a fluorescent 
dimer. The method or collecting H202 represents the major difference 
between the techniques. In each of these enzymatic techniques the 
total hydroperoxide and organic hydroperoxide concentrations were 
measured. The H202 concentration was ctetermined from the difference 
of these two measurements. Unisearch employed tunable diode laser 
absorption spectrometry (TDLAS) for the direct measurement of H202 in 
the gas phase.4 NSI-ES used the luminol technique based on methods 
that were previously presented.5 

In the initial phase of the study, pure samples of H202 were 
generated and mixed with zero air. Vapor-phase H202 was generated by 
passing zero air through microporou3 tubing submerged in a so!ution of 
H202 in water. The gas-phase concentration of H202 elllanating from the 
generator could be continuously maintained at its Henry's Law 
concentration at the flow rates employed. To maintain stabilityt the 
entire generator was iD"DDersed in a thermostatted bath. The 
concentration in the gas stream was dependent only on the solution 
molarity and temperature. The concentrated H202 gas stream was fed 
into a 1-L mixing manifold where it was diluted with zero air at 
30 Lpm. The concentration in the mixing manifold could be set by 
regulating the He02 flow feeding the manifold. The diluted mixture 
was fed directly into a second manifold where sampling took place. 
The generator, manifolds, and connecting lines were composed of PFA 
Teflon, which has proved to be extremely inert to H202 loss, and were 
shielded from light. 

Undiluted, vapor-phase H202 concentrations from the generator were 
mea.sured by !mpinger collection through 28 mAl solutions of T1Cl4 at 
pH 1. Upon reaction with H202, TiCl4 forms a yellow C(llftplex with a 
maximum absorbance of 415 nm. The solution concentration waa then 
determined spectrophotometrically using a measured extinction 
coefficient of 739 M'-1 om-1 at 41S run. This technique can accurately 
determine gas-phase H202 concentrations in the high ppbv to ppmv 
range. With the use of two H2<)2 generat<ir solutions (i.e.t 0.010 and 
1.0 Al} and a 0-1000 ccpm.mass flow controller, gas-phase H202 
concentrations in the range 0.050 to 200 ppbv could 1$Sentially be 
dialed in. 

Several experiments were performed in which one or more compounds 
serving as possible interferences could be added quantitatively to the. 
mixing manifold. The interferences included common atmospheric 
pollutants: N02t S02t 03, and formaldehyde (HCHO). Hethyl 
hydroperoxide (CH300H), a minor component ot polluted atmospheres, was 
also added as a possible interfering species. The concentrations of 
these compounds in the sampling inanifold was determined using 
continuous saa iaonitors (N02, 03, SQ2), impinser collection (HCHO), or 
by calculation (CH300li). 

In the second phase or the study~ gas mixtures (ethylene/NOx ai:id 
acetaldehyde/NOx) were irradiated in a smog chamber that was operated 



in a dynamic mode. These types of dynamic systems provide steady
state concentrations of H202 in the presence of many inorganic and 
organic species found in polluted air including peroxyacetyl nitrate 
(PAN) produced in the CH3CHO/NOx system. The residence time of gases 
in the chamber can be varied to allow various extents of reaction to 
be obtained. For these experiments, effluent from the smog chamber 
passed through 19-mm PFA Teflon tubing and into the sampling manifold. 

In the last phase of the study, ambient air sampling was performed 
on three consecutive nights and for a 24-h period. The ambient 
sampling port, located 4 m above the ground, was connected directly to 
the sampling manifold (19-mm PFA Teflon tubing) to ensure that all 
measurements were taken from the same air parcels. 

Results and Discussion 

For the first phase of the study (H202 in zero air and in the 
presence of possible interferences) the individual sampling periods 
were 1 h in length. Collection of CSFD samples involved continuous 
collection over the entire period while the DSFD, TDLAS, and luminol 
samples were taken in a discrete measurement mode. Measurements were 
obtained from a total of 23 sampling periods. In 10 periods, pure 
samples of H202 in zero air (0.062 to 128 ppbv) were taken. In 
another 10 sampling periods, one or more of the interferences were 
added to approximately 5 ppbv H202. In the other three periods, 
background samples from zero air were obtained including one in which 
500 ppbv 03 was added to zero air. 

A plot of the H202 measurements in zero air against standard H202 
values (from the TiC14 measurements) shows good linearity for each of 
the techniques over several orders of magnitude. A OSFD value of 
70 ppbv for a standard value of 128 ppbv is approximately 40% low. 
This can be attributed to the fact that calibrations for this system 
could only be performed in a range less than 3 ppbv. A luminol value 
of 2.4 ppbv at a standard value of 1.1 ppbv appears high since the 
technique (as it was used in this study} was operated at its detection 
limit (1 ppbv) in this case. A comparison of the individual H202 
measurements with the standard values gives the following average 
percent deviations: CSFD - 18.3%; DSFD - 21.4%; TDLAS - 14.3%; and 
lwninol 23.4%. When averaged together the H202 data from the four 
techniques showed less than a 3% systematic difference with the 
standard values. 

The concentration ranges for compounds serving as interferences 
are given as follows: 03, 118~456 ppbv; S02 1 6-32 ppbv; HCHO 18-58 
ppbv; NOx at 125 ppbv; and CH300H at 7 ppbv. The CSFD and TDLAS H202 
data showed no effect for the addition of the interferences either 
alone or in combination. The luminol data showed a negative 
interference due to the presence or so2 although the interference was 
removed when S02 and 03 (150 ppbv) were present together. The TTU 
data showed a positive H202 interference due to 03 as determined in a 
run with 500 ppb 03 in zero air. This signal was apparently due to a 
surface effect, and subsequent investigation of this problem has 
indicated that contaminated surfaces in the scrubber can lead to 
artifact formation of H202 by 03. 
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The photochemical systems produced a mixture of species in the 
presence or absence of H202. The CH3CHO/NOx irradiated system 
represents one of the simplest photochemical mixtures, particularly at 
small extent of reaction. Under these conditions 1n which 10-20 ppb 
of NO remain in the mixture, only HCHO, PAN, 03, N02, CH30N02, and 
HN03 are produced6 in significant concentrations. At a larger extent 
of reaction for which radical-radical reactions are much more 
probable, H2D2, organic peroxides, and organic nitrates are formed in 
addition to the products of small extent of reaction. The C2H~/NOX 
irradiation at a large extent of reaction produces ND2, 03, HCHO, and 
H202. For each of the three photochemical mixtures, H202 
concentrations in the low and sub ppbv range were observed. The H202 
measurements taken from the~e photochemical mixtures generally showed 
poor agreement (i.e., often worse than a factor of two). However, in 
all of these mixtures, organic hydroperoxides (flOOH), as measured 
using the enzymatic technique, were produced in yields much higher 
than H202 itself. According to the DSFD measurements, ROOH 
concentrations were nearly an order of magnitude higher in 
concentration than H202 for each system {assuming R is CH3), Since 
the H202 concentration in the enzymatic systems is obtained from the 
difference between the total peroxide signal and the organic 
component, small relative uncertainties in each of these values can 
lead to large uncertainties in the H2<)2 concentration. This probably 
accounts for the poor agreement in the photochemical systems. 

Th• C2H4/NOx .irradiated mixture showed a large organic peroxide 
component even though most current chemical mechanisms for ClH4 
photootidation indi~ate formation or inorgania peroxide only. It has 
been suggested? that hydroxymethyl hydroperoxide (HMP), HOCH200H, 
could form via the addition of water to the CH200 radical formed in 
the ozonolysis ot ethylene•. To test this hypothesia, a C2H4/03 
mixture under dark conditions was tested. In this systemr the organic 
hydroperaxide aa measured by the DSFD apparatus waa a factor of seven 
greater in concentration than the inorganic cQlllponent. While the 
measurements do not conflrm the presence of HHP, there were no 
observations 1ncons1atent with ita formation. 

The ambient measurement of H2')2 generally showed better agreement
between methods than that obtained rrom the photochemioal mixtures. 
This is not surprising sine, the organic hydroperoxid• ocmponent in 
the atmoaphere ia generally much lowe~ ~~ K20C ita&lf. Mean H202 
concentrations ranged from o. 1~2 ppbv. Asreement between data aeta 
~as on the order of 30J. 

Conclusions 

This study has confirmed that reliable methods for measurins H202 
in the gas phase with high sensitivity now exist, Detection l11111ts of 
better than 0.060 ppbv were obtained U!lins the CSFD and DSFD enzymatic 
techniques and approximately 0.10 ppbv for the TDLAS. For the lwninol 
system the detection limit was appr<iximately l ppbv, though this 
system was probably not optimized. The techniques were generally free 
of interferences, although a negative interference was observed with 
502 with the luminol technique. The ambient measurements indicate 
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that the sensitivity of the DSFD, CSFD, and TDLAS is probably 
sufficient to measure H202 under rural as well as urban conditions. 

Disclaimer 

Although the research described in this article has been funded 
wholly or in part by the U.S. Environmental Protection Agency through 
Contract 68-02-4033 to Northrop Services, Inc. - Environmental 
Sciences, it has not been subject to the Agency's peer and policy 
review. Therefore, it does not necessarily reflect the views of the 
Agency, and no official endorsement should be inferred. 
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ABSTRACT 

The calibration of the qas chromatoqraph tor quantitatinq the 
components of complex mixtures observed in the air qual.ity
monitorinq proqram can lead to difficulties due to nonlinearity
of detector response and colinearity in the calibration data 
itaelf. It ia difficult to deal with these two problems with the 
software reaident on moat qaa chromatography ayatua as moat 
calibration software is baaed on multivariable reqreaaion
techniquea. The recently developed partial least squares (PLS)
in latent variables (i) method has been shown to work,quite well 
when either or both ot these conditions are present ia a 
calibration problem. Thi• approach and the algorithm on which it 
is baaed will be discussed below. 

Introduction 

The problem ot quantitative analysis of qaa chromatoqraphy
data obtained from samples of complex mixtures ia c;enerally a 
calibration problem. In samplaa in which the nunmer of 
components i• 30 or more it is not practical to calibrate tor the 
oomponent• a• frequently as required since aor• t)ian 30 
calibration •ample• •hould be done in order to ,reduce
collinearity probl••· If the d•t.ector reapon•• is nonlinear in 
the concentration range• of intereat the pro~lem i• further 
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compounded. A procedure has recently been proposed which can 
handle both of these problems (1). This technique is the partial 
least squares (PLS) reqression method (1) which has bean recently 
proposed as a method well-suited for multivariable calibration 
problems, such as the one discussed here. Aa the result of 
preliminary applications of the method to 9aa ehromatoqraphy data 
of Aroclor mixtures (2) we have found it to work extremely well. 

a. Multivariable calibration 

A typical gas chromatography calibration sample is sbown in 
Figure 1. Thia reconstructed ion chromatogram was obtained in 
the routine calibration of a GC/MS analysis of air quality data. 
The known concentrations of the analytea are called the chemical 
data and the GC responses are the response data. The chemical 
data will be referred to as the dependent variables or 1-block 
and the response data are the independent variables or the x
block. The number of calibration samples in a given experiment 
is n, the number of components in calibration sample is m and the 
number of chemical responses is p. In the case of GC data, m • 
p, while in the case of uv/ir data m < p. 

Calibration is the process of developinq a model which will 
allow the prediction of the Y-block 'from the X-block.. Thia is 
sometimes referred to as determining the sensitivity ot the 
method. 

There are two general steps involved in the calibration 
process. The first is called calibr1tiQD and the second is 
called testing. There are several data analytic methods which 
can be applied in the first, or calibration, step. The method 
most commonly used is multivariate regression since it ia the 
method resident in the computers present on most c0Jll1llercial 
instruments. Another method, principal components reqresaion, 
has also been used, and more recently, the partial least squares
in latent variables, (PLS) regression has been proposed as a 
robust method for this problem. 

In the ideal calibration problem, the chemical data are 
linear with instrument response. If the proble• ia multivariable 
in nature, there can be multicollinearity in th• data.· It there 
i• nonlinearity in the data and/or if there are collinearitiea in 
the data, multivariable reqresaion ia not appropriate tor 
application. Principal components reqrea•ion can deal with the 
collinearity problem but the PLS reqresaion technique qives more 
robust re.sults. A discussion of thi• technique follows. 

b. Partial leaat squares (PLS) reqreaaion 

The PLS regression method operates J:>y extractin11 principal
components-like .vectors from the x- and Y-blocka. Thia ia shown 
in Fiqure l where the ~ and Y veotora are derived to 
aimult.anaoualy explain the aytexuatic variation in the chemical 
and response data be optimally correlated throuqh the inner 
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Fiqure 1. Diagram cf th• PLS reqr•••icn methods 

component• A where • 1, 2, • • A. Equation 3 ia th• inner 

relation, 
equationa l 

~ • Y,ll. 
- 4, below. 

This 
Here, 

is also shown algebraically in 
i is the chemical data index and j 

l) 
2) 
3) 
4) 

i• th• re•ponae index. The aUllUl&tiona are over the number of 
a 

relation between the t.'• and u•a whieh lead• to the prediotiv•
r•lationahip in equation ~. 

The PLS method u••• th• Nonlinear Iterative PArtial Laa•t 
Square•, or NIPALS, algorithm. to extract the 7'• and o•a. Th• 
alqcrithm i• a 7-atep iterative procedure Which ia qiven :O•low. 

Step 1. lat U.t • soma 'YJ 
Step 2. P' • u'k;u•u (W - U'X/U 1U)
Step J. normalize P' (normaliza w•)
Step 4. t • Xp/p'p (t • XW/W'W)
Step 5. q' • t'Y/t't
Step 6. noraalize q' 
step 7. u • Yq/q'q 

on reaching Step 7, c:ompar• u with that in step 1. If they •~• 
equi~alent atop, otherwi•• move th• u in step 7 to Step i, and 
repeat until conver9enoe. Attar conv•rq•noe calCUlate the 
weiqht• •• ahown in step• in parenth•••• to give orthoqona1 t'•· 
uaually the algorithm conv•l'«;ea quickly. 'rh• t•• ean then b• 
uaed to derive predictive inner ralation1. 
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p 1Note that in Step 2, the vector i• calculated •o a• to 
contain intorination from the X-block and in Step 5 q' i• 
calculated so as to contain information about th• Y-block. Th• 
result ia that the t•s and u•s extracted are corr•l•ted. 

After a component has been extracted, and th• Y'• and x'• 
predicted, blocks of orthogonal residuals result. From th••• 
addition PLS components can be calculated. Cross-validation ( 
3) can be used to estimate the number of predictively significant
PLS components that are optimal for a qiven problem. 

Once the t•s have been calculated they can be used in the 
prediction step to estimate the concentrations. This is done 
through the relations shown in equations 3 and 4~ above. 

PLS reqression is a rather new approach to the calibration 
problem. It is not well described in the literature but numerous 
papers are beqinning to appear of its applications in thia area. 
The method has a number ot advantaqes which make it suitable 
calibration problems associated with complex :mixtures. One of 
its advantaqes is that it ia co~putationally atraight torward and 
can be proqrammed to run on desk top computers. 
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MULTIVARIATE QUALITY ASSURANCE PROGRAM FOR 
DIOXINS AND FURANS 

Stephen E. Swanson, Martin Nygren, Lara-Owe Kjeller and 
Christoffer Rappe
Department of Organic Chemistry
University of UmeA 
Umeit, Sweden 

A quality assurance program ha~ been initiated in this 
department which uses multivariate statistics to monitor daily 
mass spectrometer performance. With this program, instrument 
performance can be determined through the simultaneous evalua
tion of all 28 analytes in each quantitation standard. This 
multi-element calibration is simplified through the use of a 
peak detection and quantitation program combined with the SIMCA 
multivariate statistics package. This peak detection program 
uses peak detection algorithms available in the Finnigan INCOS 
software, then evaluates those peaks usinq techniques developed 
in this department. Through the use of these techniques, peaks 
are evaluated based on relative chr:omatograr:ihic retention and 
relative ratio of ions in molecular ion clusters. Dioxin and 
furan peaks can be quantitated or evaluated using multivariate 
statistics. Thus instrument response can be accurately eval
uated regardless of how many different operators are using the 
instrument. 

Introduction 

Frequent monitoring of instrument resportse ia a basic 
quality assurance technique which ia e9mmon practice in most 
analytical laboratories and is a minimum requirement of most 
standard procedures.l In moat laboratories, this ia accomp
lished through maintenance of c•libration curves and in1trument 
response charts far quantitation standard•. Frequently these 
quantitation standards can contain upwards of 20, 30 or more 
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analytes which must be monitored individually. When instrument 
response records are based on methods of linear regression 
analysis, a separate response curve and response chart must be 
maintained for each analyte. Thus with 20 or more quality 
control charts to monitor after every 8 hours of operation, 
this minimum quality assurance technique can become quite 
tedious. With the use of multivariate statistical methods, 
however, the response of these several analytes can be combined 
into one instrument file. The result is that response of all 
analytes can be monitored simultaneously, this simplifying 
record-keeping aiding in interpretation.2 

If multivariate statistical methods are to be used 
routinely, the standard response data for all analytes must he 
processed and combined into a single file for multivariate 
analysis. This procedure may require specialized software. The 
organic analytical chemistry group at the University of UmeA 
has developed a procedure which allows multivariate analysis of 
instrument response data collected from a Finnigan 4500 mass 
spectrometer using an INCOS data system. This software was 
specially developed for evaluation and processing of MID 
(multiple ion detection) results from analyses of Poly
chlorinated Dibenzo-p-Dioxins (PCDDs) and Polychlorinated 
Dibenzo Furans (PCDFs). 

Experimental Methods 

The Finnigan 4500 mass spectrometer in the organic 
chemistry depar~ment at the University of UmeA is routinely 
used for analysis of PCDDs and PCDFs in a variety of samples. 
To achieve maximum sensitivity and selectivity, the mass spec
trometer is operated in the negative chemical ionization mode 
and the mass spectral responses are monitored uRing the MIO 
technique on the INCOS data system. The masses monitored and 
their theoretical ratios are given in table I. 

Special application software has been written by thiR 
group to evaluate and process this MID data. The general pro
cedure for data processing is shown in Figure 1. Following 
GC/MS analysis for PCDDs and PCDPs, the INCOS data system 
prints out the chromatograms of ions selected by the MIO 
program, shown in Table I. ~his INCOS procedure also quanti
tates each chromatographic peak and stores the peak heights and 
areas in 11 *.QL" files. The "*.QL" files are then transferred to 
an IBM A~ personal computer. The IBM then sorts the peak 
heights and areas by relative retention times to pair responses 
for the molecular ion (M) and the M+2 ion (see Table I). The 
pairs of heights and areas are then evaluated. First, the pairs 
are evaluated based on the ratio of M and M+2 and then on t.he 
relative retention time of the peaks compared to the 
established retention time of the PCDD and PCD~ isomers. The 
identification of TetraCDFs is shown as an example. 

TetraCDF is monitored by response of its molecular ion 
(M=303.9) and the M+2 ion (305.9), as shown in Table I. The 
peak heights and areas are sorted by the IBM based on relative 
retention time so that each peak for mass 303.9 is paired with 
a 305.9 peak of the same retention time. These paired pea~s are 
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then evaluated based on the following PCDD/PCDF identification 
criteria. First the areas of the 303.9 peaks are compared with 
the 305.9 peaks. This area ratio is then compared to the theo
retical ion ratio (76%), shown in Table I. The same comparison 
is made for the heights of the 303.9 and 305.9 peaks. Next, the 
pairs of peaks are evaluated based on their relative retention 
times compared to actual retention times of the TetraCDF 
isomers established by analysis of a retention time standard. 
?eaks are then flaqged as TetraCDFs which meet all three iden
tification er i teria: 1.) peaks which appear at the same reten
tion time for both Mand M+2 (303.9 and 305.9): 2.) peaks which 
have the correct ratio of height and area (76 + 10%) and 3.) 
peaks which are within 10% of the established TetraCOF reten
tion times. The results of this sorting and evaluation are 
printed out by the I RM computer so the analyst can review the 
computer's evaluation. This resulting file may be edited if the 
analyst disagrees with the printed evaluations. After the file 
is edited, only the PCDD and PCDF peaks are saved. 

Thi~ PCDD/PCOF raw data file can be of three types~ quan
titation standard, unknown, or retention time standard, as 
shown in Figure 1. Each type of file is processed differently. 
In quantitation standards, the relative response of the peak 
height and area of each compound is calculated compared to the 
internal standard response. This information is stored for 
later use in· calculation of unknowns. This data can also be 
stored in a format which can be taken up for multivariate 
statistical analysis using the SIMCA-38 program. In the second 
type of data file, samples of unknown concentration, the PCDD 
and PCDF responses are corrected for internal standard res
ponse, then are compared with measured responses for the quan
titation standard and final concentrations are calculated. 
These concentrations can be printed out in an annotated data 
report or can be saved in a format which can be taken up for 
multivariate statistical analysis usinq the SIMCA-38 program.
The third type of data file, results of analysis of a retention 
standard, is used to create a new retention time template which 
iA then stored for evaluation of subsequent data files. 

Principal component (PC) analysis and the SIMCA-38 system 
have been described in detail elsewhere.3 Thus a brief summary 
of the features of this system will be given here. The PC model 
of the data set is calculated, aa shown by the following equa
tiont 

A 
xik • ik + a=l tia • Pak + eik 

Where x1k iA the measured value of the variable k (the height 
or area of mass peak kl of object i {the ion chromatorgram i). 
The parameters xk are the averages of the variables k. The PC 
parameters tia' scores, and Pak' loadings, are calculated so 
that the residuals eik are minimized using the least squares
method. The loadings describe the multivariate relation between 
variables and the scores describe the multivariate relation 
between objects. The number, A, of statistically significant 
components (product terms) is determined by cross validation.3 
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Results 

The average time for GC/MS analysis of all Tetra- through 
Oct.aeons and CDFs is approximately one hour. Subsequent to that 
analysis, the printing of the results and creation of "*.QL" 
files on the INCOS system takes 45 minutes to one hour. The 
remaining steps in the process: transfer of data, sorting, 
evaluation, editing and final PC analysis of the standards data 
takes another 15 to 20 minutes. In general, little or no addi
tional editing of the data files are required when quantation 
standards are analyzed. 

Figure 2 shows a calibration curve which was generated 
using this procedure. The results presented are a 6-point 
calihra~ion curve which with standards 1 through 6 representing 
a concentration range of two orders of magnitude. Thouqh this 
appears to be a linear calibration curve, the graph shown in 
Figure 2 is actually created from the responses of all ~ and 
M+2 heights and areas, a total of 128 variables. 

Conclusion 

Through the use of this data processing package, the 
results of ~CDD and PCDF analysis can be quickly evaluated and 
the concentration calculated. This data processing package also 
provides the capability for formatting these results in manner 
which allows subsequent multivariate statistical analysis using 
the SIMCA-3B package. Multivariate statistical analysis of 
mixed quantitation standards allows simultaneous evaluation of 
the responses of all compounds in the mixed standard, thus 
simplifying the evaluation of instrument response. 

1. 	 U.S. Environmental Protection Agency,"Waste water analysis 
method: 2,3,7,B-tetrachlorodibenzo-p-dioxin. Method 613." 
Fed.Reg. 44:69464 (1979). · 

2. 	 G.U.M. Lindstr5m, E. Johansson, M. Nygren, "Quality 
assurance of multivatiate analytical measurements by 
principal components analysis,"Chemosphere 14: 1695 (1985) 

3. 	 S. Wold, et.al.,Chemometrics Mathematics and Statistics in 
Chemistry ed. B.R.Kowalski, Reidel Pub-:CO., Dardrech"t; 
Holland. 1984, pp.17-96. 
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GC/MS ANALYSIS 

PRINT OUT 

11 tt.QL 11 FILES 

FILES TO IBM 

SORT & EVALUATE BASED ON: 

1. REL. RET. TIME 
2. HEIGHT RATIOS 
3. AREA RATIOS 
4. RET.T!ME STO. 

PRINT FLAGGED LIST 


EDIT LIST 

SAVE ONLY PCODs/PCOFs 

QUANTITATION STD UNKNOWN RET.TIME STD. 

RELATIVE RET.TlME 
RESPONSES TEMPLATE 

QUANT SIMCA PRINT SIMCA SAVE 
STO. FILE OUT FIL.E 

Fiqure 1. Procedure for evaluating, quantitating and storing 
PCDD/PCDF data. 



Tahle I. PCDD anrl 
Ratios 

PCOP Ions Monitnrerl ~nrl Their Theoretic~l 

Hnmolog ~asses 111onitored 
(Theoretical ratio) 

TetraCnF 
PentaCDF' 
Pentacno 
Hex~CDF 

Hex a COD 
HeptaCDP 
HeptaCD!1 
OctaCDF 
Octaeon 

J 
I 
J 
l 
I 
I 
J 
1 
J 
l 
1 
J 
J 
I 
l 
I 
I 
I 
I 
J 
I 
1 
I 
I 
I 
I 
I 
I 
I 
l 
I 
I 4 
1 
I .12 
1 
1 1 

303.90/305.9n 
337.86/339.86 
353, A~/355, IH; 
371.82/373.82 
3A7.A2/389.82 
405.78/407.78 
421.80/423. 78 
441. 75/443. 74 
457. 74/459. 74 

(100/76) 
(100/61) 
(100/61) 
(100/51) 
(100/51) 
{100/43) 
(100/43) 
{l00/87) 
(100/87) 

e. 

I 
I 
l 
I 
l 
1 
J 
I 
I 
l 
1 
l 
1 
l 
I 
J 
J 
1 
J 
I 
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IDENTIFYING POLYCYCLIC AROMATIC HYDROCARBON SOURCES 

FROM AMBIENT AIR DATA COLLECTED IN URBANIZED 


AREAS OF NEW JERSEY 

R. Harkov - Office of Science and Research, New Jersey Department of 
S. Shiboski Envirorunental Protection, Trenton, New Jersey. 
A. Greenberg - Department of Chemistryt NJITt Newark, New Jersey. 
F. Oarack 

ABSTRACT - A large ambient air data base for polycyclic aromatic 
hydrocarbons has been analyzed to identify potential combustion source 
contributors to the measured concentrations. Two related multivariate 
procedurest principle factor analysis (PFA) and principle component biplot 
(PCBi) t were utilized to analyze data collected at three urban New Jersey 
sites; Newark, Elizabeth and Camden. Results from this study ideatified 
three to four potential source groupings for the PAH. However, only two 
specific source categories were tentatively link.a to PAK levels at Newark 
and Camden. A major difficulty in the present study ia the lack of adequate 
PAH emissions data. 

INTRODUCTION Polycyclic aromatic hydrocarbons (PAK) have been 
measured in the air environment for more than twenty five years (NAS 1983). 
In ad~itiont dif'ferent profiles of PAH have been developed for varioua 
combustion sources such as motor vehicles, space beater•, power plants, coke 
ovens aod agricultural and forestry residue removal operation• (Grinur 
1983, Daisey et al 1986). Although source and ambient data on PAH have been 
available for a period of time, eatimating tbe relative contribution of the 
various combustion aources · to the meatured atmospheric concentrationa haa 
been difficult. Thia observation is in contrast to the 1ignificant progreaa 
that has been. made in the apportionment of source contributors for other 
pollutants such as particulates (Copper and Wat.aon 1980), 

Some of the problems in utilizing aaabient air PAK data to apportion the 
contribution from various combustion aourcea include: a) relatively small 
data sets, b) incomplete knowledge of emi1sion profilea of varioua PAH and 
the consistency in the emitted profilea, c) poor preciaion auociated with 
ambient PAH measurements, d) weak correlatioo.1 with potential source 
tracers such as metals and e) high dearee of correlation between fAH within 
a data set (Harkov et al 1986a, b, Daiaey et al 1986). In apite of thit 
situation a number of worker• llave atte.ipted to ideot:Lfy PAH sourcea 
utilizing ambieat air data (Daisey et al 1979, Jlarkov -cit 'al 1984, .Tbrane 
1984, Cretney et al 1985t Harkov et al 1986c). Cretney et al (1985) were 
succ:euful in reaolving tra.~fo~d PAH data au.lyud by principle 
components analyais (PCA) into the two mon important PAK 1ourc11 in New 
Zealand. Using principle compoaeDt biplot (PCBi}, Harkov et al (1986c) were 
able to tentatively identify PAH 1ou.i:ce1 at four New Je:r:aey locaUou. 
Generally, moat worken have met wi.tb • modest level of aucce11 iA 
identifying PAK aource co11tribv.tor1, but have · been wituecHtfw.1 :l,n 
quantitative PAH source apportioftlMllt, Tbe present report utiliua a large 
PAH data base from three Qtbm sites in Bew Jeraey to idei::ttify c~wit~on 
source contributors to the MUured •llbient PAK leveh. ID tbi• aulysia 
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two related multivariate techniques, principal factor analysis (PFA) and 
PCBi are utilized to help resolve PAH sources at the three urban New Jersey 
sites. 

METHODS 

Sample Collection/Analysis - The PAH data was collected at the three 
urban sites (Newark, Elizabeth, Camden) utilized during the New Jersey ATEOS 
project (Harkov and Fischer 1982). Puring the ATEOS project, PAH samples 
were collected with size-selective inlet (SSI) PMIS samplers equipped with 
pre-ignited glass fiber filters (Gelman-A) through four separate, 6 week 
campaigns from 1981-1983 (Greenberg et al 1985). As a follow up study, PMlO 
samples were collected using Wedding inleta and pre-ignited quartz fiber 
filters (Whatman-QMA) every sixth day from 10/83-10/84 at the same three 
urban sites. All samples were analyzed in an identical fashion using 
soxhlet extraction with cyclohexane, followed by TLC and HPLC. The complete 
ATEOS PAH and quality assurance (qa) data and the analytical procedures have 
been presented elsewhere (Greenberg et al 1985, Harkov et al 1986a), as bave 
the subsequent PMlO PAH data with qa results (Harkov et al 1986b). 

Data Base Description - By combining both data bases between 200•220 
observations are available for analysis for each site. However, •ince PAH 
data sets contain a large number of missing value11 due to numbers -'below 
detection limits or noise in the analysis (Harkov et al 1986a,b), 
multivariate statistical techniques are difficult to perform and interpret 
for this pollutant class. Eight PAH were selected for analysis because they 
represented the most complete data set of the twenty six compounds measured. 
These compounds are shown in Table· I with some physical characteristics, 
Levels of data quality (Harkov et al 1986a,b) and reactivity indices 
(Greenberg and Darack 1985) indicate that no systematic patterns exist 
within this data base. The multivariate analyses are thus auumed to 
reflect source contributions and meteorological changes, rather than the 
atmospheric, sampling or analytical fate of the various pollutants. 

Statistical Approach 

A - Principle Factor Analysis • Principle factor analyai• was carried 
out with the personal computer software STATGRAPHICS (STSC 1981) utilizing 
listwise deletion of missing values and varimax rotations. The Hotelling 
T test available in STATGRAPHICS was utilized to identify potential 
outliers, and from those observations identified each one wa1 individually 
removed to demonstrate its importance on tbe final model development. 

B - Principle Component Biplot (PCBi) - This exploratory data analysis 
tool was developed by Gabriel and coworkers at the University of Roche1ter 
(Gabriel 1982, Cox and Gabriel 1982) and Wal first applied to air pollution 
data by Harkov et al (1986c). It is a graphical display of both rows and 
columns of a data matrix, i.e. of observations (rows) and individual 
pollutants (columns) in the present cHe. Biplot1 are llHful far visual 
inspection of data matrices ao that outliers or unu1ual di1tribution1 of the 
obsentations or pollutants can be readily observed. For PCBi, the sample 
data is approximated by the first two principal components, which generally 
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account for 70-90% of the variance in the 1D0del. In the present case, CH' 
PCBi has been utilized, since this biplot procedure gives a better fit to 
the variables (pollutants) than to the observations (Gabriel 1982). The 
theory behind the biplot representation rests on the fact that only matrix x 
of n rows and p columns with rank r can be factorized into a product of a 
matrix G with n rows and r columns a matrix H with p rows and r columns, 
such that X • GH'. The principal c01aponent biplot starts with a standard 
principal component analysis of the correlation matrix of the data matrix X 
and bases G and H on the first two principal component scores and first two 
eigenvectors respectively (i.e. r•2). The aetual plot is pToduced by 
plotting G and H in the space of the first two principal components. The n 
points in the resulting plots repreHnt the n observations, while the p 
aecton represent the p variables of the data matrix x. For the PCM 
diapl&y, the anglaa between any two vectors are lnverealy proportional to 
their correlation and the length of a vector ia proportional to its 
contribution to the principal components. The personal comput•r version of 
the statistical package MINlTAB (Ryan et al 1982} ·was utilized to produce 
PCB1. This analysis we.a accomplished utilizing 'a series of algorithiu 
e.vailable in the MINITAB package, 

RESULTS 

l'rinci le Factor Anal sis (PFA In the present analysis, PFA 
identified three to four similar actors at each site and only final factor 
solutions will be presented (Tables 2-4). Outliers w.re confirmed for only 
the Elizabeth site (N•3) and the Ca!Dden •ite (N•l). The total number of 
complete observati011s for the Newark, Elizabeth and Camden sites, after 
listwiae deletion, were 83. 52, and 79 respectively. The first factor 
e.ccounted for approximately 80% of the variance in the model of each site 
and wss primarily associated vith BkF, BaP, BJF and BbF, with lower ~oadinga 
of BghiP and ICDP. The next factor was associated with Cor and BghiP and 
accounted for approximately 10% of the variance at each lite. A third 
factor was aasociated with BeP and accounted for approximately 5% of the 
variance in the modela. Finallys at Elizabeth and Camden a fourth factor 
was asaociated with ICDP and accounted for about 4% of the variance in the 
model. 

Principle Components Biplot .(PCB12 - Since principle ,components 
analysis is 'based on aa.ple conalation ot' covuiance Utl'iCH, w1 have 
elected to employ pairwise correlation matdeet to incru.H the amount of 
information utilized in the PCBi analyei•~ The use of pairwise correlation 
matrices increases the number of samplu considered in the analyst. by uai111 
all the complete obaervationa on any psir of variable• in the computation of 

. correlation coefficients. 1:1owevn, to actually c:ompute the pri,ticiple 
component scores only the complete obaenationt could be utilised. The 
effect of thia approach :f.a that the correlation mat.ricea a'L'e bated on 
approximatdy twice the number of data points when cOtll\)ared with the 
observations with no miHins values.. This method was thouaht to more 
cloaaly approximate the true nlationship between var~b1H ancl provide a 
contrast to the approach utilized in PFA. 
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As described earlier, the PCBi technique can allow visual 
identification of outliers in a data set. In the present analysis, each 
potential outlier was removed from the data set to test its influence on the 
biplot results. The testing of outliers from the PCBi technique for the 
current data produced the following number of outliers; two at Newark, three 
at Elizabeth and five at Camden. Final complete observation numbers for 
Newark, Elizabeth and Camden in the biplot analysis were 81, 52 and 75 
respectively. Those outliers identified in both PFA and PCBi were 
identical, but it appears that the PCBi method is more sensitiv~ to outliers 
than the PFA screening procedure utilizing the Hotelling T test. The 
information in Figures 2a and 2b provides a comparison of PCBi results with 
and without outlier removal at the Camden site. 

All three sites had a co•on cluster of PAH (BkF, BaP, B;F, BbF), 
(Figures 1~3}. At Newark and Camden a common cluster occurred for'tghiP/Cor 
and at both these sites BeP was separated from the other seven PAM 
compounds. On the Elizabeth biplot BeP/Cor and BghiP/lCDP produced separate 
clusters. 

Discussion - Profiles of PAH emissions from combustion sources have 
been compiled by Grimmer (1983) and most recently by Daisey et al (1986). 
Analysis of these compilations indicates that the current state of knowledge 
on PAH emission profiles is not adequate for use in receptor modelling. 
Because the state-of-the-art for PAM fingerprinting ia very i111mature the 
present analysis will rely heavily on additional information pertaining to 
the specific airsheds utilized in the current study and previous 
apportionments of PM15 , EOM and BaP in New Jersey (Morandi 1985, Harkov and 
Shiboski 1986, Harkov and Greenberg 1985). 

Both PFA and PCBi identified a group of PAH (BkF, BaP, B..,F, BbF) that 
were clustered together at the three sites. Since additignal PAH had 
reasonably high loadings on this factor in PFA and because this factor 
accounted for a very significant portion (....80\) of the variance in the PFA 
models, it is possible that this cluster was related to general 
meteorological conditions and/or a number of non-specific (area) PAH 
sources. However, the PCBi identified this cluster as being clearly 
separate from the other PAH at all three sites. A review of data concerned 
with diesel and spark ignition motor vehicle exhaust, industrial, and oil 
and coal combustion emissions does not yield any potential source category 
for this cluster (NAS 1983, Gri11111er 1983, Daisey et al 1986, Hangebrauck et 
al 1967). Relatively high levels of benzofluoranthenes have been detected 
in communities impacted by wood combustion and in wood smoke soot (Ka11Ding 
et al 1983, Soderberg et al 1983, Cretney et al 1985, Sexton et al 1985). A 
source apportionment for BaP in New Jersey (Harkov and Greenberg 1985) _, 
identified wood combustion as the major source of thi& contaminant during 
the heating season (Nov,-Harch). Because the monitoring locales utilized in 
the present study are inner-city sites, any impacts of wood combustion 
emissions would probably be small. Since our heating season data set is 
insufficiently large after listwiae deletion, we could not explore a 
winter/summer comparison of this PAH cluster. Tbus the actual source 
identification for this cluster is uncertain. 
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The PFA identified a Cor/BghiP factor at each site and this factor 
accounted for about 9% of the variance in the model. Both Cor and BghiP 
have been used as indicators of motor vehicle contributions to ambient PAH 
levels, since PAN profiles from this source category indicates that 
relatively high levels of these two compounds are emitted to the atmosphere 
(Grimmer 1983, NAS 1983, Daisey et al 1986). The PCBi andysis also 
produced a Cor/BghiP cluster at two of the three sites. In the Elizabeth 
PCBi BeP was clustered w-ith Cor and ICDP with BghiP. Thia result is 
contrary to what was expected since the Elizabeth site was thought to be the 
most heavily impacted by motor vehicles (Harkov and Shiboaki 1986, Harkov et 
al 1984). The PAH clusters at a site should reflect; a) source emission 
densities and profiles in the vicinity of the locale, b) environmental fate 
of the PAH and c) local meteorology, While previous studies in New Jersey 
indicate that motor vehicles are a ujor aoul.'ce of BaP and extractable 
organic 111atter (Harkov and Greenberg 1985. Harkov and Shiloaki 1986), the 
poor resolution of motor vehicles in the Elizabeth PCBi may be caused by two 
sources which ate located in the satne general direction and/or as a result 
of strong alternate PAH sources that emit Cor or BghiP. The only potential 
source category near Elizabeth which can meet these requirements is a large 
oil refinery that is located to the south and west of the site. 

Benzo(e)pyrene was identified as a factor at all three urban sites and 
independent of the other PAH in the PCB1 at Newark and Camden. At the 
Elizabeth site, BeP was as1ociated with Cor in the PCBi. Although we cannot 
definitely attribute a source category to BeP, we are tentatively linking it 
to fuel oil combustion. Relatively high levels of BeP emissions from oil 
combustion have been reported in the literature (Brockhaus and Tomingas 
1976, Hangebrauck et al 1967, Bennett et al 1979), although this emissions 
information is far from being mature. Fuel oil i8 an important energy 
source in inner city areas of New Jersey, although the actual amount of PAB 
produced fro• this source category appears to be small (Barkov and Greenberg 
1985). 

The factor analysis has produced a factor with high loadin11 of ICDP at 
Elizabeth and Camden. Since PCBi generally indicated that ICDP is 
associated with clusters of other PAB and the amount of variance explained 
by ICDP in the PFA models is very small {"'4%) • at the present, ti• we are 
considering this factor as an artifact of the specific statistical technique 
and not related to a potential source category. 

By utilizing two different multivariate techniques, it baa been 
possible to provide some internal checks on the determination of aources of 
PAH from this data set. Generally, both methods provided 1i11lilar re1ult1, 
with some notable exception•. One potential advantage of the PCBi procedure 
is that the problem of status of pollutant• and factor inclusion in tbe 
final 1110dela for PFA is avoided. Identifying the correct number of vi1ble 
factors in PVA ia difficult because of the problem of the lack of rigoroua 
factor cut-off criteria. The proble11l of factor or cluster identification 
appears to be small or ttonexietent in the ?CBi technique. However, C0111P&Hd 
with PFA outlier rejection is a more important step in cluster reaolution in 
PCBi. 
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Without more complete information of source emissions of PAH it will 
remain difficult to utilize ambient data to accomplish source apportionment 
for this class of air pollutant. Currently there is a small program 
evolving in New Jersey to characterize stationary combustion source 
emissions profiles of PAH, N0 -PAH, Quinones and other substituted PAH to

2help in both source resolution from ambient data and to understand the 
potential impacts from increasing the amount of waste combustion in the New 
Jersey environment. 

CONCLUSIONS 

A multivariate statistical analysis of ambient PAH data was carried out 
to identify potential source contributors to the measured concentrations. 
Both PFA and PCBi produced very similar results in that some three to four 
potential groups of PAH were found to explain most of the variability in the 
data from three urban New Jersey sites. Only one grouping of PAH (BkF, BaP, 
B.F, BbF) was common to all three sites. Identification of a coabustion 
sdurce contributor to the ambient levels of tJlese PAH was not possible 
utilizing current emissions data. A Cor/BghiP and a BeP group was 
identified at Newark and Camden and was thought to reflect motor vehicle and 
oil combustion contributions respectively. At Elizabeth two groupings of 
PAH, Cor/BeP and BghiP/ICDP, were thought to be produced by the influence of 
an additional source co-located in the direction of high source strength 
areas for motor vehicles and oil combustion. This source was tentatively 
identified as a large oil refinery. Without better emissions information, 
source resolution of ambient PAH data sets will be very difficult to perform 
successfully. 
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TABLE·l 
PHYSICAL DATA 

COMPOUND MW HP( 0 c)•,b BP(°C)8 'b VP 'A'nl,25°Cl 

Benzo(k)fluoranthea.e 252 215 1.3x!qi13•

Benzo(j)fluoranthene 252 166 481 i.10.11c 

Benzo(b)fluoraotheoe 252 167 480 lxlO -b 

Benzo(a)pyrene 252 179 496 7.2xl0...12a 

Benzo(e)pyreoe 252 179 493 7.2xJO a 

Indeno(c,d)pyrene 275 534 ... -13 

Benzo(a,h,i)perylene 276 273 542 1.3z10...15a 

Corooene 300 438 590 1.9z10 a 


a ... Santodonato et al (1981) 

b - Gri1111er (1983) 

c - Calculated from Mackay et al (1982) 
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BkF 
BaP 
BghiP 
!CDP 
Cor 
BeP 
BjF 
BbF 

N='·' 

BkF 
BaP 
BghiP 
ICDP 
Cor 
BeP 
BjF 
BbF 

N=79 

BkF 
BaP 
BghiP 
ICDP 
Cor 
BeP 
BjF 
BbF 

FACTOR 1 

0. 79 
0.67 

0.93 
0. 72 

FACTOR 1 

0.85 
0.87 
0.61 

0.89 
0.83 

FACTOR 1 

0.91 
0.91 
0.76 
0.83 

0.92 
0.88 

TABLE-2 

FINAL FACTOR ANALYSIS MODEL - ELIZABETH 


(ROTATED FACTOR LOADINGS ~0.60) 


FACTOR 2 FACTOR 3 FACTOR 4 

0.67 
0.83 

0.84 
0.92 

TABLE-3 

FINAL FACTOR ANALYSIS MODEL-CAMDEN 


(ROTATED FACTOR LOADINGS, ~0.60) 


FACTOR 2 FACTOR 3 FACTOR 4 

0.67 
0.60 

0.83 
0.94 

TABLE-4 

FINAL FACTOR ANALYSIS MODEL-NEWARK 


(ROTATED FACTOR LOADINGS, ~.60) 


FACTOR 2 FACTOR 3 

{).55 

0.93 
0.90 
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Figures 

Figure - Principle component biplot - Elizabeth 

Figure 2 - Principle component biplot - Camden 
a. without outlier removal 
b. with outlier removal 

Figure 3 - Principle component biplot - Newark 

Key for Figures 

- Benzo(k)fluoranthene 
2 - Benzo(jJfluoranthene 
~ - Benzo(bJfluoranthene 
4 - Benzo(a)pyrene 
s - Benzo(e)pyrene 
6 - Indeno(c,d)pyrene 
7 - Benzo(g,h,i)pereylene 
8 - Coronene 
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Use of a Rule-Building Expert System for Classifying 
Single Particles Based on SEK Analysis 

P.K. Hopke and D,S, Kim 
Institute for Environmental Studies 
University of Illinois at Urbana-Champaign 
1005 W. Western Avenue, Urbana, IL 61801 
and 
R. Lee and G.S, Casuccio 
Energy Technology Consultants 
350 Hochberg Road, Monroeville, PA 15146 

Computer-controlled scanning electron microscopy (CCSEM) permits the 
characterization of size, shape, and composition of individual particles 
and thus proyides a rich source of data to identify the origin of ambient 
airborne particles. The problem is how to make best use of this 
information. The general procedure has been to assign each particle to 
a class of similar particles based on its x-ray fluorescence spectrum, 
The initial efforts developed the class characteristics and classification 
rules in an empirical fashion. Recent studies have suggested that 
greater specificity and precision in the subsequent class balance 
~nalysis can be obtained if particle classes are more homogeneous. To 
obtain the classification of large numbers of particles in an efficient 
manner, the x-ray intensity data have been subjected to an agglomerative 
hierarchical cluster analysis. The resulting groups of samples are 
then used as candidate examples for a rule-building expert system that 
provides a decision tree that can be used for subsequent particle 
classification. An error analysis approach based on jackknifing has 
also been developed, The u e of this approach to characterize particle 
source emissions will be presented. 
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Introduction 

Receptor modeling generally apportions airborne particulate matter 
to sources through various statistical methods based on the bulk chemical 
analysis of ambient samples. These methods have been important tools for 
particulate control strategy over the past 15 years. Among these 
techniques, the Chemical Mass Balance (CMB) has been known as a 
conceptually powerful technique. However, it cannot be implemented 
until accurate source profiles are available. In practice, a CHB 
analysis loses power when the sources of particulate matter have similar 
compositions. This limitation can be solved by measuring additional 
variables to obtain distinct differences among the source profiles. 

Microscopic methods have been used to characterize individual 
particles and to identify sources of ambient aerosol mass. Recently, 
innovative computer-controlled scanning electron microscopy (CCSEH) has 
provided individual particle information, including size parameters and 
chemical compositions within a short analysis time so that a large 
number of particles can be analyzed. A particle class balance (PCB), 
analogous to CMB, is the combination of the statistical and the microscopic 
methods and assumes a linearly additive sum of class mass fractions 
times a fractional contr1but1oq of aerosol mass by the particulate 
sources. Johnson and Mcintyre used this technique for aerosol 
apportionment study in Syracuse, N,Y. They used twelve source types 
from 47 possible source signatures and fitted to the 23 ambient samples 
measured. To do this, they created only 25 separate classes of particles 
based on the obaerved relative net x-ray intensities. As they mentioned, 
there is a possibility of overlap among 25 particle ~lasses when comparing 
signaturea of similar sources. Casuccio and Janocko also suggested a 
particle balance model based on the segregation of the source and the 
ambient samples into clas.ses within various aerodynamic size categories. 

The most important thing in the PCB model is to create homogeneous 
particle classes to characterize the source profiles. To define the 
particle class membership, an agglomerative hierarchical clustering 
analysis waa uaed to determine the potential class membership. Then 
chemically homogeneous particle classes were created using a rule-building 
expert system by removing outliers from eaoh particle class. The mass 
fraction of particlea belonging to these homogeneous particle cla11e1 can 
then be used as the source profile, 

El Puo llrebed 

The City of El Paso ii located at the tip of western Texaa, with the 
atate of New Mexico to the weat, There are proble1118 of ~oncomplianoe 
with both the TSP and lead ambient air quality standards , The Rio 
Grande River flows aouth ot the city, which is the boundary between the 
United States and Mexico. The city of Ciudad Juarez liea just to the 
south in Mexico across the river. El PHo also has the Franklin Mountains 
intruding from the north. 

CCSEH was selected as the primary analytical method to study source 
and ambient particle samples. Several other methods, 1nolud1n1 proton
induced x-ray emission, ion chromatography, and atomio abaorption were 
uaed to verify the CCSEH re1ult1. Eaoh source or ambient sample had 
more than 700 partiqlea analyzed and each particle ii oharaoterized by 
25 variables; 6 size variables and 19 x-ray intenaitiea. Twenty-one 
source samples were used to obtain source compbaition profiles. More 
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detailed d~sgriptions for analytical methods are available in the 
literature ' • 

Cluster Analysis 

The basic concept of classification is to identify the objects (cases) 
that are similar in a pattern space based on a measure of diss!milarity 
or distance. The agglomerative hierarchical algorithm, AGCLUS , was 
selected for the classification of the CCSEM data since the hierarchical 
method is simple in terms of computational scheme, and is flexible in 
terms of decision of significant clusters when comparing it with non
hierarchical methods. The agglomerative method starts from the individual 
objects in separate clusters and ends with a single cluster containing 
all of the objects. Larger clusters are constructed by merging smaller 
clusters. This method requires that once an assignment of objects to a 
cluster is made, those objects will remain together at higher and higher 
clustering levels. Hierarchical clustering is represented in the form 
of tree-shaped dendrograms. Non-h7erarchical clustering was used to 
confirm the agglomerative analyses • 

It is then necessary to define a "homogeneous" particle class. A 
class is determined to be homogeneous by examining the presence or absence 
of the related chemical elements for all particles. When all particles 
in a class show only the same elements, this class is referred to as 
homo~eneous. A particle in Al-Si-Fe class will show only Al, Si, and Fe 
x-ray intensities. In the sense of this concept, all particles initially 
clustered together from cluster analysis can be examined, and thus it is 
possible to remove outlier particles for each class. 

Expert System as a Classification Tool 

A knowledge-based expert system, a class of high performance computer 
programs in the area of artificial intelligence, was used to build a 
decision tree fro! examples of particle classes following classification 
studies. EX-TRAN is a series of programs designed to generate a set 
of rules based on examples for which various variables are known and 
which have known outcomes. It produces a self-contained FORTRAN program 
that can implement these rules. EX-TRAN searches the features one at a 
time to identify the one for which it can "best" separate o§e class from 
the others based on an extension of Quinlan's ID3 algorithm • 

To perform this study, "representative" examples were obtained from 
the homogeneous particle classes, From the AGCLUS cluster analysis, each 
data set representing one of source samples was split into 23 to 67 
homogeneous particle classes. A total of 11,294 (73S) out of 15,499 
particles were placed into one of the homogeneous classes so that they 
could be used as examples for expert system implementation. Table I 
shows the total number of particles, the total number of particles placed 
in homogeneous classes, and the number of homogeneous classes for each 
source data set. 

In order to create a classification rule from the expert system, the 
283 homogeneous particle classes from the 21 source data set were created 
after deleting outlier particles. Table II shows only a portion of the 
homogeneous classes, those which are all the sodium containing particle 
classes observed in the individual source samples. As can be seen, some 
classes were unique, i.e., observed in only a particular source, and 
other classes were observed in two or more sources. Among the whole 283 
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classes, some classes such as Na-Al-Si-Ca, Hg-Al-Si-Ca, Hg-Si-Ca, Al-51
K, Al-5i-K-Ca, etc. were frequently observed in more than 12 sources. 
Particularly, the Al-Si-K class was the most commonly observed class in 
17 out of the 21 source samples. 

The derived rules were extensively tested by examining all 15,499 
particles of source samples. Only two (0.01~) out of the total particles 
were misclassified. These misclassifications occurred when the number 
of representative examples in a class was much less than that of the active 
variables. During the test of the decision rule, it was found tnat the 
classification rules could also detect the misclassification of the 
hierarchical cluster analysis, AGCLUS. In the sample T2~0 from Table I, 
501 particles were assigned to homogeneous classes. However, three 
unassigned particles were revealed to belong to one of the homogeneous 
classes, Jn this manner, the total qs particles from the 21 source 
samples were misclaaslfied by the hierarchical cluster analysis. The 
misclassified examples were reassigned to homogeneous particle classes 
and the information ror each class was corrected. 

Hass fractions for each source sample were calculated. The full set 
of source profiles are available on request from the authors. A simple 
correlation study showed that profiles for the 21 sources were highly 
independent of each other, even for the 7 fugitive soil samples. An 
ambient aerosol mass apportionment study will be performed using these 
source profiles. 

,The uncertainties of each class for all the source samples were 
calculated. The jackknife approach has been applied in order to estimate 
the uncertainties in the mass fractions. One data point at a time is 
omitted for all the data points, and the mass fraction is then determined. 
From the standrad deviation of these values an uncertainty is estimated. 
The method can give a measure of variability regarqless of its distribution 
function10. TukeY'• jackknife estimate of standard error11 was used to 
estimate the uncertainty of mass fraction ln each class. 

Generally, as the number of particles in a oertain class increased, 
the uncertainty decreased. For a class containing one or two particles, 
100~ of mass fraction was used arbitrarily since the method of omitting 
one data point cannot be applied. The determination of uncertainty is 
essential in the sense of providing credibility of eaoh class membership. 

Concluaion 

Twenty-one source aampl•s from the El Paso Quantitative Microscopy 
Study were explored to define the hoaaogeneous particle classes. Following 
cluster anKlys1st 263 classes were created after deleting outliers. A 
decision rule was developed by an expert system and used to oheok and 
correct particle membership. A PCB can sive increased source resolution 
over that &va1lable with bulk chemical data ainoe there are many more 
variables available, It reduces the poa1iblity of collinearity problems, 
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A COMPOSITE RECEPTOR METHOD APPLIED TO PHILADELPHIA AEROSOL 


Thomas G. Dzubay and Robert K. Stevens 
Atmospheric Sciences Research Laboratory 
U. S. Environmental Protection Agency 
Research Triangle Park, NC 27711 

Glen E. Gordon, Ilhan Olmez•, and Ann E. Sheffield 
Department of Chemistry and Biochemistry 
University of Maryland, College Park, HD 20742 

William J. Courtney•• 
Northrop Services Inc., Research Triangle Park, NC 27709 

A new receptor method that is a composite of chemical mass balances 
(CHB), multiple linear regression, and wind trajectory receptor models was 
developed to apportion particulate mass into source categories. It was 
applied to 156 aerosol samples collected in dichotomous samplers at three 
sites in the Philadelphia area and analyzed by x-ray fluorescence (XRF), 
instrumental neutron activation (INAA), ion chromatograpy (IC) and pyrolysis. 
Major components of mass of ~10-~m diam particles were 50-55% sulfate plus 
related water and ions, 16-27% crustal matter, and 4-7% vehicle exhaust. 
Less than 5% was attributed to primary emissions from stationary sources. 
Vind-stratified data indicated that 80 ± 20% of the sulfate was from a 
regiona] background. Multiple linear regression attributed 72 ± 8 and 16 ± 
5% of S to coal- and residual oil-fired power plants, respectively. 

Introduction 
The CMB model is useful for apportioning the mass concentration of 

suspended particles. However, a difficulty is that the required signatures 
are not known accurately for sulfate and vehicle exhaust. For sulfate, there 
is an uncertain amount of water. For vehicle-exhaust, the Pb abundance is 
difficult to specify in the United States because measurements are sparse, 
and the Pb content in gasoline has been declining rapidly in recent years. 

Ve explore the feasibility of using a composite receptor method to 
overcome this difficulty. It was tested using data from a summer, 1982; 
study when ambient aerosol was collected for 52 12-h periods in the PH 10 
size range at three sits (Figure 1) in the Philadelphia ar a1 • The ambient 
samples were collected by dichotomous samplers and analyzed by XRF, INAA, IC 
and pyrolysis. Emission source and resuspended soil sampl s were also 
collected by dichotomous samplers and analyzedl• 3 • 
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We present a mass apportionment ba••d on the followin1 steps: (a) Wind
trajectory analysi•4 wa• used to identify sources to include in the CMB. (b)
A new method consistin1 of a composite of CMB and multiple linear re1ression 
(MLR) was used to determine abundances of Pb in vehicle exhaust and S in 
regional sulfate. (c) CMB, based in part on result• of the composite method, 
was used to apportion mass into 9 component•. (d) Vind-direction 
stratification was used to detect the relative influences of local and 
regional sources of s. (e) MLR of S vs Se and V was used to estimate 
particulate S contributions from coal and oil. 

Results and Discussion 
Precision and Accuracy. Table I shows correlation coefficients and a 

comparison of mean values obtained by XIF, IC and INAA. The paired data are 
highly correlated, and the ratios of means agree within overall errors for S, 
Mn, Fe, Zn, and Sb. The agreement between IC and XRF results for S indicate 
that sulfate, the species measured by IC, occurred a1 s. 

Vind-Trajectory Method. Ve u1ed a wind tra ector method4 to select 
sources to include in our CMB. Resultant w n rect on an standard 
deviation &e were computed for each 12-h period from hourly data on surface 
winds. Also, the mean concentration x and standard deviation s were 
calculated for each species. The wind-trajectory method selected events 
having &e S 20° and x ~ x + 21. lllission sources were identified when 
element abundance ratios matched those in source signaturesl, Sources 
selected were a paint pisment plant and a Sb roaster, both south southwest of 
Site 28, and municipal incinerators northwest of Site 28. Also selected were 
residual oil-burning and.catalytic cracker emissions 2 • 

Coaposite of CllB and JILll, In a study in Denver durinr winter, Lewis et 
al. used MLR to deteraine abundances of elements in vehicle exhaust, wood ~ 
smoke, sulfate, and crustal matter5 • Because atmospheric K, their tracer 
for wood 1moke, included a contribution from soil, they used the measured K 
concentration minu• a correction for soil as a wood-smoke tracer. Ve applied
a modified form of that technique to Philadelphia aerosol. Modification was 
needed for Pb from vehicle exhaust becauae a sirnificant portion of Pb 
originated from at least two additional 1ources1 incinerators and combustion 
of reaidual oil. In our method, non-vehicular Pb was determined by CMB and 
was subtracted from the measured Pb to yield a tracer for vehicle exhaust. 

The CMB method expresses concentration C1 of species i •• 
c, • f A1 :I M:I, (1) 

where A1 i is the abundance of species i in component ·j, and Mi is the total 
mass concentration attributed to component j. The unknown values H:I are 
found by t least-squares meth«?f that mini•i••• the expression•, 

>r • f I<c, - 01 )111 1 (2) 
2where 01 is the obHrved concentrat.:lon of spec:le1 11 and 81 is the effective 

variance, which includes the uncertainties in o, and A1 :1. 

Por each species i in eq 2, t!O criteria must be met: (a) all ujor 
sources j of the species mutt be Included in eq 1, and (b) itt abundance in 
each component must "- known. Por our data these criteria were 111et for a 
fine-particle CMB based on Al, Si, Ce, Ti, V, Ni, Zn, Cd, Sn, Sb, La, Ce and 
Sm in the followinf six components• .unicipal incinerators•, catalytic
crackera2 , residua oil coabuation2 , Sb roaster2 , paint piament ·· · 
manufacturtq•, and local dust'. Usina these 13 elements and 6 1ource we 
applied the CMB model to data for each 12-h supliq period to obtain 156· 
sets of M;• Then, for Mais, Sand Pb we calculated o,' as' 

0' 1 • o, f A1 :I M:I (3) 
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where 01 ' represents [K'], [S'], and [Pb'] which are the portions of observed 
concentrations due only to vehicle exhaust and sulfate. Ve applied MLR to 
all 156 observations and obtained R • 0.95 (multiple correlation) and 

(M') • 3592 ± 775 ng/m3 + (4.92 ± 0.13)(S'] + (15.0 ± 3.2)(Pb'] (4) 

Ve interpret the reciprocal of regression coefficient of (S'] in eq 4 as 
the abundance of S in the regional sulfate component, 20r3 ± 1.4%. Water 
retained on acidic sulfate particles during laboratory mass analysis may 
explain S abundances lower than 24.2% and 26.1%, for S in pure (NH >iS04 and 
NH 4Hso , respectively. Likewise, eq 4 indicates a 6.7 ± 1.5% abun~ance of Pb 
in veh1cle exhaust. This falls within the range of results obtained by other 
investigators; 6.9% for a Pennsylvania Turnpike tunnel during 19777 , and 
4.4 ± 0.6% for Denver during winter, 19825 

• 

Hass Apportion11ent. Fine particle mass was apportioned by CMB into 8 
components as in Table II. In addition to the 6 components used in the 
preliminary CMB, vehicle exhaust and regional sulfate were included. For 
vehicle exhaust, the Pb abundance of 6.7 ± 1.5% was derived from eq 4. 
Abundances of other elements in vehicle exhaust (S, Cr, Kn, Fe, Ni and Br) 
were taken from Pennsylvania Turnpike tunnel data7 adjusted for the vehicle 
mix in Philadelphia. The regional sulfate component included the 20.4 ± 1.4% 
5- abundance derived from eq 4. Concentrations of other elements were from 
the regional sulfate signature of ref 8 normalized to our S value. 

Except for Cl, Br, As and Se, the measured and calculated element 
concentrations agree fairly well. The model overestimated Cl and Br values 
because it does not account for losses by volatilization. The regional 
sulfate component represents most of the calculated As and Se, but the 
signature derived from Shennandoah Valley data8 appears not exactly to 
represent As and Se Philadelphia. Deviations for such elements has little 
effect on our apportionment of mass. 

Ve applied CMB as in Table II to each sample. Averages for each site 
were computed and are shown in Table III. Also indicated are estimates of 
possible bias due to uncertain abundances of key elements in the source 
signatures. Results for the dust signature are labeled "minerals and. coal 
fly ash" in Table III because such subcomponents were not resolved. The dust 
signature3 that we used is a preliminary one, and, therefore, a large value 
of possible bias is shown in Table III. The component labeled "other" is the 
intercept in eq 4 and may represent components not included in the CHB. 

The coarse fraction CMB results are based on five components shown in 
Table III. Because, we did not constrain our CMB solutions to positive 
values, negative values below detection limit were sometimes obtained as 
coarse particle results in Table III indicate. 

Sources of Particulate Sulfur. Average species concentrations were 
calculated for cases of steady wind from NNE and SSV along our line of 
samplers. Sampling periods were included if data were available for both 
Sites 12 and 34 and if at least 75% of the hourly wind directions were in the 
SSV (165° to 255°) or NNE (245° to 75°) quadrants. The ratio of average 
upwind to downwind S-concentrations for Sites 12 and 34 was 0.80 t 0.18. 
Because Sites 12 and 34 are at the edges of the philadelphia urban area, such 
ratios suggest that local sources contribute about 20% of the particulate s 
and sources beyond the Philadelphia area contribute 80%. In an earlier 
study, local and regional components were deduced from sulfate measured at 45 
stations in eastern u. s. between 1963 and 19789 • Ea~ly in that period, 
local sources contributed 45% of total sulfate during summer months. By 1978 
the local component had decreased to 25% due to controls on S emissions 
applied mainly in urban areas'. 
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Emission inventories for Eastern states indicate that about 90X of the 
S02 , the precursor for particulate S, is emitted from coal- and residual oil 
fired power plants. Assuming that Se and V are tracers for coal- and 
residual oil-fired power plants, respectively, we used HLR to express fine 
particle S as 

(SJ • 380 ± 355 nglm' + (1791 ± 201)(Se] + (67 ± 2l)(V] (5) 

Multiple correlations were R • 0.67 for 156 samples. Because S is 
emitted mainly as so~, atmospheric reactions are required to produce
particulate S. Variability in the fraction of S02 converted to SO J- could 
account for correlations that are only moderately high. Results ottained 
by dividing the mean of each term in eq 5 by the mean fine particle S 
concentration indicate that the particulate S-contributions from coal- and 
oil-fired power plants are 72 ± 8% and 16 ± SX, respectively. 

Summary 
The composite method was a valuable supplement to the CMS model for 

analyzing the Philadelphia data set. The composite method enabled us to 
estimate the average Pb abundance in vehicle exhaust when incinerators and 
residual oil combustion contributed a portion of the Pb. The combined use of 
XRF and INAA enabled us to resolve more sources than possible if only one of 
those methods were used. The former provided essential data on Si, s, Ni, 
and Pb; the latter provided essential data on Al, V, Se, La, Cs, and Sm. 
The wind-trajectory method identified four categories of stationary sources 
to include in the CHB. Interpretations reported here are a few of the 
possibilities other investigators may attempt. One may obtain our data on 
IBM-PC readable disks by sending one 1.2-Hbyte or two 360-kbyte floppy disks 
to the principal author. 

Although the research described in this article has been funded by the 
United States Environ11ental Protection Agency, it has not b.een subjected to 
agency review and, therefore, does not necessarily reflect the views of the 
Agency, and no official endorsement should be inferred. Mention of co11D1ercial 
products does not constitute endorsement by U. S. EPA. 
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Table I. Co•parison of XRP, INAA, and IC Results for 50 Paired Pine Particle 
Saaples fro• ea.den, NJ (Site 28) between July 14 and August 13, 1982•. 

XRF mean Other mean Results Ratio of means 
ng/m 3 ng/m 3 (XRF/other) R 

s 4063 :I: 20 IC 3719 :I: 10 1.09 ± 0.09 0.97 
s 4196 ± 20 INAA 3863 :I: 900 1.09 ± 0.14 0.92 
K 101 ± 3 INAA 144 ± <15 0.70 ± 0.10 0.94 

Ca 40 :I: 5 INAA 49 ± 18 0.81 t 0.11 0.65 
v 19 :I: 4 INAA 13 ± <1 1.43 :I: 0.18 0.86 

Mn 6 t 2.3 INAA 6 :I: <0.6 1.09 :I: 0.15 o. 72 
Fe 91 t 3 INAA 94 ± <10 0.97 ± 0.12 0.89 
Zn 82 t 1.5 INAA 92 :I: <9 0.89 :I: 0.11 0.997 
Se 1.2 ± 0.6 INAA 1.8 :I: <0.2 0.67 :I: 0.10 0. 70 
Br 29 t 0.8 INAA 23 :I: <2 1.27 :I: 0.16 0.91 
Sb 73 :I: 5 INAA 79 :I: <8 0.93 :I: 0.11 0.998 

Table II. Mass Balance of Average Pine Particle COllposition at (Site 28)• 

Calculated 
Meas
ured. Dust 

Res. 
Oil 

Paint Cat. 
Pig. Crack. 

Hunic. 
Incin. 

Veh. 
Bxh. 

Sb-
Roast 

Regional 
s 

V-C 1027 t 1128 2046 67 15 0 1 4 939 1 0 
NV-C 1153 :I: 584 1867 10 29 0 0 25 1089 0 0 
Na 94 :I: 30 146 12 21 0 1 44 16 0 0 
Al b 46 :I: 10 53 23 5 2 14 2 0 0 0 
Si b 137 :I: 32 103 65 16 0 43 12 0 0 0 
s b 4197 ± 403 4196 1 87 0 27 21 47 1 4012 
Cl 224 :I: 33 3 1 0 0 0 194 30 0 0 
K 63 ± 18 101 6 1 2 0 54 0 0 0 
Ca b 38 ± 8 40 12 20 4 0 2 0 0 0 
Ti b 17 t 9 15 2 1 13 1 0 0 0 0 
v b 11 :I: 3 13 0 11 0 0 0 0 0 0 
Mn 4 t 1 6 1 0 0 0 0 1 0 2 
Fe 122 :I: 11 91 92 11 9 0 2 8 0 0 
Co* 684 :I: 141 483 11 669 0 3 2 0 0 0 
Ni b 13 :I: 3 11 0 12 0 0 0 0 0 0 
Zn b 83 :I: 18 82 1 1 0 0 70 3 0 1 
Br 69 :t 35 29 0 0 1 0 2 67 0 0 
As* 209 ± 219 632 0 30 0 0 47 0 0 132 
Se* 954 ± 233 1800 67 14 0 2 29 0 0 842 
Ho* 645 :I: 396 900 1 372 0 0 272 0 0 0 
Cd 2 :I: 1 2 1 0 0 0 t 0 0 0 
Sn b 6 :I: 4 5 0 0 0 0 5 0 1 0 
Sb b 79 :I: 9 79 0 0 0 0 1 0 71 0 
La* b 871 :I: 187 1120 13 195 0 662 1 0 0 0 
Ce* b 712 :t 160 609 26 152 0 534 0 0 0 0 
Sm* b 45 :I: 9 40 3 8 0 34 0 0 0 0 
Pb b 249 :I: 62 249 3 10 0 0 42 179 0 14 
Hass 24910 28282 742 723 59 214 717 2683 104 19668 

•An asterisk·(*) denotes data in pr/m3 ; 
bElements included in least-squares fit. 

all other data are in n1/m'. 
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Table III. Average Mass Balance for July 14 to August 13, 1982, Deduced by
Coaposite of CMB and MLR Methods. 

Size Possible 
Component Fraction Site 12 Site 28 Site 34 Bias, % 

Minerals and coal fly ash 
Residual oil fly ash 
Ti-rich paint pigment 
Fluidized catalyst cracker 
Municipal incinerators 
Antimony roaster 
Motor vehicle exhaust 

fine 
fine 
fine 
fine 
fine 
fine 
fine 

1066 
489 
40 

144 
503 

4 
2388 

751 :!: 36 
685 :!: 20 
54 :!: 6 

199 :!: 6 
651 :!: 31 

94 :!: 3 
2757 :!: 163 

597 
427 

4 
96 

190 
2 

1511 

40 
30 
30 
30 
30 
10 
20 

Sulfate, cations and water 
Other (HLR intercept) 

fine 
fine 

18635 
3592 

19396 :!: 318 
3592 :!: 775 

18537 
3592 

10 

Minerals and coal fly ash 
Marine 

coarse 
coarse 

7264 
160 

9033 :!: 192 
228 ± 26 

4730 
113 

40 
so 

Sulfate coarse 440 595 ± 67 718 30 
Municipal incinerators 
Antimony roaster 

coarse 
coarse 

54 
15 

-38 :t 
231 :!: 

26 
14 

-42 
7 

so 
10 

Calculated 
Calculated 

total 
total 

fine 
coarse 

26862 
7934 

28179 
10048 

t 
:!: 

855 
207 

24958 
5527 

Calculated total PH-10 34796 38227 30485 
Measured total PH-10 34868 39715 33858 
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Assessing atmospheric composition using most currently available 
techniques is often difficult and time consuming. Difficulties work against 
detection and determination of possible toxic gas signatures from industrial 
processes, landfills and other release situations. Time constraints 
mitigate against rapid response in actually or potentially dangerous 
circumstanc s. Recent work has shown that bulk air technique can be used 
to gather and characterize ambient air samples relatively rapidly. When 
coupled with cryogenic-focused GC analysis, qualitative and quantitative 
data can be obtained. An approach to characterization of heavy gas releases 
using a combination of the whole-air technique, portable meteorological 
equipment coupled with a fixed sampling network, and modeling was formulated 
and evaluated on a grass-covered site over a six month period. In previous 
work, preliminary results from two sample rune were described in Which 
downwind surface concentrations of two heavy gases were assessed 
(volatilized toluene and methyl chloroform emitted at a fixed rate over 
short time periods). In this paper, the analysis approach is extended to 
data from two additional sample runs that were conducted under different 
meteorological conditions. The goal is to further evaluate the three-part 
approach as a rapidly deployable scheme for assessing toxic gas releases. 
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INTRODUCTION 

Characterization of potentially harmful gaseous releases from 
industrial activities, or accidental emissions, require a timely response by 
organizations with public health responsibilities. The species must be 
known or identifiable, and some judgements about spatial and temporal 
patterns must be made in the shortest time period practicable. The problem 
becomes more difficult if the gases released have known acute or toxic 
effects; yet another layer of complexity is added if the emissions are 
heavier than air. While trace gas releases oan be modeled using approaches 
based upon generally accepted characterizations of the turbulent structure 
of the atmosphere, heavier than air gases (HTAG) pose an additional problem 
because they modify atmospheric flow characteristics for a period of time. 
Few approaches are established for dealing with HTAG situations. 

We have conducted evaluations of a possible set of sampling procedures 
baaed on results from controlled KTAG releases. This set consists of a 
gaseous analysis technique that utilizes whole-air sampling and cryogenic
focuaed gas chromatography (GC), and possible applications of two HTAG 
models for temporal and spatial release description. The results to this 
point are summarized, and then the approach is extended to a second set of 
release cond~.tions and· sampling/analysis/modeling evaluations. 

PRIOR WORK 

Lane 1 et al. 1 , Pliel and McClenny 2 , and Tripp• have shown that whole
air sampling Tbased on stainless steel spheres) and cryogenic-focused GC 
analysis yields accurate and precise characterization or ambient volatile 
organic compound (VDC) releases, Marotz, et al.~ hereafter referred to as 
MLCTH) used the whole-air sampling/QC analysti technique, combinect it with a 
meteorological instrument package and a fixed-grid sampling network, and 
conducted field evaluations of the approach using a known HTAG source 
composition and release rate. Gases used were toluene and methyl chloroform 
in a 50/50 liquid mixture by volume. Volatilized emissions were produced 
from a generator des1gned to operate at different emission rates. The 

emission rate was varied between 110 and 200 ml min- 1 for a series of eleven 
evaluation runs of 30 minutes each spread over a six month period (July 
through December, 1986) at a short-grass-covered site in eastern Kansas. 

Meteorological and source strength/composition data from two of the 
eleven test cases were used as input for HTAG model runs, which formed the 
third part of the approach evaluated in MLCTH. Model output was briefly 
compared with values obtained trom the bulk-air sampling technique. 

Based on preliminary analysis of principally surface-collected samples 
and model runs, MLCTH concluded that, overall, the approach y1elded 
relatively quick and precise results. Questions relative to extension of 
the approach to a different set of meteorological condit1ons, the usefulness 
of multiple spheres arrayed at locations other than the gaseous plume 
centerline 1 the capability to model measured concentrat1one at "tireatheable 
height". and the usefulness of the available models themselves remain open 
and are partially treated in this paper. 



METHODOLOGY 

The tripartite approach (whole-air sampler deployment, meteorological 
instrumentation appropriateness, and modeling of results) was evaluated at a 
large (approximately 250m by 250m), level, short grass-covered open area 
situated to the northwest of two principal transportation arterials. 

Meteorological instrumentation consisted of the fewest devices 
necessary for provision of needed model input data. Assessed were wind 
speed (2m), wind direction (2m), air temperature (1m), surface temperature, 
relative humidity (2m), and barometric pressure. Additional data included 
soundings (00/12 GMT) from Topeka, KS (40 km from the study site), upper air 
(850 mb) and surface synoptic charts. 

Available spheres (Demaray Scientific Instrument, Ltd, Model 0647, 6.0L 
equipped with Whitey Microvalves, Model SS-21RS2) numbered 13, and were 
positioned on the surface at distances of -25, 50, 75 and 100m from the voe 
generator at the intersections of a 30°/60° ray/arc combination (Fig. 1). 
Ray directional orientation and angle were determined by the plume 
centerline direction. 

Two models were used, CHARM™ (version 4.0) and DEGADIS, to extend 
field sample-based characterization of the plume. Both have been tested 
against field data, are written in computer interactive form, and are 
commercially available. The theory and description for both are presented 
in MLCTH, Ooms and Tenneckes 5 and Spicer and Havens•. 

Conditions for Runs 4 and 5 described here are shown on Table 1. 
Stability conditions in both 4 and 5 were neutral to stable, and synoptic 
conditions were similar. 

RESULTS 

Surface concentrations ranged from background values to a maximum of 
625 and 705 ppb for methyl chloroform and toluene, respectively (Fig. 2a
2d); in both Runs the plume showed the semi-elliptical shape characteristic 
of HTAG releases•. The larger minor axis, higher centerline concentrations 
in Run 4 versus 5 for both gases appeared to be a function or four factors: 
(a) wind directionai variability, which amounted to about a sixty percent 
greater standard deviation value in 4 versus 5; (b) average wind speed, 
which tended to maintain concentration along the centerline; Cc) a greater 
generator emission rate in 5 versus 4; and (d) ambient temperature 
differences that may have assisted volatili~ation (Table 1), Both tests 
occurred under similar stability regimes, and surface heating was not a 
factor in aiding plume mixing. 

Model .!!!!!:!!. ~ Surface ~ 

several points are pertinent to the comments in this section, Although 
model estimates are presented in Table 2, they are meant for general 
reference only. Neither model's predictive capabilities were evaluated in a 
proper, oomplete, and rigorous manner; to do eo would have required much 
more intensive sampling, a different sampler array, additional 
meteorological information, and many more replications. The sampling 
network was intended to provide data principally ror the whole-air samplers, 
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not for modeling purposes. The sampling site was large enough for the 
former objective, but the limited fetch available may have prevented 
complete adjustment of the wind profile to surface conditions, thereby 
creating turbulence within the network itself, which could have altered 
dispersion in an unpredictable manner. Furthermore, the sampling points 
were all relatively close to the source given the way in which HTAG plumes 
are gradually modified and disperse. 6 Indeed, the sampler locations fell 
within the distance range where concentration values changed most rapidly 
(eg., in Run 5 observed ppb concentrations for toluene fell 68 percent in 
50M; Table 2). Rather, interest was in simply taking a brief look at the 
role models and modeling might play as part of the approach described in 
this paper. Experience does suggest that, overall, both HTAG formulation 
efforts are flexible, sensitive to small changes in input values, and that 
the potential user has wide latitude in directing the nature of the output 
product. The user's application needs, knowledge, and experience with a 
particular model will determine its ultimate value. 

The user supplies data on a number of meteorological variables for both 
models. DEOADIS requires direct input of the stability class, CHARM will 
allow the same choice, or will estimate stability from cloud cover and solar 
heating estimates. Stability class choice is significant because all 
atmospheric mixing conditions are calculated from the stability conditions 
selected. The user also must know what gas is being emitted in order to 
either select from a.list, substitute one with similar properties, or 
provide physical constants if the first two options are unavailable. 
Physical constants were supplied to DEGADIS for both gases, a necessity 
because the internally supplied values hold only ror liquid natural gas. 

CHARM™ had toluene on its internally compiled list, but ethelene dichloride 
was chosen to represent methyl chloroform, because the latter gaa was not on 
the internal list. Finally, the source strength and physical 
characteristics must be known accurately, or very good estimates must be 
made. 

Several DEGADIS runs were completed using input choices that varied 
slightly but were based on reasonable judgements about release conditions; 
the numbers in Table 2 were the lowest we could obtain without compromising 
the model constraints. Ancillary data suggest that the plume shape is 
accurately represented, and that concentration gradients are reasonable, 
although values show consistent over prediction. DEGADIS provides plume 
half width, deviation values, and other information about the emitted plume, 
but it does not provide a graphic display. 

CHARM yielded predicted values that were oloser to observed values near 
the source generator in Run ~ ror both gases; the displayed oonoentrations 
were larger than observed past 50m tor methyl chloroform (ethylene 
dichloride}, CHARM also produced a graphic 01.1tput display or plume width 
and length, along with superimposed, user-ohosen concentration 1soplethio 
values. The latter were set at, or close to, observed values at speoit'io 
points of interest for this paper. but suoh an approach miti;at•e against a 
view or the concentration value range in the entire plume. The smallest 
diameter area that can be displayed consists or a oirole or 0.2 km radius, 
which torms a background ror the predicted plume overlay. Details at one· 
t'ourth the latter radius were obtained by requesting speoitic concentration 
value locations. 
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CONCLUSIONS 

The results of this paper lead to the following conclusions: 

The whole-air technique based on data collection using 
stainless steel spheres fitted with microvalves appears to 
work well; results can be obtained reasonably fast, and 
produce accurate and precise representations of the release 
situations. 

The sampling network is easy to set-up and take-down, and the 
arc/ray/height arrangement possibilities allow much 
flexibility; the number of samplers and the field arrangement 
directly effect the time spent in the field data collection 
phase, and a balance must be subjectively reached between 
quick response and adequate characterization of the release. 

The meteorological equipment needed to provide model input 
data need not be complicated or sophisticated; a good 
continuous visual display of wind speed and directional data 
is helpful as the sampling network is deployed. 

In order to better address the applicability of models to 
HTAG releases, more investigation of model approaches to the 
HTAG problem, the critical information needed for model 
input, and the appropriate sampling ray all required. 
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Table 1. Selected Data for Sample Runs 

Run Number 
Variable 4 5 

Date 1-23 11-6 
Air T (OC) 29. 1 8.6 
Surface T (°C) 27. 3 7.8 
RH (%) 69 80 
Pressu!"e (atm) 1.007 1.003 
Wind Direction 345 191 
0 25 15wo 
Wind Speed (m/sec) 1. 4 2.5 
Start Time (CST) 9: 10 9:12 
Arc Angle with centerline ( 0

) 30/60 30160 
Emission Rate 110 ml/min 150 ml/mJ.n 

Table 2 

Model ~stimated Versus Measured Surface 

Concentration Values {ppb) at Centerline Location 


Toluene 

Run 4 Run 5 

Location Deiadis Measured CHARMTM DEGADIS MeasW"ed CHARMTH 

too M 3182 1 84 >10, 967M1 2012 225 >200, 71.iM 
75M 55811 150 >TOO, 195M 3498 371 >300, 55M 
SOM 12450 321 >300 84M 7721 705 >100 34M 

Methll Chloroform• 

Run lf Run 5 

Location Degadis Measured CHARMTM DEGADIS Measured CHARMTM 

100 M 3388 70 1874 193 >100, 69M 
75M 5960 125 3276 322 >300, 41M 
50M 13319 277 >300 51.illM 7523 625 >600 21M 

Interpolated ppb values 
1 A $pec1tied concentration value was used as an input to CHARM™ and the 

linear occurrence or that value along the centerline ie indicated in 
meters 

Ethylene dichloride was substituted for methyl chlorofo~m 1n CHARM™ 
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Background 

Pig, 1. Schematic Diagram of the Sampling Network 
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MEASUREMENT, ASSESSMENT AND CONTROL OF HAZARDOUS <TOXIC) 
AIR CONTAMINANTS IN LANDFILL GAS EMISSIONS IN WISCONSIN 

Julian D. Chazin, Mark Allen and Dennis 0. Pippin
Air Monitoring Section 
Bureau of Air Management
Wisconsln Department of Natural Resources 
Madison, WI 53707 

Vinyl chloride, a known human carcinogen, was found to be present In 
landfill gas <LFG> emitted from almost all closed cells at active landfills 
or closed landfills which handled municipal waste. Landfills which handled 
industrial wastes only <Including pulp and papermill sludge residues> were 
free of vinyl chloride in the LFG. The concentrations of vinyl chloride 
were found to be significant regardless of the type of venting system 
employed. Benzene, another known human carcinogen, was detected In the LFG 
of only 3 of 22 landfills studied and at much lower concentrations. Other 
noncarcinogenic hazardous air contaminants were detected but at emission 
rates well below those being proposed for regulation under Wisconsin's Air 
Management rules. 

Measurement of the concentrations of vinyl chloride in ambient air 
adjacent to the landfills was not possible due to limitations In the 
ambient monitoring procedures used. However, modeling of the emissions 
from the vents of several active gas extraction systems indicated ambient 
impacts on adjacent populations to be from 2 to 400 times greater than the 
ambient exposure levels for vinyl chloride recommended by the Wisconsin's 
Division of Health. As a result, a change in Wisconsin's rules for land 
disposal of municipal solid waste ls be1ng proposed wh1ch would require the 
collection and combustion <or adsorption on activated charcoal> of 
hazardous air contaminants in landfill gas. The rule, in the series 
governing solid wastes and landfills, essentially brings landfills emitting 
gas under the same requirements as are being proposed for all point sources 
of tox1c a1r contaminants. The rule requires landf1lls to essentially meet 
the requirements of Wlscons1n's proposed new air toxics regulat1ons. 
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INTROOUCTION 

Landfill gas, composed predominantly of carbon d1ox1de and methane, 1s 
a byproduct of the decomposition of organic wastes deposited In landfills. 
In addition to the major fixed gases, other trace gases are released from 
decomposition of <or directly from> the waste Itself (for example,
solvents, materials of composition of the waste, hydrogen sulfide In 
anaerobic decomposition, etc.>. Analysis of landfill gas has been 
undertaken across the nation and reports have been 'ssued on the results of 
such analysis within Wisconsin as well as from other states.' 

In 1985, the City of Madison Division of Health, responding to concerns 
of citizens liv1ng In the vicinity of Its landfills, conducted some tests 
for trace contaminants In the landfill qas at four landfills utilizlnq
length-of-stain <pull> detector tubes. Due to the Indicated presence at 
some landfills of vinyl chloride, a known human carcinogen, the City of 
Madison sought the assistance of the Wisconsin DNR. Tests were conducted 
utilizing Tenax sorbent tubes. Unfortunately, problems were encountered In 
the lab analyses of the Tenax tubes and no data could be obtained. 
However, because Tenax does not adsorb vinyl ch1or1de, separate tests 
utilizing tubes containing activated charcoal were also conducted. The 
charcoal tube results confirmed the observations made by the City.
Following the initial tests, It was decided to do a full-blown analysis of 
one of the C1ty of Madison landfills as well as a survey of all the 
landfflls In the city. The study was completed and the results Indicated 
a more general problem than was or1g1nally be11eved. 

In May, 1983, a Hazardous Emissions Task Force was appo1nted to provide 
guidance to the Department on the regulat1on of "hazardous air emhslons" 
<toxic air pollutants>. In July, 1985, they published a report designating 
specific air contaminants for control and recommend1ng a mechanism to do 
so.z Soon after, the Bureau of Air Management began to develop
regulations based on the recommendations of the task force; the rule 
development was occurring s1multaneously with the conduct of this study. 

PHASE I - MONITORING STUDY 

Study Des1gn 

In response to our request for assistance, DNR's Residuals Management
Section of our Bureau of Solid Waste Management submitted a list of 
possible landfills for a statewide survey of landfills. The (municipal and 
Industrial> landfills selected were: <l> either closed landfills or had 
closed cells; <2> were known to be generating landfill gas; <3> were within 
1/2 mile of homes; and <4> the cells were closed wUh1n the last 30 years.
The area covered included most of the populated areas of the state. 

In add1t1on, a comprehensive study was performed at one landfill In 
Mad1son, the M'neral Point Road landfill. A sampling was conducted over a 
period of five days, with the flow be1ng lowered each day 1n the stack vent 
at the tatl end of the gas eKtractlon system <by tower1n9 the blower 
velocity>, from a maKlmum of about 800 DSCFM to a minimum of 400 OSCFM on 
the fifth day. In addlt1on, once flow wu stab111zed, sh one-hour samples 
were collected <some 1n dup11cate> each day at the blower stack. For all 
other landfills 1n the survey, only two to three samples <with some 
duplicates> were collected at each samp11ng point w1th the samp11ng period
ranq1 nq from 60 to BO mt nutes. · · 
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Monitoring and Laboratory Analysts Methodology 

It was decided that only source sampling would be conducted, whether 
from active or passive sources of landfill gas. The sample collection 
method included the use of Gillan personal sampllng pump and activated 
charcoal tubes and was further detailed in an Internal memorandum. The 
analysis of samples was conducted by the State laboratory of Hygiene's 
Occupational Health Lab following the NIOSH methods~ with solvent 
eKtractlon of front and back halves of a primary and a backup tube, 
followed by gas chromatography retention time wlth a flame Ionization 
detector <FID>. The FID was periodically replaced by mass spectrometry as 
the detector for confirmatory analysis for each species. In addition to 
charcoal tube samples, a combust\ble gas meter was employed to detect the 
presence and relative level of methane as an indicator of LFG. At select 
sites where active extraction systems are vented through stacks, stack 
velocities were measured using a standard Pltot tube (for dispersion 
modeling purposes>. 

Quality assurance for the sampling and analysis was provided by:
replicate sampling and analysis; the use of field and laboratory blanks; 
the assessment of "breakthrough" on the sorbent tubes by front and back 
half analysh <and the use of a "backup" tube>; and the confirmatory 
analysis by Mass Spectrometry. Flows on the personal sampltng pumps were 
calibrated by the specified method and were traceable to a primary standard. 

Monitoring Results and Discussion 

Between April 6, and August 22, 1986, 22 landfills were monitored 
throughout Wisconsin. The results of the mon1tor1ng were presented 1n a 
series of reports beg\nn\ng on September 22, \986. A summary of the 
results was presented in a report dated September 26, 1986.• If the 
detailed results for a specific landfill are desired, copies of the 
Individual reports for each site are available upon request from the 
authors. 

The results whlch included a wide range of volatile organic compounds,
1nd1cate that for noncarclnogens, the source concentrations are not 
eKpected to eKceed emission limitations established In the proposed rule 
and when extrapolated to ambient concentrations <by using an arbitrary
1/500 dilution factor> are not expected to exceed \t of the TLV. The 
11mitlng contaminants were believed to be the carcinogens, benzene and 
v1nyl chloride. Benzene was found In very few landfills (3 out of 22) and 
the concentrations detected were very low ranging from 0.4 ppm Cjust above 
the 0.3 ppm detection limit) to 3 ppm <for a sample pulled directly from a 
gas monttor1ng probe·sunk lnto the waste mass). further cons1deratlon of 
benzene was put aside pending an evaluation of vinyl chloride. 

Table I presents the results for vinyl chloride . The data are 
presented In more or less descending order of concentration <while 
retaining the class1flcat1on system presented by the Bureau of Solid Haste 
Management). Municipal landfills handling municipal <household> wastes are 
the primary emitters of vinyl chloride. Some of these landfills emit no 
vinyl chloride or the concentrations are very low. All the others had very
s,gnlflcant concentrations of vinyl chlor1de in the LFG. In add1t1on. 
mun1c1pa1 .Jandfllls which accepted predominantly 1ndustr\al wastes, and 
1ndustr1a1 landfills which accepted predominantly industrial wastes or 
paperm111 sludge <but no mun1c1pa1 wastes> were free of vinyl chloride 
emissions. 
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Conclus1ons - Phase I 

It was concluded that vinyl chloride was the limiting hazardous air 
contaminant fn LFG. It was also concluded that vlnyl chlorlde was present
only In municipal wastes. It was also concluded that, based on the direct 
emlsslons measured and the preliminary estimates of ambient 1mpact for one 
landfill, VC posed a potential threat to human health for persons living In 
the vicinity of landfills where LFG was being emitted. 

This was based on the CAG risk concentration of 2.6 ug/m 3 <1 In 1 
million risk>~ as well as some of the acceptable ambient concentrations 
listed In the NATICH data base&. There however seemed to be some 
discrepancy between the available sources. The advice of the Wisconsin 
D1vlslon of Health was sought because of the discrepancy and because vc was 
a known human carcinogen. The Interim policy being used In Hlscons1n 
(before the promulgation of regulat1ons dealing w1th hazardous air 
emissions> requ1red emissions to be limited to ambient Impacts which had a 
risk of one cancer death per one million persons exposed to a hazardous a1r 
contaminant over a 70-year lifetime. 

PHASE II - HEALTH ASSESSMENT 

A request for a health assessment was made by the DNR to the Wisconsin 
Division of Health and on December 1, 1986, the DOH published <In summary
form> Its ffndfngs 7 The full report was still In preparation at the• 

time thls report was written. The rep0rt presented a list of ambient vinyl
chloride gu1deltne levels dertved from var1ous sources, rang\ng from 0.6 to 
235 parts per tr1111on (1.5 to 600 ng/m 1 >, with the lowest value <derfved 
from U.S. EPA data> and one other (39.2 ppt, 100 ng/m'> representing
one-In-a-million cancer r1sk concentrat1ons. The OOH concluded: 

"The conclus1on of the OOH rtsk assessment is that v1nyl chloride 
venting from landfills would represent a public health threat at the 
one excess cancer In one million population level 1f ambient a1r 
concentrations to nearby restdents exceeded 0.0006 ppb as a 24 hour per
day average exposure. The OOH be11eves that the HI/EPA-CAG cancer risk 
model Is the most approprfate method for the cancer rfsk analysis. It 
h the most recent assessment and best reflects the prevalltng cancer 
state-of-the-art risk assessment process . 11 

It 1s obvfous that the one-1n-a-m111 ion rhk. ambient concentratfon was 
well below that submitted by Region VU.S. EPA (2.6 ug <2600 ng>lm 1 >] or 
any currently being used by other states - from a h1gh of 238 ug/m 3 '(95
ppb), 8-hour average, for Nevada, to a low of ZO uq/m 3 (8 ppt>, annual 
average, for I111no1s•. 

One author of the report, Dr. John Olson of DOH, tndfcated that recent 
lfterature Indicates onset of the cancers assochted wtth \'fnyl chloride 
are now oburved at an earl 1er age and that '111fettme11 exposure to vc may
not be a good pred1ctor of cancer onut. Th\s could mean that shorter term 
exposure at hf gher concentrations could have adverse effects. 

PHASE III - MODELING OF SOURCE EMISSIONS 

Whtle concentrat,ons measured at closed landff 11 s'tes <to whfch the 
general pubHc has access> were above the recommended level. 1t' wa.s not 
clear that persons 11vtng some dtstance from the lFG source nt1ght ~• 
cont1nuously exposed to harmful levels.. Therefore, tt wu decided that 
dtsperston modeltng should be performed for landfllls wMc'h had act\ve 
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extraction systems w1th conventional sources <stacks> which could be 
modeled. In that fashion estimates of ambient concentrations could be 
predicted. To perform modeling requires measurements other than VC 
concentrations, l.e. gas flow through the stack, temperature of the gas and 
stack dimensions <In addition to Information on the surrounding impacted
terrain>. Only four sources were selected for modeling. The other 
landfills with actlve extraction systems contained no VC In the LFG. 
However, when the monitoring team attempted to measure flow at one of the 
landfills selected, they were unable to do so using conventional flow 
measurement methods. Therefore, modeling could not be performed for that 
source. The modeling exercise therefore was restricted to only three 
landf\ 1 ls. 

Modeling Methodology 

Conventional stack test techniques were used to obtain the necessary 
stack parameters, I.e., flow <with a standard Pltot tube>, temperature 
<with a laboratory grade thermometer), and length <with a standard meter 
rule). The measurements obtained for those parameters were In addition to 
the average VC concentration obtained from a number of stack samples which 
were analyzed by the methodology described earlier under Phase I 
Monitoring. Two different modeling exercises were performed utilizing
several different models: 1) U.S. EPA's Cl1matolog\cal D1spers1on Model 
<CDMQC) for Mineral Point annual VC concentrations; 2> the singe source 
CCRSTR> dispersion model for Mineral Point 1-hour and 24-hour "worst case" 
concentrations; 3) the Multiple Point Gaussian Dispersion Algorithm with 
Optional Terrain Mjustment <MPTER> model for Delafield and Verona; 
4> preliminary modeling with the CDMQC and ISLCST models for Delafield and 
Verona <not reported). 

Modeling Results and Dfscusslon 

The resu~ts of the modeling were presented 1n three memorandum reports
<available from the authors upon request>. It appeared obvious that homes 
tn the vicinity of Landfill #1 may be exposed to levels exceeding even the 
CAG limit. For Landfill #2, wh1ch ls immediately adjacent to the Dane 
County Hospital and Homes, 1t appeared as tf ~he level of exposure ts 13 to 
33 times the DOH 11mlt for residents w1thtn the perimeter of the area 
modeled. Finally for Landfill #3, w1th a large numbers of homes wtthtn 500 
meters, It appeared as tf the level of exposure 1s 2 to 7 times the DOH 
11m1t for residents within the modeled area. 

Conclusions - Phase III 

Based on the results of modeling for the three landfills, It was 
concluded that residents tn the vlctnlty of closed landfills or landfill 
cells which contain municipal wastes <and which are relatively close to 
populations> are being exposed to potentially harmful levels of vfnyl 
chloride. Whtie the number of landfills modeled was relatively small 
compared to those tested C16 muntctpal landfills>, the levels of VC 
detected at almost all of those was bel teved .to be of great concern due to 
the comparatively low DOH ltmlt. The difference 1s several orders of 
magnitude, \.e. 1.oo ppm <lowest detected level) versus the 0.0000006 ppm
ltmtt or one to about 10 m1lllon. For emlssfons from probes or wells on 
stte, the dilution factor to the fenceltne for most landfills would not be 
expected to come close to that ratio t .e. would be a much smaller ratio. 
Certainly many of these closed landfills are unfenced and people have 
access directly to many of them. Therefore, there was general consensus 
between Atr Management, Solid Haste and Division of Health personnel that 
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there was a need to control landfill gas emlss1ons. Fortunately, almost 
all of the largest landfills In H1scons~n already are captur1ng the 
landfill gas and either flaring the gas or are combustlng the gas for heat 
or for energy. 

PHASE IV - CONTROL OF LFG EMISSIONS 

Soon after the 1n1t,al monitor,ng performed In Madison, the question of 
control came to the fore. Is combustion an adequate method for destruction 
of VC? DNR's Engineering and Surveillance Section determined that 1t was. 
Carbon absorption as an alternative control technique was later determined 
to be adequate for removal of vinyl chloride as an alternat1ve. <Reports
available upon request.> 

Concurrently, development of administrative rules requiring the control 
of Hazardous Afr Contaminants <HAC's> was proceed1ng. Those rules require 
the use of best ava,lable control technology <without regard to cost> for 
known human carcinogen emtsstons. Sfnce for VC 1n LFG the control 
technology ex1sts, It was decided by mutual agreement between the 
respective ONR sectfons that the speclflc concepts for LFG be incorporated
1nto rev1s1ons of the solid waste rules In the process of be\ng adopted. 

The changes In the solid waste rules include incorporat\on of the 
deflnltlon of HAC's Ctox1c a,r pollutants>, prohlb~tlng landfills from 
emitting HAC's. requiring new landf11ls to be designed to control HAC's, 
and requ1rlng that closure of landf~lls _Include systems for co11ect1on and 
control <combustion or absorption on activated carbon). The rules restrict 
the requirements to landfills 9reater than S00,000 cubic yards <medium size 
landfills and larger>. They provide for exemption from collection and 
control If the landfill owner can demonstrate <by sampling and analysis of 
source emlss1ons and modeling or other methods> that ambient impacts would 
meet the HAC rule requirements. 

REFERENCES - Due to space 11mltatlons could not be Included but are 
available fro~ the authors upon request. 

Due to APCA requirements limiting this paper to six pages, tables,
figures and additional dlscus$10n could not be Included; the full text of 
this paper ts available directly from the authors by wrltlng c/o Box 7921, 
Madison. MI 53707-7921. 
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EVALUATION OF THE FLUX CHAMBER METHOD FOR MEASURING AIR EMISSIONS OF 
VOLATILE ORGANIC COMPOUNDS FROM SURFACE IMPOUNDMENTS 

Alex R. Gholson, John R. Albritton, and R.K.M. Jayanty
Center for Environmental Measurements 
Research Triangle Institute 
Research Triangle Park, North Carolina 

Joseph E. Knoll and M. R. Midgett
Environmental Monitoring Systems Laboratory
U.S. Environmental Protection Agency
Research Triangle Park, North Carolina 

Enclosure methods have been used to measure air emissions of a 
variety of compounds from so11s, water, sediments, and 11v1ng organisms.
A flux chamber method, which employs the enclosure method, recently has 
been used to measure organic air emissions from hazardous waste treat
ment, storage, and disposal facil1t1es. Using a simulated surface 
1mpoundment facility (SIS), thfs flux chamber method was evaluated. The 
11qu1d surface of the SIS was enclosed so that the total em1ss1on rate 
from a liquid surface could be determined experimentally. Em1ss1on 
measurements using the flux chamber method made at several points on the 
surface were compared with the emission rate measured for the total 
surface f nside the enclosure. Both the accuracy and precision of the 
flux chamber method were predicted from these measurements. The 
influence of sweep flowrate, em1ss1on rate, and different organic c.om
pounds on precision and accuracy were investigated. 

The results of th1s study show that a consistent .negative bias 
exists for all the flux chamber measurements. This bias became sign1f1
cantly more negative at a low sweep flowrate (2 L/min). The bias also 
was found to be compound dependent. Prec1s1on was less than 5 percent 
under all conditions for the single component studies and between 6 and 
13 percent for the three component study. 

Introduction 

The U.S. Environmental Protection Agency (USEPA) has been instructed 
to set a1r emission standards for hazardous waste treatment, storage, 
and disposal fac111t1es (TSDF) by the 1984 Resource Conservation and 
Recovery Act amendments. In order to determine the potential health and 
environmental effects of these air em1ss1ons, methods to measure or 
predict them are required. The flux chamber method has been developed
and 1s be1ng used to measure af r emf ss1on from TSDF to provide a data 
base for regulatory decistonmak1ng and to validate proposed models used 
to predfct air emissions ,2,J,4. 

In an _attempt to define the quality of the data being produced by
the flux chamber method, this study was made to detennf ne the accuracy
and precf sfon of the flux chamber method for use on surface fmpoundment
fac11ftfes. The influence of the experfmental parameter of sweep 
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flowrate and the env1ronmental parameters of emission rate and volatile 
organic composition on accuracy and prec1s1on was investigated. 

Experimental Methods 

The flux chamber design used for this evaluation was developed for 
the USEPA by Radian Corporation.5 It CODs1sts of a stainless steel 
cylinder with an enclosure area of 0.13 ~. The top 1s enclosed with a 
clear acrylic dome fitted w1th ports for sweep flow inlet, sample out
let, temperature probes, and a gas exit. The volume of the enclosure 
wfth a 1 in. 1nsert1on depth 1s approx1mate1y 30 L. 

The design for the surface 1mpoundment simulator (SIS) 1s shown in· 
Figure 1. The surface area of the 11qu1d 1s 1.85 m3 with an average
depth of 0.46 m. The surface 1s enclosed 1n a shell covered w1th 
Teflon with one end opened and the other end attached to the 1n1et of a 
blower. Sampling ports are provided for two flux chambers, flow mon1
torfng, and samp11ng the af r before the blower. 

The volatile organic compounds (VOC) measured for th1s study were 
1,l,1-tr1chloroethane for single component studies and a mixture of 
1,1,1-tr1chloroethane, toluene, and 2-butanone for the three component
study. The organic coml:>onents were added to the bottom of the tank. 
The dens1ty of the compounds or mixtures was always greater than 
1.0 g/mL to prevent foming an organfc layer on the surface. Two 1mer
s1on heaters were located Just above the organic layer to control the 
tank temperature and increase the convective m1x1ng 1ns1de the ta"k. A 
pump was used per1od1ca1ly to increase the aqueous concentrations of the 
organic components. 

All analyses were performed using a gas chromatograph (GC) w1th a 
flame 1on1zat1on detector (FID). Flux chamber samples were collected 1n 
a syringe and injected f nto a gas sampling valve w1th a 2-ml loop. SIS 
air samples were collected 1n syringes or aluminum gas cylinders and 
preconcentrated on Tenax that was thermally desorbed. SIS water sam
ples were collected 1n glass vials wfth no headspace and analyzed by
syringe fnjectfon. 

Results 

Sf ng1e Component Study 

Accuracy and precf ston of the flux chamber method were calculated 
from a series of colocated flux chamber measurements made 1ns1de the srs 
containing a sfngle voe, 1,1,1•tr1ch1oroethane. A ser1es of nine 1n1· . 
t1al em1ss1on measurements were made under s1m11ar emhs1on condtt1ons 
and the same flux chamber cond1 U ans. The sweep fl owrate was ttt ·at the · · 
5 L/m1n reconnended by Radf&n's study. Table I the>Ws the variance found 
between each duplicate rnea1urement. The coefficient of variance (CV) · . 
was less than 5 percent for a l1 the measuremen_ts except for two. Ustng · 
a pooled s.tandard dev1ation, the precision was predicted from these d4ta 
to be 3.o percent. This value was chosen to be the control c:ondttton" 
precision. 
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Colocated measurementst conducted at nfght, were made at an emf ssfon 
rate approx1mately one tenth of the control cond1t1on measurements. 
Table II compares the prec1s1on calculated for these cond1t1ons ~1th the 
earlier cond1t1ons. No change 1n the precision was found for the low 
emfssfon rate cond1tfons. The var1ance found at night was ha1f that 
found for the control cond1t1ons. The improved pret1s1on at night could 
be due to an effect of sunlight on the performance of the f1ux chanll>er 
or the effect of the sunlight on the real em1ss1on rate. Emission rates 
made fn full sunlfght were found to be hfghly variable both from flux 
chamber measurements and SIS measurements. All meaiurell\6nt$ reported
here were made 1n the shade or on overcast days. 

The prec1s1on and accuracy of the method also were determined at a 
sweep flowrate of 2 L/m1n and 10 L/m1n. Table II show the results for 
three colocated tests at each flowrate. A decrease 1n the precision 
value (improved precision) was found at the higher flowrate, and a 
sl1ght fncrease 1n the precfsion value (poorer prec1s1on) was found for 
the lower flowrate. These results 1ndicate that precision 1s 1mproved 
by lncreasfng the sweep flowrate possibly due to improved mixing at the 
higher flowrate. 

The average emission rate calculated from a colocated flux chamber 
study was compared with the average emission rate calculated before and 
after from the total SIS measurement to predict the accuracy of the 
method. Table III 11sts the average percent bias found between the flux 
chamber and SIS values for the control cond1tfons and the other flux 
chamber condftions studied. The bias was consistently negative (the 
flux chamber values lower than the SIS values). The average b1as va1ues 
were not significantly different within the 90 percent confidence 11m1t 
(CL} for a11 the mea~urements except the low sweep flow study, which had 
a s1gn1f1cantly more negative bias. This suggests that the accuracy of 
the method decreases at the lower sweep flowrate. 

Three Component Study 

The precf sion and accuracy study was repeated with three voe 1n the 
tank. These Included 1,1,1-tr1chloroethanet 2-butanone, and toluene. 
Comparing the results of nine colocated duplicate flux chamber measure
ments with the control of the single component study reveals several 
apparent differences. Table IV shows the precision estimated for each 
compound. The values art greater than for the s1ngle component control 
and vary by almost a factor of two between themselves. The increased 
variance may be due to the large d1fference 1n emission rates being
pooled. 

The' accuracy of the three component results showed s1m1lar d1ffer
ences when compared wfth the single component study. Table Vshow1 the 
results of bias calculat1ons between the flux chamber and the SIS emis
sion results. Three s1gn1ffcantly different average b1as velues were 
found, aog each one except toluene varied s1gn1f1cantly from the s1ngle 
component results. Of special interest 1s that 1,1,1-tr1chloroethane in 
the mfxture had an average bfas of 1ess than one-half of 1,1,1· 
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tr1chloroethane 1n the single component mixture. The to~al em1ss1on 
measurement bias showed no s1gnff1cant difference from the single ~ompo
nent results. 

Conclusions 

The results of the precision and accuracy study fnd1cate that pre
cise emission measurements can be made using the flux chamber method. 
The consistent negative bias found 1nd1cates that the flux chamber 
method may underestimate the em1ssfon rate from a surface 1mpoundment.
Either the flux chamber depresses the emission rate over the area ft 
covers or the total emission rate may not be equally distributed over 
the surface with higher em1ssfon at the sides. 

Of the experimental parameters fnvestfgated, only daylight and sweep
flowrate was found to affect the accuracy or precision s1gnif1cantly. 
Results suggest that sunlight may affect the variance between two colo
cated flux chambers and lower sweep flowrate (2 L/mfn) increases the · 
variance between measurement and increases the bf as. Both precision and 
accuracy appear to be compound dependent and are dependent on the 
matrix. 

Studies are reconlriended to determine the effect of solar intensity 
on both the emission rate and the flux chamber method, the cause of the 
compound dependency of the flux chamber accuracy, and the reason for the 
consistent negative bias found in the results. Plans for determining
the flux chamber precfsfon fn t~e field currently are being made. . 
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TABLE I. FLUX CHAMBER PRECISION AT 5 L/MIN FOR 


Sample
No. 

l. 
2. 
3. 
4. 
5. 
6. 
7. 
s. 
9. 

SINGLE COMPONENT SOURCE 


Average surface 
temperature 

23 

23 

22 

21 

21 

21 

23 

24 

24 

Surface lfqu1d 
concentration 

130 
130 
130 
16.2 
16.2 
16. 2 
93.6 
83.6 
93.6 

Average
emission rate, 

( g/m1n/m2) 

14,300 

12,100 

13,200 

9,730 

9,750 

8,910 

7,470 

7,350 

7,630 


! CV 

Z.l 
0.14 
1.5 
4.6 
6.0 
0.46 
4.8 
11 
4.8 

CV • Coeff1c1ent of variance. 

TABLE II. RESULTS OF FLUX CHAMBER PRECISION STUDY 
FOR SINGLE COMPONENT 

Variable parameter Number of replfcates Precfsiona 

Control 9 3.0 
Low em1ss1on rate 3 2.9 
N1ghttfme 3 1.5 
2 L/m1n sweep flow 3 4.1 
10 L/mfn sweep flow 3 1.4 

aprec1s1on • 
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TABLE Ill. RESULTS OF FLUX CHAMBER ACCURACY STUDY FOR 
SINGLE COMPONENT 

Variable parameter 

Control 
Low em1ss1on rate 
2 L/m1n sweep flow 
10 l/m1n sweep flow 
N1ghtt1me 


CL • Confidence 11m1t. 


Number of rep11cates 

9 
3 
3 
3 
3 

Average b1as,
I + 90S CL 

-45.1 + 6.4 
-67.1 + 16.6 
-81.5 + 9.6 
-49.3 + 8.3 
..57 .2 ! 21.3 

TABLE IV. RESULTS OF PRECISION STUDY FOR THREE COMPONENT MIXTURE 


Number of duplicate 
Compound measurements 

2-Butanone 9 
1,l,1-Tr1chloroethane 9 
Toluene 9 

Total 9 

.Range of 
em1ss1on rates 

Precision, 
s 

11,000 ~ 
46,000 -+ 
5, 100 -+ 

42,000 
100,000 
14,000 

6.7 
10.6 
13.l 

65,500 ~ 160,000 8.6 

TABLE V. RESULTS OF ACCURACY STUDY FOR THREE COMPONENT MIXTURE 


Compound 

2-Butanone 
1,1,1-Tr1chloroethane 
Toluene 

Total 

Number of 
measurements 

9 
9 
9 

9 

CL• Confidence 11m1t. 

Average bias, 
J + 201 CL 

-68.l + 3.1 
·21.0 +6.0 
-38.2 i 4.4 

-40.7 :t 3.3 
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DEVELOPMENT OP A SAMPLING METHOD 
FOR MEASURING voe !!MISSIONS FROM 
SURFACE IMPOUNDMENTS 

Bart Eklund. Michael R. Kienbusch, and David Ranum 
Radian Corporation 
Austin. Texas 

Terry Harrison 
U. S, EPA, OAQPS/EMB 
Research Triangle Park. North Carolina 

Thia paper presents the results of an EPA-sponsored program to develop 
a sampling method to quantify air emission• of volatile organic compounds 
(VOCs) from surface impoundmenta and other liquid 1urfaces. The chosen 
sampling method used an enclosure device, or flux chamber, to isolate a 
defined surface area and collect the gaseous emiaaiona to allow a direet 
emission rate measurement, The development program included four distinct 
tasks: 1) identify the pertinent daaign and operation factor1 of the emis
sion isolation flux chamber (!IFC) which may aignif icantly affect the mea
s~red emission rate, 2) conduct a pilot-scale study to evaluate and optimize 
the performance of the flus chamber. 3) develop a standard sampling proto
col. and 4) demonstrate the method at a field site. Re1ult• from each task 
are presented. The average percerit recovery for the EIFC was 96.71 for a 
sev•n-component standard and the reproducibility was ,!7.51. 



Introduction 

The U.S. EPA is interested in measuring the volatile organic emissions 
from surface impoundments. Measurement of organic emissions from surface 
impoundments has been studied from several different perspectives. Three 
general perspectives are: 1) to indirectly measure ambient air concentra
tions at downwind locations and use meteorological data in conjunction with 
dispersion modeling to calculate the emission rate: 2) to measure liquid 
phase concentrations and use mass transfer theories and emission rate models 
to estimate the emission rate: and 3) to directly measure the emission rate 
using an emission isolation flux chamber (EIFC) approach, 

The direct approach was chosen for further investigation because it is 
relatively inexpensive and offers increased precision estimates over the 
modeling and indirect approaches. At the same time. if acceptable. the EIFC 
procedure could be applicable in confirming mass transfer and emission rate 
modeling theories. 

Development of the method consisted of performing four tasks: 1) iden
tify the pertinent design and operational factors of the EIFC: 2) conduct s 
bench-scale pilot-study to evaluate each design and operational factor: 
3) write an operations protocol for EIFC applications on surface impound
ments: and 4) demonstrate the EIFC technique, in this case. at an industrial 
wastewater facility. 

The purpose of this paper is to present the results from each of the 
four tasks performed to develop this technique, 

Experimental Design 

Aa previously discussed. four tasks were performed during the method 
development study. Each task is briefly discussed below, after a general 
introduction to the flux chamber sampling method. 

EIFC Theory of Operation 

The emission isolation flwc chacnber is a device used to make direct 
emission rate measurem~nts from land or liquid surfaces such as landfills, 
spill site•, and surfaee impoundments. The enclosure approach h&8 been used 
by researcher• to measure emission fluxes of a variety of gaseous species, 
including sulfur and volatile organic species. The approach uses a flux 
chamber to sample gaseous emissions from a defined aurface area. Clean, dry 
sweep air is added to the chamber at a fixed controlled rate, The volumet
ric flow rate of sweep air through the chamber is recorded and the concen
tration of'the species of interest is measured at the exit of the chamber 
after equilibration (steady state). The 'emission rate is expressed as: 
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Ei =CiR/A (1) 

where: Ei =emission rate of component i (ug/m2-min). 
Ci =concentration of component i in the air flowing from the 

chamber (ug/m3). 
R = flow rate of air through the chamber (m3 /min). and 
A = surface area enclosed by the chamber (m2) • 

All parameters in Equation 1 are measured directly. 

Design and Operational Factors 

The first task was to identify the design and operational factora of 
the EI?C which may affect the measured emission rate.1 The chamber design 
and operating procedures used by previous researchers were noted, along with 
prior evaluative and theoretical studies. The theoretical ba1i1 for the 
applicable emission processes was also discussed in term• of how it impacts 
the EIFC design and operation. The design and operation factors choaen for 
further evaluation were insertion depth, sweep air flow rate, impeller 
rotation rate. internal preseure. sampling duration. line length, and con
struction materials. These were selected based upon judgment, prior field 
sampling studies, and results from a validation study of EIFC techniques for 
soil surfaces ,2 

Pilot-Scale Teating 

Once the design and operational parameter• were defined. a pilot-acale 
evaluation of selected factors was pet'fonusd. 3 A large (1.5 m x 1.5 111 x 
0.6 m) galvanized tank was constructed to act as an artificial surface 
impoundment. J!'aiaeion testa were performed using aqueous solutions of 
toluene. Toluene represents a typical, moderate-to•low solubility. highly 
volatile compound found in many surface impoundments. Four sets of teat1 
were conducted. A series of c1libration tests were performed to set the 
operating procedures for the test facility. A •et of parametric teata eval• 
uated the effect of deaisn and operating parameters on measured emission 
rates. A third aet of teats ex.mined the reproducibility of the EIFC aaa
pling method. The fourth set of teats evaluated sample recovery uains the 
preferred design and operating conditions. 

Protocol Development 

After the pilot-scale validation 1tudie1, an operations protocol waa 
dr.reloped,4 The protocol documents the,preferred design and operation of 
the EIJC method. It provides step-by-step sampling and analytical proc•· 
dures and provides detailed information on fabrication, •aapling atrateay. 
and data reduction. The stllllplins atrategy ia deligned to detatmine an 
average emission rate for a given '°ne that is z20S Of the true value at a 
951 confidence intet"Val. The current 1trateay divide• the emiaaion 1ource 
into homogenoua zones, the zone• are then each aridded, and a •t•tiJtically 
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determined number of grid points are randomly sampled. The protocol is 
currently under review by the U.S. EPA/ RTP. 

Field Demonstration 

The EIFC sampling protocol was demonstrated at an industrial wastewater 
lagoon,5 This study was done in conjunction with another study on the 
degree of stratification present at this site. Consequently. the sampling 
locations were not randomly selected, 

Emission rate measurements were made at five locations on the lagoon. 
The EIFC was fitted with three flotation pods to provide buoyancy, The EIFC 
was lowered in place using a cherry-picker and operated remotely from the 
shore using an umbilical containing the inlet and exit gas lines, At each 
point, grab samples of the chamber atmosphere were collected and immediately 
analyzed on site for total non-methane hydrocarbons (TNMHC) by gas chroma
tography (GC), Gas samples were also collected in evacuated. stainless 
steel canisters fQr subsequent off-site GC analysis to determine the emis
sion rates of individual compounds, Liquid grab samples were collected at 
each point for correlation to compound-specific emission rates to calculate 
field mass transfer rates. 

Results 

The results of the pilot-scale testing are summarized in Table I. The 
interpretation of results was complicated by the inherent spatial variabil 
ity in emissions of th~ artificial surface impoundment. The design parame
ters. material of construction and sample line length were each found to 
affect the emission rate measurement by less than 10%. The operational 
parameters generally did have a significant effect on the emission rate 
measurement, The emission rate was found to increase with an increase in 
sweep air flow rate, Use of an impeller increased emissions by about 20%. 
Adequate mixing could be achieved through the design of the sweep air inlet 
manifold. Therefore, the use of an impeller has been discontinued for the 
sake of simplicity. Positive pressure build-up within the EIFC was found to 
affect the emission rate. so a pressure relief valve (opening) was added to 
the EIFC. !.mission rates were found to decrease somewhat with time. prob
ably due to surface depletion in the column of liquid isolated by the flux 
chamber, Results for reproducibility and standard recovery tests indicated 
the accuracy and precision of the method are aood, A figure of the EIFC as 
currently conceived is shown in Figure 1. 

The results of the field study are summarized in Table rr. The major 
compounds emitted were benzene and toluene. Approximately a dozen compound• 
per sampling point could be detected at 1 ppbv or greater in the flux 
chB111ber atmosphere. For TNMHC, the average sampling variability was +251 
and the average analytical variability was !12% for the gas-phase analysis. 
This ratio of sampling to analysis variability compares favorably with other 
air sampling methods, 
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Conclusions 

Each of the four elements of the study was successfully completed. The 
pilot-scale examination of the design and operational factors identified 
several factors that must be controlled to ensure a reproducible sampling 
technique, These included the sweep air flow rate, induced mixing via sweep 
air inlet. the sampling time, and internal pressure. The deeign of the flux 
chamber is also of importance because the sweep air flow rate and induced 
mixing are both dependent upon the design. A protocol was developed that 
discussed in detail the design and operations of the EIFC for liquid sur
faces. The protocol is currently under Agency review. A field demonstra
tion of this method was performed using the protocol aa a guide, The field 
project showed that the method is feasible for making emission rate deter
minations, 
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TABLE I. SUMMARY OF RESULTS FOR PILOT-SCALE TESTS 


Test 
Test Range/

Result 

Significance
of Test on 

Emission Rate 
Measurement 

Recommended 
Design/Operating

Value 

Parametric Tes ts 
Depth of Penetration 
sweep Air Flow Rate 
Impeller Rotation Rate 
Internal Pressure 
Sampling Duration 
Sample Line Length
Construction 
Material 

1.27-7 .62 cm 
1.4-21.2 L/min 
0-135 rpm 
0-0.762 cm H20 
0-6.6 hrs 
1.52-30.5 m 
Steel/Teflon.
Plexiglas/Teflon 

None 
Yes 
Yes 
Yes 
YH 
None 
None 

1.27-2.54 cm 
5-10 L/min 
No impeller
AP <O .127 cm 
<30 min 
<30 .5 m 

H20 

Precision Tests 
Reproducibilitl 
Recover~ Tests 
1.52 mamp1e Line 
30.5 m Sample Line 

+7 .5% 

96.7% 
104% 

None 

None 
None 

8 Multi-component standard,2 

Pigure 1. 	 A cutaway design of the emission isolation flus chamber and 
support 9c1uipment. 

TABLE II. 	 SUMMARY OF RESULTS POR FIELD STUDY 

Comeound Cr!d ! 
Emiuion Rate 

Crid 2 crra: ~ 
(!/m2-dal'.)•

rid 4 Sludge Rean 

Methyl Chloride 
Benzene 

0.338 
9.42 

0.00480 
6.69 

0.0271 
3.86 

0.0290 
6.92 

0.0369 
o. 758 

0.0872 
5.53 

Toluene 5.14 2.87 0.851 1.12 0.269 2.0.5 
Total NMHC 27.6 11.6 5.35 9.25 1.36 11.0 
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IABORATORY AND FIELD EVALUATION OF THE SEMI-VOST 
METHOD FOR MEASURING EMISSIONS FROM HAZARDOUS 
WASTE INCINERATORS 

J. T. Bursey, J. L. Steger, M.A. Palazzolo, 
D. J. Benson, R. L. Porch, J. R'ce, 
J. B. Homoly , R. A. McAllister, 
J. F. McGaughey, D. E. Wgoner 
Radian Corporation 
Research Triangle Park, NC 27709 

J. H. M rgeson, J. E. Knoll, M. R. Midg t U. S. •nvironmentol Prot c ion 
Agency Research Triangle P rk, NC 27711 

Labora ory studies and two field evaluations have been completed to 
assess th formulation and performance of the Semi-Volatile Organic Sampling 
Train (S mi-VOST) method for measuring cone ntrations of principal grganic 
h zardous constituents (POHCs) with boiling points greater than 100 C cmiLted 
from h zardous w ste incin r tion. Laboratory xperiments were perform d 
initi lly to d sign and t ta dynamic spiking syst m to allow spiking of test 
compounds in th fi ld for a reliable proc.edur to ass ss method pr cision and 
bias. Additional laboratory tests were p rform d to determine analytical 
method d tection limits to estimate the level t which deuterium label d 
compounds should be spik d und r fi ld cond ions. Compounds r:epres nta ive 
of a vari ty of ch mic 1 nd physical properti s were s t ct d a t st 
compounfs to b spiked in a i ld d hazardous wast incin
erator. After ollection of th i ld, train omponent wer 
xtract d with methyl ne c.hlorid , th extr cts concentrated, and compound& of 

interest we e quanti[led using high resolution gas chromatography coupled with 
low resolution mass spectrom try. The f:lrst field test: showed that met.hod 
prectsion and bias are compound specific, and thC' di trlbution nd recov ry of 
POHCs in th v rious compon nts of the sampling train ar' rel t: d to th. 
compound chemical functionality, wat r solubility, and boiling point. 

first 1eld est, an xt nslv s ries o labora 
xp modi (y the dyn mic p I king pp r 

dur Also, since pr vlou exp rim n s 
rtaln compounds to be poor or vari bl , labor xp.rJments 

w re o d ermin th xt:ent and nature of compound int ractions 
with components of th sampling train. Water soluble compounds inny orm salts 
by r nctlon with th wet and acidic environm nt normally encount: red in stack 
mlssions. Th wat r solubl compounds are also coll ct d in th aqurous 

portions of th s mpling train nd may be poorly r cover d by solvent xtrnc
tion. Th analytical proc dur w r vised by pH dju tment to improve 
recov ry of b sic and wat r: solubt compounds. A scr. ning proc dur · lso 
d velop d to d t rmin th optimnl .xtr c ion solvent nd to stimat 

535 




recovery of test compounds obtained from acidic water condensates u~ing the 
sample preparation methodology presented in the Semi-VOST protocol. 
tert-Butyl ether was selected as the optimum solvent for the extraction of 
water soluble compounds. For the second field test, five deuterium labeled 
gaseous compounds were dynamically spiked into four simultaneously-operating 
Semi-VOST trains at a hazardous waste incinerator equipped with a wet 
scrubber. Results from the laboratory experiments and the second field test 
provided precision and bias estimates for the test compounds, and compound 
retention volumes on the solid sorbent were evaluated through a series of 
distributive volume experiments. Data were evaluated from gaseous dynamic 
spiking and liquid spiking of the test compounds on XAD-2• resin, and3the 
effects of sample storage time on sample stability were investigated. 
Conclusions reached from the second field test are : 1) the data from the 
dynamic spiking of a variety of POHCs exhibiting a range of boiling points, 
water solubilities, and chemical functionalities support the findings of the 
previous field test and laboratory studies, 2) the experimental data give the 
basis for the use of laboratory-determined retention volumes of POHCs to 
predict field breakthrough volumes through XAD-2• resin, and 3) the 
experimental results support the selection of the Semi-VOST method as the 
method of choice for sampling flue gas emissions of organic compounds with 
boiling points greater than lOO"C, · 

Introduction 

The Solid Waste Disposal Act, amended by the Resource Conservation and 
Recovery Act of 1975 (RCRA), requires that EPA establish a national regulatory 
program to ensure that hazardous wastes are managed in a manner which does not 
endanger human health or the environment. The statute requires EPA to promul
gate performance standards for hazardous waste management. Included in the 
regulations are provisions for waste disposal by incineration and requirements 
that hazardous waste incinerators be so operated that principal organic 
hazardous constituents (POHCs) are destroyed and/or removed with minimum 
efficiency of 99.99%. To determine destruction and removal efficiency (DRE), 
EPA has designed the Semi-VOST Method as the method to measure flue gas 
concentrations of POHCs with boiling points greater than l00°C. The Quality 
Assurance Division of the EPA Environmental Monitoring Systems Laboratory 
(EMSL) has responsibility for evaluating and standardizing EPA source test 
methods. In the application of Semi·VOST methodology, gaseous and particu
late components are isokinetically withdrawn from an emission source and 
collected in a multicomponent sampling train. Under contract to EMSL, Radian 
Corporation is providing technical assistance in evaluating the Semi-VOST 
Method, The objective of the Semi-VOST program is to provide data necessary 
to determine bias, precision, applicability, and limitations of the method. 
The· technical approach used to collect these data is a multi-task effort 
involving literature, laboratory, and field studies. An initial field test, 
utilizing a quad-train approach, provided preliminary data on method bias and 
precision. As a result of recommendations which evolved from the first field 
study, additional laboratory studies and a second field test at a hazardous 
waste incinerator were performed. 

On the basis of experience gained from the first field test and laboratory 
experiments both before and after the field test, a second field test again 
utilized a quad-train to evaluate method performance by sampling flue gas from 
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a full scale incinerator while spiking test compounds into the sampling 
trains. The objectives of the laboratory and field program were: 

1) 	 evaluate the effect of water solubility and compound functionality 
on recovery of selected test compounds; 

2) 	 develop a screening procedure for selection of the optimum 
extraction solvent and estimation of recovery of water soluble 
compounds from acidic water condensate; 

3) 	 design, construct, and evaluate the performance of a dynamic spiking 
system for introduction of deuterated test compounds; 

4) 	 execute a second field test to provide additional data on method 
precision and bias for additional test compounds; and 

5) 	 determine the utility of using laboratory determined retention 
volumes to predict field breakthrough. 

Results and Discussion 

In the field studies, the aaiapling system used four simultaneously operating 
Semi-VOST trains. To obtain identical samples of the stack gases at a point 
of average velocity for each train, a common fixed heated probe system (quad· 
probe) was UB41d. In the first field test, three test compounds (toluene, 
chlorobenzene, and tetrachloroethane) were u1ed for dynamic spiking experi· 
ments to determine method bia•. Bias values obtained for toluene and 
tetrachloroethane were +l and ·16t, respectively. &ias could not be deter· 
mined for chlorobenzene since the dynamic spike concentration was low relative 
to high levels measured in the stack ga•. Method precision for chlorobenzene 
could be calculated from unspiked sample train data in three components: 
sampling, sample preparation, and analysi1 1 with re1ulta of 17.6, 2.3, and 
8.9•, respectively. Overall method preci1ion was 19.9• for chlorobenzene 
uncorrected for deuterated spike recovery. Distributive volwne experiments 
performed to determine sample train breakthrough used chlorobenzene concen· 
trations of the atack gases; no breakthrough was observed at a flow rate of 
0.5 cfm for a sa.iaple collection period of 4 hour•. 

Laboratory experiments performed using aniline, pyridine, phenol, and 
resorcinol showed that basic organic compounds (aniline and pyridine) may 
react -ith the acidic environment to form •Alts insoluble in the extraction 
solvent and soluble in water preaent in the sampling system. Recovery of 
resorcinol, an extremely water •oluble compound, requires a JllOre polar 
extraction aolvent. Ba..d on data obtained from the laboratory experim.enu, 
if no modification is made to the Semi·VOST methodology. compound loaaea due 
to salt formation/water solubility can range from 34 (pyridine) to 7St 
(resorcinol). In addition, laboratory experilaent• showed that it is impera· 
tive to extract adsorbent resin sample• immediately after re110Val frcm the 
resin cartridge, aa volatilisa~ion of compounda from the resin may occur if 
extraction b not initiated illll8diately, Since aqueout components of the 
sampling train may contain organic salt• and water soluble compounds of 
interest, analylia of any water preHnt by high performance liquid chroma• 
tography a• well aa an additional resin extraction \Uling,,..ehanol is 
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recommended to retrieve any of these salts or water soluble compounds which 
may have been left on the resin after extraction of the resin with methylene 
chloride. To assess interferences due to solvent interaction, stabilities of 
aniline, pyridine, phenol, and resorcinol in methylene chloride were 
evaluated. Concentrations of these four test compounds remained within ten 
percent of the original value for up to 118 days; thus, no major 
solvent-compound interactions were observed for the usual Semi-VOST sample 
storage time. 

Breakthrough or specific retention volume ls the sample volume required to 
elute a compound (adsorbate) introduced onto a resin (adsorbent) bed. Before 
breakthrough occurs, the amount of spiked material adsorbed on the bed is 
directly proportional to the volume sampled. Therefore, the adsorbate-sample 
volume relationship must pass through the origin. After breakthrough occurs, 
the amount of adsorbate is no longer proportional to sample volume, but 
approaches a horizontal asymptotic value equal to equilibrium loading. When 
solid adsorbents are used for trapping and concentrating organic materials, it 
is desirable to have some means to estimate the efficiency of the procedure, 
to determine the maximum volume of gas that may be sampled before significant 
breakthrough occurs. The retention volume determination consists of packing a 
chromatographic column with the adsorbent and measuring the retention times of 
the analytes at various temperatures (see data shown ln Table I). This 
procedure was used in the laboratory for comparison with results obtained in 
actual field testing. In the second field study, three quad-probe tests were 
conducted to compare results of laboratory breakthrough volume studies to data 
obtained in the field. During these tests, three trains were spiked with 
deuterium labeled compounds using the dynamic spiking system and one train was 
operated unspiked. The three spiked trains provided a triplicate set of 
samples for the breakthrough analysis and the unspiked train provided a 
background sample. Figure 1 shows the results of the distributive volume 
study for d8·toluene. Note that once breakthrough has occurred, the adsorbate 
versus sample relationship is no longer linear because it leveled off to an 
equilibriWll adsorbed concentration. 

Five tests in the second field study were performed with the quad-probe to 
assess method precision and bias. Five deuterated compounds were spiked into 
the sampling trains at 100 times the method detection limit level during the 
tests to provide data on precision and bias. For the five test compounds, the 
following results were obtained: d5-pyridine, precision 17.7 •cv. bias ·29.0t; 
d8-toluene, precision 14.6 •CV, bias -14.9\; d10 -o-xylene, precision 8.1 \CV, 
bias -0.9\; d ·tetrachloroethane, precision 32.9 \CV, bias -18.5\; d -chloro
benzene, prec~sion 13.7 \CV, bias -13.Bt (results are summarized in Table II). 
Two quad-probe samples were collected to provide information on sample 
stability. Dynamically spiked samples were stored for five weeks and nine 
weeks and then analyzed, Results for the stored samples were compared with 
results for liquid spiked samples to assess compound loss due to sample 
storage. The overall conclusion after analysis of these samples is that 
holding time (up to 63 days) between sampling and analysis does not signifi· 
cantly affect the results obtained, In the field study, the between set 
variance in ,compound recoveri'ea was greatest for duplicate liquid spikes. The 
variances obtained when comparing two sets of duplicate dynamic spikes and 
dynamic spiking to liquid spiking were smaller. In the field study, all 
samples received were spiked in the laboratory with surrogate standards prior 
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to any sample preparation. The surrogate compounds were deuterium labeled 
compounds used to monitor the efficiency ~f the •ample preparation proeeas for 
recovering compounds from the matrix. Corrections can validly be made to 
allow for less than 100• recovery of surrogates and corrected values for 
compounds of interest will reflect recoveries of the surrogates. 

Conclusions 

The second field test demonstrated that dynamic spiking of the Semi-VOST train 
using deuterated compound1 is a viable approach for determination of method 
bias under field conditions. In the absence of measurable stack emissions of 
POHCs, dynamic spiking can be used to measure method precision. Experimental 
data from the field teat support the use of laboratory determined retention 
volumes to predict field breakthrough volumes. A difference in holding time 
before extraction for dynamically spiked resin samples does not result in a 
significant difference in recoveries for ell of the eobpounds aptkad, The use 
of surrogate standards during sample preparation and analysis is necessary to 
obtain the best representation of test compound recoveries. Deuterated 
analogs, when available, are the best possible surrogates because they behave 
exactly the same as the compounds of interest and will be truly representative 
of test compound recoveries. Use of deuterium labeled surrogate compounds is 
highly recommended. A comparison was made between observed values and 
expected levels of five compounds spiked onto resin as quality control samples 
provided by the Research Triangle Institute. Bias ranged from -~.St to -B.9t 
with reference to the RtI values. Average' bias was ·4.7•. The agreement is 
excellent, showing that the recovery of organic compounds from XAD-2• resin 
using the Semi-VOST methodology ia favorable. 

This work was supported by the Environmental Monitoring Systems Laboratory, 
Office of Research and Development, U. S. Environmental Protection Agency, 
under EPA contract no. 68-02·4119. 

Disclaimer 

Although the research de1cribed in thi• article has been funded wholly or in 
part by the United States Environmental Protection Agency by contract to 
Radian Corporation, it has not been subjected to Agency review and no official 
endorsement should be inferred. 
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Figure I. Retention Volume Studies for d8-To1uene 
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EVALUATION OF MICROWAVE TECHNIQUES TO 
PREPARE COMBUSTION SOURCE SAMPLES 
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Thomas R. Copeland
ERCO/A D1v1sion of ENSECO, Inc. 
Cambridge, MA 02138 
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Washington, O.C. 20460 

The use of microwave energy to fac111tate sample decompos1t1on prior
to elemental analysis is now receiving considerable attention. Both wet 
and dry dfgestfons are achievable. When microwave energy 1s used 1n com
bination w1th acid mixtures 1n closed vessels, the combined pressure and 
rapid heating can reduce digestion times to a few minutes from hours or 
days that may be required for open beaker digestions. Th1s savings 1n time 
and labor 1s s1gnif1cant and has prompted the Office of Solid Waste to 
evaluate th1s technology as a preparation tool for solid wastes. Of par
ticular interest are used o1ls and other fuels slated for inc1nerat1on, 
1nc1nerator ash and part1culates from these processes. 

This study reports on the evaluat1on of a commercially available mi
crowave oven sample preparation system for this application. The effect of 
sample preparation cond1t1ons, including the acid matrix, heating time, and 
pressure were evaluated for fifteen toxic or hazardous elements 1n part1
culates and ashes. Analyses were carr1ed out by 1nduct1vely coupled plasma
emission spectroscopy. 
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Introduction 

The techniques that are typically used to prepare Resource Conserva
t1on and Recovery Act (RCRA) wastes for analysis for metals and other ele
ments are relatively t1me consuming, requiring several hours to several 
days to complete, They also often involve the use of acid digestions and 
thermal decomposition steps wh1ch may result in analyte losses, incomplete
recoveries, or sample contamination. These limftatfons are well known to 
the analytical community and to the end users of these data 1n EPA, states,
and industry. The resulting ineff1c1ency of these techniques reduces lab· 
oratory sample throughout, drives up the cost of analytical testing and 
impedes dec1s1on-mak1ng. G1ven these concerns, the USEPA Office of Solid 
Waste 1s interested in developing cost effective sample preparation tech
niques for metals and other elements in environmental and process waste 
samples. Once developed, these techniques can then be written as methods 
for inclusion in "Test Methods for Evaluating Solid Waste, SW-846" and made 
available to the user community. 

One particularly attractive sample preparation technique that 1s now 
recefvfng considerable attention 1s microwave assisted sample dissolution. 
The use of microwave energy to facilitate sample decompos1tfon prior to 
elemental analysis has received considerable attention in recent years. 
Both wet and dry digestions are achievable. When microwave energy is used 
in combination with acid mixtures in closed vessels, the combined pressure
and rapid heating can reduce digestion times to a few minutes, from hours 
or days that may be required for open beaker digestions. Th1s savings in 
time and labor 1s significant and has prompted the Off1ce of Solid Waste to 
evaluate this technology as a preparation tool for solid wastes. Of par
ticular interest are used oils and other fuels slated for incineration, 
inc1nerator ash, and particulates from these processes. 

Previous evaluative work in thfs area was carried out by Nadkarntl. 
Us1ng a commercial microwave oven and an HF/aquawreg1a digest, National 
Bureau of Standards (NBS) Coal 1632a and NBS SRM 1633a Fly Ash were 
solubil1zed. Copeland2 (1985} used a HN03/H202 microwave procedure to 
prepare waste oils for determination of As, Be, Cd, Ni, and Pb. 

Th1s study reports on the evaluation of a commerc1a11y ava11able mf
crowave oven sample preparation system. The effect of sample preparation
cond1t1ons, includfng the acid matrix, heating time, and pressure were 
evaluated for toxic or hazardous elements 1n particulates and ashes. Analw 
yses were carried out by inductively coupled plasma emission spectroscopy. 

Experfmental Methods 

Microwave Oven 

The MDS-810 Microwave system (CEM Corporatton, Indian Trail, NC} was 
used for th1s study. The oven resembles a standard microwave oven, but 1s 
equipped w1th additional features to fac111tate sample preparation. For 
example, the Teflon-coated mf crowave cav1ty has a variable speed corros1on 
resistant exhaust system. The main element of the system couples a prec1se
microwave variable power system with a programmable micro-processor digital 
computer. Other elements include a rotat1ng turntable, Teflon vessels w1th 
caps and a patented pressure relief valve, a capping system, and a cooling 
tank. 
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The Teflon sample vessels and caps are desfgned to w1thstand pressures 
up to 100 ps1 and temperatures up to 200°c. 

Inductively Coupled Plasma Emission Spectrometry (ICPES) 

All analytical measurements were performed us1ng an Instrumentat1on 
Laboratory 200 ICAP. 

Reagents 

All fnorgan1c ac1ds used were of "Ultrex" quality, from J. T. Baker 
Chem1cal Co. Other chemicals were of analytical reagent grade quality.
Deionized water of 18 MO/cm specific resistivity was used, 

Combustion Source Materials 

The evaluation of microwave methods was carried out usfng NBS Coal 
1632a and Fly Ash 1633a. Elemental values for these standards were ob
tained from their certificates of analysis. 

Microwave Preparation Procedures 

Total Digestion Procedure: A 300 mg sample is placed in a 60 ml 
Teflon df gest1on vessel equfpped wfth a relf ef valve and treated with 1 mL 
concentrated HN03, 3 ml HF, and 0.5 ml HCl04. The vessel 1s sealed and 
heated in the microwave oven at 15 percent power for 5 m1nutes, followed by
30 percent power for 15 minutes. The vessel 1s cooled, the cap removed, 3 
ml HF added, resealed and heated at 20 percent power for one hour. The cap
fs then removed and the contents evaporated until fuming ceases. S1x ml of 
20 percent HN03 are added and evaporated to dryness: 15 ml 20 percent HCl 
added, the vessel sealed and heated at lOS power untf 1 d1ssolut1on of the 
residue fs achieved. The vessel h uncapped, evaporated to dryness, and 15 
ml s percent HCl is added and heated unt11 the solution clears. The ves~ 
sel 1s cooled and d11uted w1th de1on1zed water to 50 ml. Total d1gest1on
t1me 1s two hours. 

HF/Agua-Rea1a Procedure: A 300 mg sample 1s placed in a 60 ml Teflon 
d1gest1on vessel equipped w1th a relief valve and treated with 6 ml aqua
reg1a (3HC1 :lHN03) and 2 ml HF. The vessel fs sealed and heated 1n the 
microwave oven at 100 percent power for 3 minutes. The vessel 1s cooled,
the cap removed, the dfgestate filtered and transferred to a 50 ml volu
metric flask w1th defon1zed water. 

Results 

Total D1gest1on Procedure 

A total d1gest1on (HC104/HF/HC1) microwave procedure was used to 
prepare NBS SRM 1633a Fly Ash. Wf th the exception of Mn and Pb, recoveries 
were all w1thfn 25 percent of the NBS values (Table I). In addftfon,
results for most elements are comparable to those from a more t1me
consumf ng conventional open-beaker digestion of the same mater1a1. 



A mod1f1ed total d1gest1on procedure was used to prepare NBS SRM 1632a 
coal. Due to the potential explosion hazard of the HCl04/coal m1xture, the 
digests were not taken to dryness. Good agreement was obtafned for all 
elements wfth the exceptfon of Mn, Pb, and Co (Table II). 

HF/Aqua-Regf a Procedure 

NBS SRM 1632a coal was digested us1ng three modf f1catfons of the 
HF/Aqua-Regia microwave procedure (Table III). The modfffed conditions 
were 3 minutes at 100% power (column A}, 6 minutes at 75% power (column B),
and a dry ash of 4 hours, followed by 3 mfnutes at 100% power (column C). 

Microwave d1gestfon for 6 minutes at 75% power yielded higher recover
ies for Co, Cr, Mn, Pb, and V than the other variations, whereas dfgestfon
for 3 minutes at 100% power gave highest recoveries for Ni and Zn. Dry
ashing followed by microwave HF/aqua-regia gave the lowest recoverfes, with 
the exceptfon of Fe, whf ch was higher. 

Conclusions 

Our prelfminary work fndfcates that substantial tfme/cost savfngs can 
be achieved usfng mfcrowave dfgestion--particularly with closed vessel 
procedures. Table IV illustrates the considerable time savings for the 
three procedures used in thfs study compared to conventional technfques. 
There fs also a potential reduced need for reagents such as HCl04 and HF. 

future work will involve refining the acfd d1gest1on/microwave condi
tfons for combustion source samples and other RCRA wastes. 
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Table I. Analysis of NBS SRM 1633a Fly Ash 

(Total D1gest1on Procedure) 


(ug/g) 


Convent1ona13 
Element Mean ± S.O. (n = 3) NBS Values %B1as D1gest1on 

Al 160,000 ± 28,000 {140,000) +14 148,000 
Be 11.9 ± 0.6 (12) -1 15 
Ca 9360 + 1060 11,000 + 100 -15 11,200 
Co 49.5 :t 0.3 (46) +8 
Cr 169 + 59 196 ± 6 -14 160 

Cu 90.3-+ 3 118 + 3 -24 110 

Mn 133 !: 2 (190) -30 175 

N1 130 ± 25 127 ±4 +2 130 

Pb 45.1 ± 20 72.4 + 0.4 -38 82 

v 313 .:!: 3 (300) +4 310 

Zn 205 :!:. 8 220 :!: 10 -7 210 


n • number of replicates 
{) - uncertfffed·value 

Table II. Ana1ys1s of NBS SRM 1632a Coal 
(Total 01gest1on Procedure) 

(ug/g) 

Mean ± s.o. (n• 2)
Element RTI NBS Values I Bf as 

Al 30,200 :!:. 5900 (31, 00~) -3 

Ca 2050 ± 340 2300 -11 

Co 9.72 ± 0.19 (6.8) +43 

Cr 31.2 ± 2.8 34.4 :!:. 1.5 -3 

Cu 16.5 + 1 -5 

Fe 1~~4~o\06~o 11,100 t 200 -6 

Mg 1030 + 180 
Mn 19.6 +0.6 28 + 2 -30 
N1 17.3 ! 1.8 19.4-.± l -11 
Pb ND 12 6 
Sc 5.45 :t 0.56 ·(673f· -14 
v 44.2 :!: 0.7 44 :t 3 +0.4 
Zn 34.9 :!: 0.3 28 ± 2 +25 

n • number of replicates
( ) - uncert1f1ed value 
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Table III. Analysis of NBS SRM 1632a Coal 

(Mod1f1ed HF/Aqua-Re~fa Procedures)


Mean ± s.o. n • 3)

(ug/g) 


Element Aa s6 cc NBS Values 

Al 24,600 22,700 ± 1600 19,600 ± 3500 31,000 
Cd (0.5 (0.5 (0.5 0.17 + 0.02 
Co ND 7.37 + 0.73 5.77 + 0.74 (678)
Cr 20.l 24.6 +2.7 23.8 ±: 5.3 34.4 + 1.5 
Cu 10.3 11.4 +1.0 10.5 + 4.o 16.5-+ 1 
Fe 7270 8940 +267 91SO 11,100 ±: 200 
Mn 19.6 28.2 +1.9 20.7 + 1.9 28 + 2 
N1 18.3 12.9 +2.2 16.6 :± 0.4 19.4-± 1 
Pb 7.2 15.4 +3.2 9.68 + 3.00 12.4 ± 0.6 
v 33.0 47.6 +3.1 38.9 ±: 2.2 44 + 3 
Zn 23.7 15.1 ±: 2.3 13.7 ± 5.5 28 :± 2 

aHF/Aqua-Regfa, microwave 3 minutes @100% power, n • l 
bHF/Aqua-Regia, microwave 6 minutes @ 75% power
CAshed at 4D0°C 4 hours-HF/Aqua-Regfa, microwave 3 minutes @1001 power 
n = number of replicates 
( ) - uncertified value 

Table IV. Comparison of D1gest1on T1me of 

Microwave and Conventional Techniques 


Acf d Df gestfon Microwave Convent tonal 


Nitric ac1d 40 mf nutes 4 to 6 hours 

Hydrofluoric/aqua-regia 3 to 10 minutes 6 to 8 hours 

Total dtgestf on 2 hours 16 hours 



DEVELOPMENT AND EVALUATION OF ANALYTICAL TECHNIQUES FOR TOTA!, 
CHLORINE IN BURNER FUELS 

Alvia Gaskill, Jr. 

Ev D. Es es, David L. HardJson 
Res( rch Trian le Ins ltute, 
R .search Tri ngl P rk, North Carolina nd 
Paul H. Ft·iedrnan, 0 J ic< Of Solid W te, 
U.S. Environment l Protection A~ency, 
Washington, DC 

A current EPA regulation prohi bl t. the saJ for bu nj ng in non 
lndu trial boil rs of used oll and oil fuels contaminated ahov specified 
1 .v I. with err aln m. t J o nl chlor ne. When burned as uel Jn a 
. m,aJJ bo1ler, thP cont. mlnar t m y b emJtted to the ambi nt air t 
hazardous l vel · Thi . reguJ;1tion establish . a rebutlable pro.umption 
lhal u rd oil containing more th n J ,000 ppm toldl chlorine h b en mixed 
with haloftenated olv•nts nd ls a hazardous wa le . Rebutting th . 
presumption r quires the sell r of th oil to prova th t th! chlor1nP Js 
no due to hillogenat •d solvent~ or other hazardous halogenated oruru1ics. 
lf Lh r( buttal I ucct~ sful, the ol I can be ol<I fuel up to I vel 
of 4000 ppm tot<tl chlorJnc . 

Analytical t hnlqu s or detnmination o total chlorin were 
evaluated or developed to pc·ovide regul tory agencies and the r .gul l d 

ommunlty with dppropr.int chlorine t st method . The techniques 
ev111u11t1•11 1nclud1•d h m.ical ltr.itfon tollowJng oxygen bomb ombu tlon, 
dillposablP field t ,!-J t kit , lnstrum nt J ndcrocoulomr>try, ind x y 
fluore c•nc spectrome ry . 

The.P candid tc eclmlquPs w r ubjectrd to int.rlabor.tory t tin 
lo . Um.1te thP.lt pr cJ lou , accuracy, en Ht.vlt.y, and susceptibility lo 
llhtlrlx pf . ts. Infornallon on ease of u 1· and rnnlysl costs wa tso 
coll ct d Bn1rn<I on thJ pilot study, test method wi 11 b wrl ttrrn for 
thP mo·t promt 1ng lechn qu sand subject •d to 11 formal col labor tivr 
sludy to pPner tll' JH'Pci ion and acrur.cy da •• for i>ach nielhod . The., 
m thods nro to bl. p oposr.d Jn th F cJt.ral Rt!gi r s mandatory for 
complJance with th exi in u d oil r RUI t1on . 
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DEVELOPMENT AND EVALUATION OF ANALYTICAL TECHNIQUES POR CHLORINE 
IN BURNER FUELS 

1. Introduction 

More than 1 billion gallons of used lubricating oil are produced in 
the United States annually.. A significant fraction is sold for burning in 
small nonindustrial residential, coaaercial, or institutional boilers, 
typically after blending with virgin nos. 4 or 6 fuel oils. These used 
oils frequently arrive at fuel reprocessing or blending facilities 
contaminated with chlorinated solvents. lead, cadaiu~. and arsenic.I 
These contaainants may be present as a result of the oil's use or may have 
been added through mixing with hazardous waste. Reprocessing, with the 
exception of rerefining, typically fails to remove these contaminants. 

When burned as a fuel in a small boiler, the contaminants or their 
combustion byproducts may be emitted to the ambient air in a•ounts high 
enough to present potential hazards to exposed individuals. This concern 
has lead EPA to promulgate a regulation prohibiting the sale for burning 
of used oil contaminanted at levels in excess of those given in Table z.2 
When a person first claims used oil fuel meets these specification levels, 
he must obtain an analysis or other information to support the claim. 

The final rule (40 CFR Parts 261 and 266) establishes a rebuttable 
presumption that used oil containing > 1000 ppm total chlorine is aixed 
with halogenated hazardous waste and, therefore, is a hazardous waste. 
(Because total halogen content cannot easily be determined in the field or 
laboratory. EPA has agreed to interpret "total halogen" in the final rule 
as total chlorine3). The presumption may be rebutted by showing that the 
used oil has not been mlxed with hazardous wastes (e.g. by showing lt 
does not contain significant levels of halogenated hazardous 
constituents). Used oil presumed to be mixed with hazardous waste is 
subject to regulation as hazardous waste fuel when burned for eneranr 
recovery. 

In addition. the rule establishes a specification for used oil fuel 
(i.e. used oil not mixed with hazardous waste) that is essentially exeapt 
from all regulation and may be burned in nonindustrial boilers, provided 
that allowable levels for designated toxic constituents, flash point and 
total chlorine (4000 ppm} are not exceeded. Used oil exceeding any of tbe 
specification levels is termed "off specification used oil" and is subject 
to regulatory control. This second chlorine threshold ia set to ensure 
that harmful emissions of hydrochloric acid are not e11titted froa the 
boiler or allowed to corrode it and reduce its efficiency. 

To rebut the presumption, the final rerulation requires the seller of 
the oil fuel to prove that none of the solvents listed under EPA Hazardous 
Waste Numbers FOOl and F002 is present at > 100 ppm or that no other 
hazardous chlorinated organics are Pl'esent. These include the decreasin1 
and spent -halogenated solvents methylene chloride, tetrachloroethylene. 
1,1,1-trichloroethane. trichloroethylerie, 1,1,2,2-tetrachloroethane, 
dichlorodifluoromethane, and 1,l.2-trichloro-1,2,2-trifluoroethane. 
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As a consequence of this re1ulation, the regulated co••unity and the 
enforcenent authorities will need to determine total chlorine in used oils 
and oil ruels. The ideal analytical technique !or thia deter•ination 
should aeet several performance criteria. The technique should be 
accurate such that it can deter•ine if the chlorine content is ab~ve or 
below 1000 ug/r. It should also be preciae such that replicate analytea 
of a well aixed sample yield reproducible results. It should be rapid, 
field portable and inexpensive. The used oil-to-fuel industry is somewhat 
dyn1111tc, requirJng in •any cases onsite decisions as to acceptability of 
oil ship11ents. Ideally, the analytical determinations should be carried 
out in the field to quickly identify contaainated oil and oil fuel. 
Finally, the testina procedure& ahould be ainple enourh 10 that users over 
a wide variety o! ekill and experience levels can perform the analyaes. 
These CBll be ex~ected ta include eenerator~. bu~ners, t~uck dr1ver8, 
laboratory technicians, and enforcement personnel. 

To provide the regulatory caldlunity and regulatory a1encies with 
appropriate chlorine test aethods. the EPA Office of Solid Waste (OSW1 and 
lta contractor, Research 1rian~le Institute (~Tl) bave conducted a pilot 
study to identify and evaluate candidate analytical tecbniques for 
deternination of chlorine in used oils and oil fuels. The results of this 
study, which are reported here. •ill be ueed to develop written teat 
methods for th& •ost promisini techniques. Theee teat •ethods will then 
be subjected to a forul collaborat:lve study to pnel'ate prec.fs.ton and 
accuracy data tor each aetb<Jd. These •ethode will then be proposed in the 
Federal Retlster aa aandatory tor coapllance with the exieting used oll 
regulatfon. 

2. .Approach . 

2.1 selection of Techniques for Evaluation 

candidate techniques were identified tron reviews of the literature 
and from dlscuaaiona with testing laboratories, equipment vendors and the 
oil induatry. A broad apectr1111 of analytical approachea was considered. 
Theae ranaed from publiahed analytical teat aethods to prototype 
instrumentation and test kits tor which develoP•ent wae 1nco•plete. Thia 
complicated the evaluation of results, but inclusion of these varied 
aethoda, techniques, and instruments waa necessary to aaaeas the option• 
avatlable to EPA and the re1P1lated coamunity. A brief sumaary of •ach 
technique is provided below, Details are eiven in the f lnal report on 
thh atudy4. 

The bomb combustion technique is baaed on ASTM Method 0808-81. The 
oil aa11ple is pressure oxidized by co•buetion in a atainlese steel 
cylinder containins oxygen. The liberated chloride ia abaorbed in a 
sodium carbonate/bicarbonate solution contained in the bomb. The AS'I'M 
Method uaes a iraviaetric precipitation of chlorine aa ailver chloride as 
the analytical finiah. Hotiever, tbia finish waa found to lack edequate 
Hneitivi ty at the 1000 u1/i' leve I . Por tbia study Hvere.1 alt~m~ative 
analytical finishes were evaluated. The•• included ion cbroaatoeraphy, 
Hrcuri11etric titration, silver nJtrate titration, and a terric:ranide 
colorimetric method. 
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Instrumental microcoulometry (MCT) is an automated technique in which 
an oil sample is first burned in a combustion chamber under oxygen to 
convert the chlorine to chloride. The chloride is then reacted with 
silver ions in a titrating cell, where the silver ions are replaced 
coulometrically. The total current required to replace the silver ion is 
a measure of the chloride present in the injected sample. Three MCT 
instruments currently available were evaluated. These are the 
COSA/Mitsubishi TSX-10, and the Dohrmann DX-20B and MCTS-20 analyzers. 

An automatic instrumental chlorine determinator from LECO Corp., the 
Cl-35 was evaluated. It combusts oil samples under oxygen in a resistance 
furnace. The liberated hydrochloride gas is absorbed and measured by a 
chloride specific ion electrode. 

A prototype field portable instrument based on the Beilstein test for 
chloride was evaluated. A probe containing copper wool is immersed in the 
sample and heated in a hydrogen flame. If chlorine is present, copper 
chloride emission will occur. The concentration of chlorine in the sample 
should be directly proportional to the intensity of this emission and can 
thus be quantified. 

Two field portable disposable test kits were evaluated. Both kits 
operate by first dehalogenating chlorine from chlorinated organics 
(solvents, PCBs, etc.) by reacting the oil sample with a sodium napthenate 
mixture in a diglyme catalyst. The chloride released by this reaction ie 
then extracted into an aqueous buffer and titrated to the mercuric nitrate 
endpoint. 

In the Dexsil Corp. kit, called Chlor-D-Tect 1000, the amount of 
sample and reagents are fixed such that a dark blue color results if the 
chlorine content is below 1000 u1/1 and a yellow color results if the 
concentration exceeds 1000 ue/1. There ia a relatively narrow transition 
zone over which the color chanee occurs. 

The Chemetrics Inc. kit called Quanti-Chlor, involves largely the 
same chemistry as the Dexsil kit with the exception that the extracted 
chloride is titrated into an evacuated ampule containing mercuric nitrate 
solution to a yellow or colorless endpoint. The chlorine concentration in 
the oil over a ranee of 750-7500 ug/1 is read from a scale on the ampule. 

The final technique evaluated was x-ray fluorescence (XRF) 
spectrometry. Thie is a nondestructive technique in which the sa•ple is 
placed in a disposable plastic cup covered with an x-ray permeable 
•embrane and irradiated with x-ray radiation from a source within the 
instrument. The irradiated sample will then emit fluorescent ele•ent 
specific x-rays whose intensity can be quantified and correlated with the 
element's concentration in the sa111ple. 

Several types of KRF systems were evaluated. These included one 
field portable energy dispersive (EDXRF) system (the CSI XMET-840), 
several laboratory EOXRF systeH (Oxford Analytical Lab X-2201, Horiba 
MESA 200, Tracor Spectrace 5000, Philips PV 9000), and two wavelenirth 
dispersive (WDXRF) systems (Philips 1400 and Oxford Che111X). These syste•s 
ranged in complexity from a system dedicated to determinin1 only chlorine 
and sulfur to multiele111ent systems capable of determinin1 up to 60 
elements. 

550 




2.2 Selection and Preparation of Teat Sa•ples 

Both virgin and used oils and oil fuels representative of those 
subject to this regulation were obtained and characterized for chlorine 
content. These included crankcase, industrial hydraulic, metalworking and 
No. 6 fuel oil. Blends of No. 6 fuel oil with used oil were also created 
to simulate the final product of the used oil-to-fuel market. 

These oils were then spiked with volatile, semivolatile, nonvolatile 
and inorganic chlorine over the ranre 0 to 10,000 ug/g, with moat of the 
spike levels between 500 to 2000 ug/g, to cover the ran1e of greatest 
interest. Chlorinated solvents were the volatile or1anica apiked, 
chlorinated benzenes the ae•ivolattle organics and aodiua chloride, the 
inorganic chlorine compound. Chlorooctadecane, a Ione chain paraffin 
hydrocarbon was selected as the nonvolatile spike co•pound to simulate 
similar compounds present as extreme pressure additives in metalworkin1 
fluids. 

A total of 40 samples were supplied to each of nearly 20 volunteer 
laboratoriea from industry. equipaent vendors, government and coamercial 
testing laboratories. RTI acted as the referee laboratory and perforaed 
some of the testing by the boab, test kit and XRP techniques. 

Each laboratory was requested to analyze a total of 3 aliquots from 
each sa•ple bottle and to report the chlorine content measured in each. 

3. Results and Discussion 

The accuracy ot each technique was assessed on the basis ot percent 
bias of the avera1e o! the three results tor each sample trom that ot the 
expected value based on spiking and background level characterization. 

Typical results for several of the techniques are riven in Table II 
for a used crankcase oil and a 1:9 blend of used crankcase and No. 6 fuel 
oil. The LECO and Beilstein techniques were dropped tro• further 
consideration. It wae determined that the LECO device has a detection 
limit near the 1000 ug/g level and thus suffered from poor accuracy at 
this level. The Beilstein device was deter•ined to be unsuitable for 
determining chlorine in used oils, apparently due to an interference due 
to water. It waa also insensitive to all for•• ot chlorine except 
chlorinated solvents. . 

The bomb technique with these analytical finishes and the MCT 
technique all rave reaulte with ~10 percent of expected. The teat kite 
reaulta were 1enerally within ~2S percent ot expected with few falae 
positives or ne1attvea !or the Dexsil kit. 

XRP results varied soaewhat, althou1h the coaplexity of the 
inatruaent was apparently not a factor. In 1eneral, the biases were 
around 30 percent low, probably due to abllorption of X-rays by ~ater in 
the oil Haple. This h 10Mt1...• co•pounded it tbe 1aaple bqina to 
stratify Jn the cell durins the X-ray counting period. It 11 thou1ht to 
be technique and not in1trU11ent releted. one in1trU11ent, the MESA 200 
suffer• from an interference due to calciUll in crankcaae oils which 
reeulta Jn hilh bias•• near 1000 u1/1. 

S5l . 



In summarizing the performance of these techniques (Table III). 

additional factors such as susceptibility to matrix effects, analysis 

time, cost per analysis and field portability were determined or 

estimated. 

The bomb/wet analytical techniques, the test kits, and the MCT all 
gave si•ilar analytical performances. The basic difference is one of 
analysis time/sample, and cost/analysis. The bomb methods are tedious and 
labor intensive, while the test kits are rapid, have a fixed analytical 
cost that is somewhat lower and can be used in the field. The MCT systems 
are also rapid and in theory provide relatively low cost analyses. 

The XRF technique is subject to matrix effects primarily due to 

water. However, the analysis time per sample, and the nondestructive 

nature of the technique make it attract!ve for high sample throughput. 


4. 	 Conclusions and Future Work 

Techniques have been identified to determine the chlorine content in 
used oils iri the field and in the laboratory. Based on this pilot study, 
written test methods are being developed for the bomb, teat kit, MCT, and 
XRF techniques. These will be subjected to a formal collaborative study 
to generate precision and accuracy data for each method. These methods 
are to be proposed in the Federal Register as mandatory for compliance 
with this used oil regulation. 

As part of this continuing evaluation, a coat effective used oil 
screening program ts being developed which will combine field and 
laboratory testing to minimize costs, turnaround time, and ensu~e that the 
sale of solvent contaminated oil as fuel is prevented. 
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TABLE I. USED OIL FUEL SPECIFICATIONS FOR OIL THAT MAY BE BURNED 

IN NONINDUSTRIAL BOILERS 


Constituent/Property 	 Allowable level for burnipe 
without reeulation 

Arsenic <15 PPll 
Cad11ium <2 ppm 
Chromium <10 pp111 
Lead <100 ppm 
Total Chlorine <l ,000 ppma 

<4,000 ppmb 
Flash Point >loo•p 

aLevel presuming 11ixing with hazardous waste. 

btevel above which burning is not permitted if presumption can be 

rebutted. 


TABLE II. TYPICAL RESULTS, 'BIAS 

Used oil Used oil fuel 
Technique 1s20 ug/ir blend, 998 ue/1 

1. 	 Bo•b 
IC -8 -4 
MercurJc nitrate -2 -8 
Silver nitrate -7 -13 
Perricyanide +2 -5 

2. 	 Teet Jdt 
Fixed point -21S +10 
Variable endpoint -24 +35 

s. Xtcrocoulaetry +11 	 +9 

4. 	 EDXRP 
Portable +IS +6 
Nonportable -21 -16 

!5. IDXRP 	 -so +31 
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TABLE III. TECHNIQUE PERFORMANCE SUMMARY 


Evaluation 
criteria Bomb/Wet Test kits MCT XRF 

% Bias 	 <10% ±25% ±10% -30% 

% RSD 	 <10% 10% 5% 10% 

False 	positives, 
negatives?8 Never Seldom Seldom Sometimes 

Matrix effects? 
Water Never Seldo11 Never Often 
Oil type Never Never Never Sometimes 
Chlorine form Never Never Never Sometimes 

Analysis time/sample 45 min 10 min 10 min <5 min 

Cost/analystsb $25 $11-14 $3-5 $3-5 

Portability No Yes No XM~T-840 

8 result not within ±25% of the expected value was considered a false 
positive or negative determination 

bbased on theoretical sample throughput with a technician working full 
time (8 hours/day)' 
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OVERVIEW OF THE INTEGRATED AIR CANCER PROJECT 

Joellen Lewtas and Larry Cupitt 
u. s. Environmental Protection Agency 
Research Triangle Park, North Carolina 27711 

The Integrated Air Cancer Project (IACP) is an interdisciplinary 
research program designed to develop the scientific method.a and data sets 
needed to identify the major carcinogenic chemicals in the atmosphere, to 
characterize the emission sources and chemical precuraors which give rise 
to the identified chemicalsr and to improve the methodology and data avail• 
able for assessing human exposure and risk due to exposure to airborne 
carcinogens. The research effort is focused primarily on characterizing 
the impact of complex mixtures of products of incomplete combustion, includ• 
ing the gaseous, aemi•volatile, and particle-bound organic species. 

These objectives will be approached in a stepwise ll\f.nner by conducting 
a series of field studies in areas of increasing complexity. 'l'he initial 
work has concentrated on relatively simple airahed• where reaidential wood 
combustion and automobile emissions are the only significant combustion 
sources. Future effQrts will add other residential combustion sourcea 
(e.g., fuel oil) and induatrial sources. 

The first phase of this project was conducted at Raleigh, NC and 
Albuquerque, NM during the winter of 1984-a!:I. The focua of theae initial 
efforts waa1 (1) to develop, evAluate, validate, and document th- sainplinq 
and analysis methods necessary to accomplish th~ technical research, and 
(2) to attempt to extend current source apportionment techniques to account 
for the observed mutagenicity of the collected ambient aerosol s&lftplea. 
During FY-86/87 an extensive field program was conducted in Boise, to •. 
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Introduction 

Major scientific questions regarding the relationship between air pol
lution and human cancer remain unanswered. This is due, in large measure, 
to the fact that estimates of human cancer caused by air pollution are 
highly refractory to the traditional techniques of epidemiology and exposure 
and risk assessment. The length of time (decades) that r.nay pass between 
exposures to airborne carcinogens and diagnosis of cancer has precluded 
both meaningful prospective epidemiological studies of human populations and 
quantitative estimates of the risk from exposure to mixtures of airborne 
carcinogens. Retrospective studies are also difficult to perform since one 
does not know when the observed cancer was initiated. Because most nonoccu
pational cancers are not specific and could have multiple causations, the 
process of associating an observed cancer with a given putative agent has 
not met with great success. In 1977 and again in 1982, international 
experts concluded that air pollution arising from combustion products of 
fossil fuels, probably acting together with cigarette smoke, have been 
responsible for 10% of all cancers for the United Statee1,2, This estimate 
is really a "best guess" based on studies of the urban versus rural cancer 
rates. Doll and Peto3, in a review of causes of cancer in the U. s., sug
gest that a much lower rate of 2% of cancer deaths could be attributed to 
pollution. Karch and Schneiderman4 on the other extreme suggest that past 
analyses of this problem have overestimated the contribution of smoking and 
underestimated the multicausal nature of cancer. They estimate that at 
least 11\ and more likely 21% of lung cancer is related to air pollution. 

Regardless of which of these estimates proves to be the most accurate, 
there is certainly reason to believe that the carcinogenic potential of air 
pollution may be a serious public health problem. EPA has undertaken a 
major research program directed specifically at clarifying the exposure, 
risk and sources of carcinogens in the air. This relatively long-term 
research program, initiated in 1985, is the Integrated Air Cancer Project 
(IACP). As a part of the IACP, a methodology is being developed to allow 
an estimate of the future cancer risk associated with human exposures to 
the d~rect and transformed emissions from identifiable sources. The 
Environmental Protection Agency has the responsibility and authority to 
regulate the emission of carcinogens into the air (e.q., Section 112, Clean 
Air Act), however, the identification of which carcinogens and which emis
sion sources are of greatest potential human risk is not known and remains 
a hiqh-priority research effort. The IACP adopts an approach which focuses 
on identifying those species actually present in the air which are most 
likely to be carcinogenic and attempts to determine how they came to be 
present in the environment. The accomplishment of this research requires 
the IACP to bring together the multi-disciplinary talents of chemists, phys
icists, engineers and toxicologists to conduct a series of coordinated 
field and laboratory studies of the emission sources, the atmospheric trans
port and transformation, human exposures, and the toxicological effects, in 
order to address the complex issues involved. 

Integrated Air cancer Project Goals and Strategy 

1.KJals 

Identify the Principal Airborne carcinogens. ~irborne carcinogens 
may exiat as gaseous or volatile organic compounds (VOCs), as semi-volatile 
organic species (SVOCs), or as particulate-bound organic compounds [e.g., 
polycyclic organic matter (POMs)J, 'l'he identities and relative contribu
tions to the total atmospheric burden of carcinogens by many of the organic 
chemicals present in the atmosphere are not yet known. The IACP is develop
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ing the methods and data necessary to begin to characterize many of these 
species. Within each of these groupings (e.g., voes, SVOCs, and POMs), the 
specific chemicals or chemical classes which contain mutagenic and carcino
genic compounds need to be identified, and their concentration in the envi
ronment needs to be measured. These carcinogens may be direct emissions 
from the sources, or they may be the transformation products produced from 
reactions of simple hydrocarbons or complex polynuclear aromatic hydrocar
bons with acidic and oxidizing gases in the atmosphere. The complE\J(ity of 
the problem requires that an integrated approach be used to address these 
goals. Not only must the emissions from the various sources be identified, 
but the transformation products from those emissions must also be determined. 

Determine Which Emission Sources Are the Major Contributors of Car
cinogens to Ambient Air. Before one can reduce human exposure to hazardous 
air pollutants, the sources of the carcinogenic compounds themselves, or 
their precursors, have to be identified. Field studies with simultaneous 
emission characterizations and ambient monitoring, followed by source 
apportionment calculations, will be conducted to determine which emission 
sources are the major contributors of carcinogens to the ambient air. 
Characterization of emissions and ambient samples will be by both chemical 
and biological (mutagenicity and carcinogenicity) testing. 

Improve the Estimate of Human Exeosure and Comparative Human Cancer 
Risk from Specific Air Pollution Emission Sources. In order to improve the 
estimate of relative human cancer risk from specific air pollution emission 
sources, a comparative ~ethodology is being developed to evaluate and 
utilize short-term mutaqenesis and animal carcinogenesis data on emission 
sources. In addition, better total human exposure estilll&tes will be devel
oped for these complex emission products and individual carcinogens includ
ing transformation products. 

Strategy 

The long range goals of this project will require many years to attain. 
Approaching the long term goals through field studies of relatively simple 
airsheds will, in a stepwise fashion, yield the methodology to understand 
the more typical complex airsheds containing emissions from multiple sources 
experienced by the qeneral population. 

Current data indicate that l'llOtor vehicles and residential home heating 
sources make a significant contribution to the mutagenic activity of ambient 
air samples. Therefore, the initial phases of IACP were aimed at qUantify
ing carcinogens emitted from residential woodstovee and motor vehicle•. 
Communities were selected with relatively simple airsheds where a siqnifi
cant percentage of the homes use wood as the major heating fuel. The 
initial IACP studies conducted in Raleigh, NC and Albuquerque, NM emphasized 
field and laboratory evaluation to select sampling and analysis methodolo-, 
qies for a major field study initiated in Boi•e, ID in the winter of 1986
87, Transformation studies in laboratory •imulationa are aaaeaaing the 
role of atmospheric chemistry in altering the chemical composition and muta
qenicity of the emitted chemicals. SilllQlations of the field study condi
tions will be used to detel'Uline the critioal factors and chemical processes 
which transform the species between the source and the receptor. 

Technical Approach 

Intagx'ated Field Studies 

The field studies were designed to si111Ultaneously sample and oharao
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terize the emissions at the source (e.g., woodstoves or motor vehicles) in 
the ambient air near to specific sources and in the ambient air distant from 
an aggregate of sources5. Sampling indoors and outdoors of homes both with 
and without woodstoves was designed to provide an indication of the total 
human exposure. In general, source and ambient emission measurements were 
made during heating and nonheating periods as well as separate daytime and 
nighttime sampling periods to differentiate between wood combustion emis
sions and those from motor vehicles. Indoor, ambient, and source emissions 
were collected comparably and analyzed identically to provide a valid com
parison between the fresh emissions and the chemicals at the receptor. 
Neighborhood survey data of motor vehicle and residential heating use was 
also recorded. Meteorological measurements and tracer studies were con
ducted throughout field tests as input to the source apportionment and 
atmospheric transformation studies. 

The initial IACP field study in Raleigh, NC included major components 
of methods development and evaluation. Factors such as face velocity, 
sample integrity, and sample extraction and preparation methods were evalu
ated, and standard procedures developed for subsequent studies. Sampling 
methods were developed so that comparable samples could be taken simul
taneously from woodstove sources and ambient air (indoors and outdoors). 
In order to collect large (gram) quantities of ambient air particulate 
matter for bioassay directed fractionation/characterization and carcino
genesis studies, new high volume samplers have been designed6, The sampling 
protocols take into consideration techniques necessary to collect particu
late material as well as volatile, semi-volatile, and condensable organic 
material. New sampling and analysis methods were developed to prepare, 
sample, and extract large quantities of XAD-2 resin for organic characteri
zation and bioassay studies. The results of the study included sampling 
protocols for source, ambient, and microenvironment air collection. 

Analysis Strategies 

Source Apportionment. Source apportionment is a combination of math
ematical and analytical procedures which are used to determine the contri
bution of specific emission sources to measurements of air pollution. 
Several methods have been used to apportion the contributions of source 
emissions to ambient air quality including emission inventory methods, 
source dispersion models and receptor models. The receptor-model approach 
to source apportionment which is being used in the IACP is especially 
effective where the number of sources are small and well characterized. In 
addition, emissions from mobile sources and wood burninq contain unique 
elemental tracers which improve the accuracy of the source apportionment 
calculations. 

Source apportionment of mutagenic activity and the use of organics as 
tracer species in receptor model studies have not been extensively evaluated 
and are a major component of the IACP7, The unique feature in the receptor 
modeling studies in the IACP are that several types of information will be 
available. The receptor modeling will use a combination of elemental 
tracers (e.g., X and Pb), radiocarbons, organic tracera9, and mutagenicity10 
in the source apportionment calculations. 

Bioassay Directed Fractionation/Characteri&ation. This approach has 
been successfully usea to identify potential carcinogens in complex mixtures 
including synthetic fuels, diesel emissions, and .urban air particles11, The 
complex mixtures are fractionated and each fraction is bioassayed. Mutagen
ically active fractions are further fractionated, bioasaayed, and character
ized until the major class or specific compounds responsible for the muta-
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genicity are identified. The IACP is using the standard Ames Salmonella 
typhimurium plate incorporation mutagenicity assay, together with new 
micromutagenesis bioassays, coupled directly to analytical fractionation 
procedures 10, 

Atmospheric Transformation. A growing number of laboratory and field 
studies have suggested that there are unidentified compounds present in 
ambient air which cause increased mutagenic responses in both the va~or and 
aerosol phases. Chemical analysis has not fully identified many of these 
compounds, but the chemical class information suggests that the target com
pounds may be the partially-oxygenated or -nitrogenated reaction and trans
formation products of emitted organics. Recent studies have demonstrated 
that exposure of many organic source emissions to photochemical reaction 
conditions increases the mutagenicity of the emissions, especially the 
gaseous components12, 

The transformation studies carried out as part of the IACP will utilize 
a large reaction and atmospheric simulation chamber to produce irradiation 
products of air mixtures like those found in typical u.s. environments and 
in the IACP field study. The simulation chamber 
will produce consistent conditions which will permit exposure of bioassay 
test systems and will provide large quantities of the transforma.tion prod• 
ucts for chemical sampling and analysis. Bioassay studies are conducted on 
the starting materials and the irradiation products 13, 

Human Exposure Assessment. Since the initial phases of the IACP are 
focusing on characterizing the principal organic mutaqens and carcinogens 
from products of incomplete combustion (PICs) the exposure assessment 
component of the program is designed to characterize the important human 
exposure environments indoors and outdoors which are impacted by P!Cs. 
Characterization of the total organic exposures will include measurement of 
voes via both canister and Tenax sampling and GC analysis14, SVOCs via XAD•2 
sampling and analysis, and total particulate organic analysis. Specialized 
sampling and analysis of aldehydes was conducted using the 2,4-dinitrophen
ylhydrazone (DNPH) cartridge method14, Specific analyses are being con
ducted to quantitate exposures to polycyclic aromatic hydrocarbons (PAHa)9 
and selected polar oxygenated and nitrated organics. 

Comparative Carcinoqenesis and Mutagenesis Assessment. In order to 
develop a comparative data base for risk assessment, a battery of bioassays 
will be used to evalU.te the complex mixtures frOm the field ·study filter 
samples. A comparative potency method has been developed for cancer risk 
assessment based on a constant relative potency 
hypothesis and using data from a battery of short-term mutaqenesis bioasaa!s 
and animal turorigenicity studies on a series of diesel vahiole endaaions 1 • 
The same bioaasays have been used to evaluate complex emissions for which 
human lung cancer risk estimations are available from occiupational and 
relatively high dose exposures (emissions from coke ovens, roofing tar 
pots, and cigarette smoke) thereby providing a comparative basis for esti 
mating lung cancer risk from emissions for which hullalt data are not. avail• 
able. Recent EPA studiee have expanded the oollll>ustion emisaion data set 
for which comparative mutagenesis and carciliogeti.eaia data are available to 
include gasoline vehicle emiasione, coal, oil, and wood oombustion16. '!'he 
IACP will further extend this data be.a• to i»olude comparative mutageneaie 
and carcinogeneeie etudiH of r.olllpOlites of. am>-ient particulate or1:1anice 
fro~ the airaheds under study. 
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Summary 

The IACP is a long-term research project with goals of (1) identifying 
the principal airborne carcinogens, (2) determining which emission sources 
are major contributors of carcinogens to ambient air, and (3) improving the 
estimate of human exposure and comparative human cancer risk from specific 
air pollution emission sources. Ultimately, this research will provide the 
methodology and data to estimate the comparative risks associated with 
human exposure to various combustion emissions sources and other sources. 

Although accomplishment of the long-range goals of the IACP will 
require many years to attain, the IACP concept is to approach the goals in 
a stepwise fashion to provide short-term data on specific source categories. 
Studies are aimed at understanding both the chemistry and toxicology of 
complex mixtures of air pollutants focusing first on relatively-isolated 
airsheds, and progressing to more-typical and more-complex environments, 
with multiple source contributions. During the initial phases of the IACP, 
emphasis has been placed on the source categories of residential wood 
combustion and motor vehicles. Subsequent phases of this 
project will add other residential combustion sources (e.g., oil) and 
industrial .sources. 
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Pilot field studies were simultaneously conducted in Raleigh, NC, and 
Albuquerque, NM, from January through March 1985. Consecutive twelve-hour 
sampling (7AM 7PM and 7PM - 7AM) was conducted at two fixed monitoring sites 
in both cities. In each city, the primary fixed sampling site was located in 
a residential neighborhood heavily influenced by residential wood combustion 
emissions. State-of-the-art sampling equipment and procedures were devel
oped and teated for the collection, storage and shipment of field samples. 
Semi-volatile and volatile organic samples were collected and analyzed in 
Raleigh. Routine criteria pollutant and meteorological parameters were also 
monitored at each site. Indoor, outdoor, and source sampling waa conducted 
at three Ra.leigh residences with operating woodatoves. Sample analysis 
included mass loadings, inorganic ions~ volatile/elemental carbon, carbon
14, mutagenic activity, and organic characterization. 

Both Raleigh and Albuquerque nighttime FINE particle (0-2.5 micr;on) 
mass loadings were more than twice the daytime FINE mass loadings. Approxi
mately 60%. of the nighttime FINE samples were extractable organics. The 

. nighttime potassium concentrations from samples collected in both cities 
were more than twice the dayt~me potasaiUtO concentrations, auggesting 
significant impact by RWC emission&. The FINE loadings i111nediately outside 
the residences correlated well with the fixed site measurements but were 
approximately twice the FINE mass collected inside the residences. Overall, 
the residential data demonstrat.. the variability expected with differences 
in residence construction and individual activity. 
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INTRODUCTION 

Advances in airtight woodatove technology and the relatively low coat 
for wood have combined to make residential wood combustion (RWC) an attrac
tive alternative for home heating. Laboratory studies l-lt have shown RWC 
emissions to be rich in polycyclic organic material {POM) and products of 
incomplete combustion (PIC's). The concentrations of these potentially car
cinogenic compounds depend on the woodatove size. fuel source and operating 
conditions. Many homeowners operate their woodstoves at very low bu:n rates 
for two reasons: the purchased stove is too large for the installed area, or 
in an attempt to maintain overnight stove operation. The PIC'• contributed 
to the ambient air from residential woodburning significantly increase 
under these oxygen-starved conditions. Communities dominated by reeidential 
woodburning report ambient outdoor air quality degradation directly corre
sponding to RWC emissions.s-7 In addition, recent residential studiet 
contribute increaees in indoor air pollutant• to the use of woodstoves and 
fireplaces for home heating. 8 • 9 The potential total human expo1ure to 
RWC emissions, both indoors and outdoors, is a primary area of concern to 
the scientific community. 

The Integrated Air Cancer Project (IACP) is a long term US Environmental 
Protection Agency (EPA) program with three major objectives: identifying 
principal airborne carcinogens; determining the major emission sources for 
these carcinogens; and improving the estimate of comparative human cancer 
riaks from specific air pollution emiuion sources. Initial IACP studies 
were planned for simple airaheda in order to develop the procedure& needed 
to characterize complex airahede typical of more industrialized urban 
areas. Residential Wood Combustion (RWC) was selected aa the first source 
for evaluation based on its relative uee and overall impact on the national 
air quality.lo RWC impacted Hmplee, high in maas and organics. would 
also support the initial IACP sampling and analytical methods development 
initiatives. 

Pilot field studiee were simultaneously conducted during 1985 in 
Raleigh, NC and Albuquerque. NM to evaluate state-of-the-art monitoring for 
air carcinogens. The Raleigh study served aa the major aamplin1 location 
allowing maximum EPA penonnel involvement while focueing on aampling and 
analytical methoda development. Both ambient fixed site monitoring as well 
as residential indoor monitoring were conducted in Raleigh. The residential 
study was designed to evaluate methodologies for the simultaneous collection 
of indoor, outdoor, and RWC source samples. Source apportionment/receptor 
model analysis procedures outlined by Lewie and linfieldll waa the primary 
focua of the Albuquerque study. Routine particulate and gaaeoua ea111plea 
were collected at •ach sampling location. The majority of the &111.bient"pai
ticulate samplers were modified to collect only the PIRI (0-2.5 j.llll) particle 
sige fraction. Gaa and particle phase ••mi-volatile organic cqapounde 
($VOC's) and volatile organic compound• (Voc•a) were collected indoor• and 
outdoors in Raleigh but were not collected in Albuquerque. Criteria po~lu
tant and meteorological parameters wete alao monitored at the fixed ta.llPlin1 
sites. 

EXPERIMENTAL 

Pixed site ambient monitodag wa• co1ulucted at primary aod. Hcondary. 
location• in both 1-leigh, NC &fld A.lbuqv.4trque. NM from Janu.ry 1985 throqh 
March 1985. The Raleiah air1hed it not 1i1nlficantly impacted ~Y major local 
eourcea but tend• to reflect regional source contributi0ttt. Local topograph~ 
ical and meteorological condition. auht in minilllizina the· impact of auto• 
motive emission• on the Raleigh airshed. Albuquerque, at JDOr• than twice 
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the population of Raleigh, is a high elevation city located in the Rio 
Grande river basin and backs up against the Sandia mountain range to the 
East. As with Raleigh, Albuquerque has no local major industrial sources 
but: has been shown to be impacted by RWC and mobile source emissions. 11 
Regional contributions to the local airshed from the Western desert are 
minimal. The topography and meteorological conditions in Albuquerque favor 
the retention of local emissions especially during the intense winter 
inversions. 

The Raleigh primary woodsmoke site was located in a residential neigh
borhood valley away from major roadways. A background site was located at 
a rural site approximately 10 miles North of Raleigh to evaluate regional 
source contributions to the airshed. Each of the three Raleigh residences 
selected for the study had nonsmoking occupants and were located within one 
quarter of a mile from the Raleigh primary sampling site. The Albuquerque 
primary woodsmoke site was located at the site of the earlier study.11 A 
second Albuqerque site was located approximately two miles Northwest of the 
primary site at a major roadway intersection. Both Albuquerque sites were in 
close proximity (ca. 3/4 mile) of interstate highways. 

Each fixed monitoring site was established in accordance with Inhalable 
Particulate Network (IPN)l2 and NAMS/SLAMS criteria.1 3 The types and 
numbers of samplers operated at each site are shown in Table I. Uniform 
sampling procedures were developed and employed in both cities. Twelve-hour 
ambient sampling (changeovers at 7AM and 7PM) was conducted to evaluate day
time versus nighttime source contributions. Samples for mass and inorganic 
analysis were collected on preweighed quartz or Teflon• media. Samples for 
bioassay and carbon analysis were collected on Pallflex T60A20 Teflon• im
pregnated glass fiber (TIGF) and IPN equivalent quartz filter media. Vapor 
phase SVOC 1 s passing through particulate filters were collected on XAD-2 
absorbent filled canisters installed immediate downstream of the filter. 
Cartridges impregnated with 2,4-dinitrophenylhydrazine (DNPH) and evacuated 
SUMMA• polished canisters were used to collect aldehydes and VOC's, respec
tively. Denuder equipped samplers were operated at the two primary sites for 
N03and HN03 collection. Criteria pollutant and meteorological parameters 
were monitored using reference procedures. SVOC, bioassay and carbon sam
ples were stored st -ao• C immediately following sampling. Particulate 
samples for mass determination were conditioned for twenty-four houre fol
lowed by standard gravimetric analysis. Aldehyde and denuder samplee were 
stored at -4"C, 

Reaident:ial sampling followed the ambient procedures outlined above. 
Samples were collected on two consecutive nights at each reeidence, sampling 
one residence at a time. Table II liets the samplea collected simultaneously 
indoors, outdoors, and at the Raleigh primary site. Particulate and SVOC 
samples were also collected directly from the operating woodetove flue using 
the Woodstove Dilution Sampling System (WSDSS). li+-15 All the XAD-2 car
tridges were placed outdoors during eampling to eneure comparability between 
residential, ambient, and source samplea. Standard SF6 tracer release tech
niques were used to measure reeident:ial air exchange rates. 

ANALYSlS 

The analytical procedures used in this study are referenced in Tables I 
and II. A set of fifty ambient eite sampling periode (combination of day and 
night periods) were selected from each city for detailed analysis. Particle 
bound SVOC's were solvent extracted using dichloromethane. Aliquots were 
evai>orated to drvness for gravimetric determination. Additional aliquots 
were solvent ~xchanged with dimethylsulfoxide (DHSO) and stored at -so• c 
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in preparation for bi~asaay analysis~ The Ames bioa$saay, with and without 
the activation agent S9, waa uaed to determine sample mutagenic activity. 
Resi.denl:i.tl semplee for 'bhasuy analysis were independently procesud by 
the laboratory within 48 hours after sample collection. Particle and gas 
phase SVOC 1 a were independently extracted with die'h lorometbane • Aliq_uots 
of each particulate e:xc:ract was evapor11ted to dryoeu and quantitatively 
determined. The quantity of XAD-2 extraets were deterrained by gaa chroma
tography and gravimetric analysis. Aliquots of t'he eample e:1:tr;acts wen 
DMS(l &Dlvent exchanged and s.tored at -eo• C pending biousay analysis. 
Since the indoor sample 1llllss waa small~ the muta8enic activity of all the 
residential sample.a was determined «5ing the forward mutation assay method. 

RESULTS AND DISCUSSION 

Tbe data for FINI! particle mau collected in the. 9lJ Ral.-eigh and 103 
Albuquerque ambient sampling periode are abown in Figurea l and 2, respec
tively. FINE mass loadings exceeded 35 µg/~3 (ca. twice the Raleigh back
ground level) during 17 Raleigh nighttice, 20 A11:>uquerque nighttime, and 4 
Albuluerque daytime periods. No Raleigh daytime 1INE level exceeded 35 
µg Im • In both cities, the two highest Fllt! maas loadinga were recorded 
during weekend periods (Raleigh 135 µg/m3 and 130 µ.g/~3j Albuquerque 
170 µg/m3 and 140 µg/m3). · 

'Table Ill summarizes the ambient eit• particulate data. I>aytime PINE 
mass loadings ware approximately one half the nighttime levels in both 
cities. Daytime to nighttime concentrations of 'FINE potaoium, a known 
tracer for woods1110ke, are 1:3 for Raleigh and 1:2 for Alb~querque. Plots 
of the nighttime potasaiu111 concentra.tiona. veraus wtagenicity ('fA98 plus 
S~) yield good linear correlations for both cities and auggeet the influence 
of nighttime RWC em.iseione. !he slope of the Raleigh data shown in Figure 
3 is approximately five times that of Albuquerque (Figure 4), which is 
consistent with the reported proportions of potaaaium in hudwoods and 
eoftwoods. Woodburning in Raleigh is comprbed primarily of hardwoods 
while softwoods are al1D0at exclusively burned in Albuquerque. 

Lead leveh increaaed slightly during nighttime periods in both citiee .. 
More important, Albuquerque lead levels were three times the corresponding 
lleleigb lead levde as a -result of a greater vehicle population ao.d proximity 
to nearby roadways. Linear regression• of nighttime lead versus mutageni
city yielded good 11greement in Albuquerque Cr • .83). but poor agreeme~t in 
Raleigh (r • 0 68), highlightin1 the influence of mobile source emiaaione in 
Albuquerque. 

The Ralei.gh. background data agrees well with the daytime primal'y aite 
value• and reflect• regional source contributiona. '11te•e data ittdi.cate that 
during the d4y the Raleigh primary •ite w111 not influenced by IWC or mobile 
source emi1sion1. 

Particle bound SVOC 1 1 increased from40% during the day to more than 6~1 
during the night corresponding to increased RWC emi11iona. The re1ult1 of 
the Amea bioa11ay without the addition of the aeti•ation agent 89 shaw an 
increaae in mutageaic acti'vi.ty with correapoadiq i.ncraa&e ·tn FINI •••· 
The addition of S9 doubled the activity of the All>uq_uer~ue ni8httime 1aiaple1 
but did not· ittfluenee the Raleigh aamplea. · !:ailed on the reported ai:.d'll'ityU 
and relative potencyl7 of •utomotive erni11ion1, the elevated lead le~•l• in 
Albuquerque (maK • 1.37 µg/m3), and kn<n'll!tdge of th11 Albuqti.e1;'que meteorology 
aussa.t that thh iucreaaed activity may be auociated·with increased mobile 
source niaaions. Ambient aldeh;ode aad VOC result• show increaHd total 
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concentrations with increaaed RWC emissiona. Napthalene, a key component 
in woodsmoke, was elevated during RWC impacted periods.la 

the impact of increased RWC emissions on pollutant concentrations is 
shown in Figure s. twelve-hour aa111.pling periods and corresponding YINE mass 
loadings are also shown. Although daytime lead and potassium levels were 
equal (ca••07 µg/m3), nighttime potaasium levels increased by a factor of 
7.5 compared to a fourfold increase in lead levels. Thia data suggest that 
during this period of inversion; the Raleigh residential airshed was impac
ted not only by high RWC emiaaions, but also by other emiaaion sources 
being concentrated by the local meteorological conditions. 

The analysis data for the residential meas\lrements are SWllllUlrized in 
tables IV and v. Four key factors impacted on the dat:a reported. Resi
dence 1 was noted as having a leaking woodstove which could be detected 
from the occasional odor throughout the house. the woodstove plume from 
the woodstove chimney at Residence 2 was obser~ed periodically downwaahing 
on the outdoor samplers. Residence 3 had an operational electrostatic 
precipitator in the cold air return duct during sampling. Electrical 
constraints at Residence l did not allow the operation of the outdoor 
dichotomous sampler or CO analyzer. 

At the three homes monitored, indoor FINE and PMto loadings were signi
ficantly less than the corresponding outdoor loadings, which differs from 
previous studies.8,')•19 the minimal FINE loadings observed in Residence 3 
are attributed to the electrostatic precipitator. Outdoor and primary site 
fINE and PM10 loadings agreed well and indicate uniform distribution of 
emissions over the neighborhood. Indoor COARSE/PINE ratios were larger than 
corresponding outdoor values and are attributed to homeowner activities 
{i.e., vacuumingJ walking, pats, etc.) causing reentrained coarae particlea. 
Other key inorganic components were uniformly dhtributed between indoors 
and outdoors. The tracer gas studies suggest a complete exchange between 
indoor and outdoor air once every two hours. the WSDSS source samples 
compared well with laboratory test samples and are reported by Kerrill and 
Harrie.15 

Residence 1 samples yielded the hi3hest levels of aaa phase extractable 
organics and napthalene; a key component for RWC. these are attributed to 
the leaky woodstove. A alight increase in outdoor extractable. organics 
observed at Residence 2 is contributed to the downwaahed plume. Overall. the 
mutagenicity of the outdoor residential particulate samples was 3-4 times 
greater than the corresponding indoor sample activity, Contaminated XAD-2 
field blanks prevented a similar c<>lllparison between indoor and outdoor gas 
phase mutagenicity. Aldehyde and VOC concentrationa were slightly elevated 
indoors. In the three homes sampled, the distribution of VOC'a did not 
change from indoor to outdoor samples nor with increaud FINE mau leadings. 
the distribution of aldehyde& indoors differed from the outdoor levels with 
elevated formaldehyde concentration• being observed indoors. 

CONCLUSlONS 

Many of the procedures teated in these atudiea for collecting, storing 
and analyztag ambient, residential and source samples can be used to support 
future IACP objective.. The ailibient data documented the impact of !WC emis
sion on both Raleigh and Albuquerque during the 1985 winter heatina ee,uon 
as well a1 the influence of 1110bile source em.iuione on the Albuquerque 
airahed. The residential study r-eaults provide obaervation1 that can be 
used to plan future indoor studie1. FINE and PM10 levels were lower indoors 
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than outdoors suggesting that when operated correctly, an airtight woodatove 
should not directly influence indoor air quality. Leaks in the stove or flue 
allowing RWC emissions to enter the home will. however, elevate the indoor 
pollutant concentrations. The data suggest that the home11 evaluated in 
this study were also influenced by other sources such aa materials u•ed to 
build or furnish the home and homeowner activities. Thie emphasizes the 
importance of preliminary queationaire information and comprehensive data 
collection during exposure studies. 
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Abstract 

A mospheric p rticl sampl s were collected during th winter of 1 Bli 
1985 in Albuquerque, NM nnd Rn1eigh, NC by th EPA for th Intcgrnt cl 
Air Cnnc r Project (IACP). S 1 c d chemic11l frnctlons wer.P l\1H1lyzt>cl 
for 14c to apportion mobll (mot:or v hicl •s) trnd s Cionary 
(r sidentLal wood combustion) sources. In addition, th se results 
were used to validate th EPA Single Trac r R g~ ssion Model (STRM), 
also t:echni~u for the sourc ap:µort:ionm nt of 11 ro ols. 1 
Pr liminary lie r sults for the Albuquerque rcsid ntl l sit at nighl 
showed 79% Contemporary C rbon (CC) compared o 95 CC for Raleigh L 

night for th total carbon; 88 and 94 of t:he to 1-C was organic, 
respectiv ly. The Albuqucl'qu traffic sit during the day how c1 1.11 
Lo 3.9 times less CC compur d to the daytime resid•nLlnl site for 
tot l·C. Th cl men al cnrbon [rac 1on in 11 en<: s how d a low 
percentag of cont mpor ry cnr:IJon Lhan th ot l c rhon, which 
indicates hat ci1is chemical fraction may b n 1xc~llcnt tracer of 
mobile sourc s. Th se renults ar:c consist nt: with n d1ytime 111obll· 
sourc at the tr ffic site tmd n niglltt:imo Rcsid'nt:lnl Wood Combustion 
(RWC) source at tho resld ntial site. Also, he i: sul s from th·· f:PA 
STRM t chnique for this study w re in good agreement wt h thos 
obtain d by the 14c Direct: Trnce1· ( 11~C-DT) hniqu for so11rc 
apportionm nt of th s a rosols. 1 
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Introduction 

Concentrations of carbonaceous pollutants in urban atmospheres 
have typically been measured over time and space to quantify the impact 
of total emission sources at receptor (collection) sites. For 
apportioning fossil and contemporary carbon source emissions, the 14c 
Direct Tracer (14c-DT) technique has been applied to bulk air particle 
samples which are frequently size segregated (<2.5 µm).2 Application 
of the i4c-DT technique to important chemical classes extracted from 
the bulk material, e.g. the polycyclic aroDla.tic hydrocarbon (PAH) 
fraction, has shown a potential for improving the process of 
deconvoluting emission sources.2,3 Also, the origin of biologically 
active (mutagenic or carcinogenic) compounds and/or chemical classes, 
e.g. the PAH's, is important from a toxicological standpoint agd is one 
of the prime objectives of the Integrated Air Cancer Project (IACP). 

Additional source information may be gained by comparing the 
molecular "fingerprint" pattern of chemical fractions determined from 
source samples wlth that obtained from the ambient samples. Some 
compounds may be unique to the combustion source of interest. 4 These 
chemical patterns coupled with 14c-DT would potentially discriminate 
different combustion processes that utilize identical (in 14c 
abundance) fuels, e.g. coal versus auto emissions. This additional 
discrimination in source apportiorunent is important for complex 
airsheds involving many sources. 

The Integrated Air Cancer Project, with a focus on the 
Albuquerque, NM, and Raleigh, NC, airsheds (1985-86), has afforded an 
excellent opportunity to utilize the 14C-DT technique on select 
chemical classes for the apportiorunent of stationary (RWC) and mobile 
(motor vehicle) sources. Advances in 14c measurements by accelerator 
mass spectrometry (AMS) have improved sensitivities to ca. 50 µg-C 
quantities5 and have, therefore, extended the capabilities of this 
technique to include chemical selectivity and time resolution in 
sampling for environmental pollutants. Total carbon (Ct) and 
elemental carbon (Ce) from day and night time samples were isolated for 
14c measurements. Preliminary 14c results are presented along with a 
brief discussion of the chemical fractionation procedures for isolating 
the fractions of interest. 

Experimental Methods 

14c - Direct Tracer Model (14c-OT) 

The 14c measurement yields a quantitative measure of both fossil 
and contemporary carbon sources which contribute to the chemical 
fraction of interest for a given receptor site. For source 
apportionment of these particles, knowledge of some critical variables 
is required, such as the age of the fuels, usage patterns, time of 
sample collection and meteorological patterns. Since one objective was 
to evaluate tha l4c-DT technique for a simple two-source situation, it 
was important to d-esign the sampling for source specificity. Once 
evaluated, the 14c-DT technique would be used to validate the results 
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of EPA's STRM. The two techniques would then be applied to samples 
collected during the winter of 1986-1987 in Boise, Idaho. 

The 14c-DT technlque involves the measurement of the 14c;l3c 
ratio in the sample for AMS or the 14c;12c ratio for the low-level gas 
proportional counting (llc) technique, The sample isotope ratio is 
compared to the isotope ratio determined for modern carbon, 0.95 x NBS 
SRM 49908 Oxalic Acid. These isotope ratios define the fraction of 
modern carbon, fM (Eq. 1). The fraction of contemporary carbon (fc) is 
calculated by adjusting fM to correct for bomb 14c, which is a result 
of nuclear weapons testing in the atmosphere during the 1950's and 
1960' s ( Eq . 2) . 

cl4~ifl3£j 10.95 x ( C/ ~~e-4-99_0_8~ (Eq. 1) 

fc - fM/1.20 (Eq. 2) 

fc (meas.) - tauto fcauto +~WC fcRWC (Eq. 3) 

Equation 3 summarizes the "Two-Source Hodel" for the Albuquerque/ 
Raleigh study where ~represents the fractional source contributions. 
Assuming that no other sources contribute significantly to the measured 
fc. this quantity yields the fractional contribution from RWC emissions 
( fcauto _ O). 

Sample Collection 

Samples were collected on quartz fiber filters with a high 
volume sampler equipped with an impactor to remove particles >2.5 µm in 
diameter. Two receptor sites were chosen in Albuquerque for maximum 
impact of: 1) motor vehicle•: San Mateo site and 2) RWC, Zuni Park 
site. Samples were collecud on a 12·hour schedule beginning at 7:00 
am and 7:00 pm. Both day and night samples from Zuni Park, day only 
samples from San Mateo, and nighttime samples from Raleigh were 
chemically fractionated for 14c meas~rementa. Prior to chemical 
fractionation, samples were stored at ca. 1°c. 

Chemical Fractionation 

Filter aliquots were taken for isolation of total carbon (Ct) 
and elemental carbon (C8 ). Total carbon was i•olated by thermal 
oxidation from: 1) 3-24 cm2 aliquot• for AMS l 4c mea•urements and 2) 
100-280 cm2 aliquot• for llc; the filter area chosen was based on the 
particle loading and the concentration of to~al carbon. The 002 
produced was cryogenically collected. distilled and quantified by 
manometry in a calibrated volume. Elemental carbon wae isolated by 
first removing organic carbon by wet oxidation (using HN03) followed by 
thermal oxidation of the insoluble residue and quantification of the 
C02 by manoaietry as described above. The wet oxidation of organic 
matter was taken from the work of Schultz6 and modified by Sheffield et 
a127 for treatment of air particle f~les. Filter aliquots of 9 to 34 
cm were treated to recover C8 for C maasureaenta by 4MS. 
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Sample C02 Preparation and 14c Measurements 

The procedures for chemical purification of co2 and 14c 
measurement by Ile for fractions containing >5 mg-C are described by 
Currie et al. (1983). A few Ct fractions and all Ce fractions 
contained only microgram quantities and therefore, required 
transformation to graphitic carbon for i4c measurement by AMS.5,9,10 

Results 

Albuquerque, NM 

Preliminary results based on 14c measurements of the total and 
elemental carbon fractions are summarized in table I. Nighttime 
samples collected at the residential site ln Albuquerque showed 79% 
Contemporary Carbon (CC) for total carbon and about an equal mix of 
fossil and contemporary carbon in the elemental carbon fraction. This 
result reflects a predominant RWC source during the night as expected. 
The daytime samples reflect a decrease in contemporary carbon, which 
would be expected for typically warmer periods (less RWC) and an 
increase in automotive activity. 

The traffic site during the day was more strongly influenced by 
auto emissions as demonstrated by lower fc values. The elemental 
carbon fraction may be more sensitive to variations in fossil source 
contributions and, therefore, be an excellent tracer of mobile sources. 

Raleigh, NC 

Only nighttime Raleigh samples were measured. These results 
showed a high contribution from RWC in both the total and elemental 
carbon fractions, similar to that identified at the nighttime 
residential site in Albuquerque, NM. 

Conclusions 

The 14C-DT technique applied to samples collected for high 
source specificity has demonstrated its power to resolve auto and wood 
smoke emissions in Albuquerque, NM and Raleigh, NC given knowledge of 
likely sources, usage and meteorological patterns. I4c results showed 
that the elemental carbon fraction in all cases contained more fossil 
carbon and, therefore, may be a more useful tracer of mobile sources. 
These results have been used to validate the Single Tracer Regr,ession 
Model (STRM) reported in this same proceedings by Stevens et al. 
(1987). 

Additional 14c results for Ct and Ce are pending and are 
expected to yield more information about source variations for the 
study. We are currently isolating the PAH fraction from a few of the 
Albuquerque samples which will give more specificity in establishing 
the origin of this toxic chemical fraction pro~uced from both auto and 
RWC sources. The chemical composition of the FAH fraction coupled with 
14c will reveal the predominant species and their origins. The 
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application of the 14c.DT technique to important chemical fractions, 
e.g. the PAH's, has only recently become possible through advances in 

accelerator mass spectrometry 14c measurements on 50 µg-C samples.s 
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Table 1. Carbon concentrations and the fraction of Contemporary Carbon 
in samples collected in Albuquerque, NM and Raleigh, NC.* 

Albuquerque, NM 

"Residential Site" Carbon (ug/m3>** .fc ± g*** 

Night 

Total (n-4) 34 to 71 0.79 ± 0.04 

Elemental (n-3) 4.6 ± 0.7 0.46 to 0.72 


Day 

Total (n-2) 11 to 24 0.66 ± 0.01 

Elemental (n-1) 4.8 ± 0.7 0.25 ± 0.02 


"Traffic Site" 

Day 

Total (n-3) 14 to 24 0.17 to 0.47 

Elemental (n-1) 6.1 ± 1.0 0.18 ± 0.03 


Ralei&h· NC 

"Residential Site" 

-Day-(' ' ! • 

Total (n•4) 23 to 80 0.95 ± 0.06 

Elemental (n-1) 3.2 ± 0.2 o.. 68 ± o.o4 


* Results are reported either as an average of "n" observations or a 
range when results differ by greater than ca. 10%. 
** Average carbon concentrations and standard errors (in µg/m3) for 
total carbon were determined by thermal combustion of particles to COz 
and detected by NDIR. Measurements were made in triplicate on ·1 cm2 
filter aliquots. Elemental carbon concentrations were determined by 
combustion of the carbon residue, remaining from the wet oxidation 
treatment, to C02. The COz was quantified by manometric measurement in 
a calibrated volume.*** fc is the fraction of Contemporary Carbon and the standard,error 
(SE) is la-Poisson counting statistics. In the case where "n" is 
greater than 1, the error represents the dispersion among the d-ta 
points. (Percent contemporary carbon - fc x 100.) 
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Initial field tests for collection of volatile organic hydrocarbons
and aldehydes under EPA's Integrated Air Cancer Project (IACPJ were held 
in Raleigh, NC during the winter of 1985. Sampling was conducted durfng 12 
hour (7:00-7:00) daytime or nighttime periods. Hydrocarbons were 
collected by pressurizing 6 liter ·11 Su11111a polished" stainless steel 
cylinders. Aldehydes were collected as 2,4-dfnitrophenylhydrazone (DNPH)
derivatives using impingers and cartridge collection methods. Sampling
locatf ons included the primary outdoor site located in a residential 
neighborhood, a rural background site and inside and outside three homes 
operating wood stoves. Non-methane hydrocarbon levels at the primary site 
ranged from 150 to 850 ppbc while total carbonyls ranged from 3 to 35 ppb
(v/v). Benzene levels ranged from 5 to 32 ppbc while formaldehyde levels 
ranged from 2-14 ppb. Hydrocarbon levels and distributions in the homes 
were similar inside and outside with a few noted exceptions. Carbonyl
levels, however, generally were much higher inside than outside. Ttte 
elevated carbonyl levels observed inside the homes is likely due to 
factors other than the presence of a wood stove. 
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Introduction 

The Integrated Air Cancer Project (IACP) is a long term 
interdisciplinary research program to develop scientific methods and 
databases for identifying the major sources of carcinogenic chemicals 
emitted into the air and/or arif ing from atmospheric vansformation of 
chemicals emitted into the air. Initial field studies were conducted 
during the winter of 1985 in Raleigh, NC. Raleigh represented a 
simplified air shed impacted mainly by residential wood combustion and 
motor vehicle sources both of which can contribute substantially to the 
mutagenic activity found in ambient air samples. A limited amount of 
volatile organic hydrocarbon and aldehyde sampling was conducted during
February and March 1985 while methods and protocols were being developed.
Most samples were collected at the primary outdoor site located in a 
residential neighborhood and both inside and outside three homes operating
wood stoves. A few samples were also collected at a rural background
site. All sampling was conducted during 12 hour (7:00-7:00) daytime or 
nighttime periods. 

Experimental Methods 

Gas phase hydrocarbons were collected in 6 L "Summa" polished stainless 
steel c:fnisters using a sampling apparatus similar to that described by
01 iver. The initially evacuated canisters were filled by pumping the 
sample through a flow controller at about 20 cc/min. resulting in a final 
pressure of about 21 psig after 12 hours. The canister samples were 
quantitatively analyzed by GC/FID using a modified Nutech model 320 
cold-trap thermal-desorption system for sample concentration and 
injection. Typically, a 1.5- to 3.0-L sample was injected. The C2's and 
C3's were separated on a 12 foot by 1/8 inch stainless steel silica gel
column maintained at 30°C while the rest of the hydrocarbons were 
separated on a Quadrex lOOm by 0.5 mm soft glass capillary coated with 
7.5% hydrophobic silica using a temperature program from -80 to +140°C 
Details of the hydrocarbon analytical procedures are available elsewhere. 4 

Aldehydes were trapped as their 2,4-dinitrophenylhydrazine (DNPH}
derivatives and analyzed by high performance liquid chromatography (HPLC}.
While a few aldehyde samples were initially collected using classical 
impinger techniques (acidified solution of DNPH in acetonitrile) for 
comparison, the majority of samples were collected using a cartridge
technique. Briefly, prepacked silica gel cartridges were coated with an 
acidified solution of DNPH in aceton1trile (ACN) and excess solvent 
removed by blowing carbonyl-free nitrogen through the cartridges. The 
cartridges were used as direct probes and traps for sampling ambient air 
when the temperature was above 10°C, and a heated glass probe and manifold 
used when ambient temperatures were below 10°C. Sampling flow rates of 
ll/min. were controlled using mass flow controllers or needle valves and a 
recording mass flow meter. The cartridges were eluted with 5 ml of ACN 
for analysis. Dettt;ils on the cartridge sampling and analysis procedures 
have been reported. 

Results 

The majority of sampling took place at night (7 P.M.-7 A.M.} at the 
Raleigh primary s"ite. The primary sampling site (Quail Hollow Swim Club) 
was located in a residential neighborhood about one mile from two major
roadways. Sampling periods encompassed a variety of meteorological
conditions which affected the impact of wood stoves on air quality.
Figure 1 shows the total NMHC levels in ppbc measured for several sampling 
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periods and hydrocarbon distribution by compound class. Both are plott~d
against the fine dichot particulate levels which varied from 19-129 µg/m • 
The fine particle loadings are an indication of wood smoke impact, with 
normal ambient levels in Raleigh being <25 ug/m3. (An atmospheric
inversion leading to high wood smoke particulate levels does not of course 
necessarily mean that the vapor phase was also mostly wood smoke related, 
Mobile sources might also be expected to contribute substantially. The 
current data set, however, is too small to perform apportionment
calculations on the vapor phase.) Total NMHC levels ranged from 150 to 
840 ppbc but did not show any particular correlation with particula1!e
levels although both did exhibit maxima for the same sample period.
Paraffins are the most abundant class of hydrocarbons for all samples
ranging between 49 to 60% of the total NMHC. Aromatic hydrocarbons were 
generally the second most abundant class ranging from 18 to 26% of total 
NMHC. Olefins ranged from 7 to 24% of total NMHC. Unidentified compounds
typically averaged about 5% of the total NMHC. In general, the 
distribution observed for Raleigh is similar to those observed in 29 other 
urban areas across the ceuntry {sampling during su1m1ers of 1984 and 1985 
between 6 A.M.-9 A.M.). Benzene levels for these same sample periods
ranged from 5 to 32 ppbc and averaged 3.1% of total NMHC. 

Carbonyl concentrations observed at the primary site ranged from 3 to 
35 ppb {v/v). Figure 2 shows the average distribution of carbonyls
observed at the primary site. Formaldehyde, acetaldehyde, acetone,
butyraldehyde, acrolein, propionaldehyde and x-butyraldehyde make up 95% 
of the total carbonyls. All the carbonyls in figure 2 which are preceded
by an "x" indicate the sumation of one or more unknown carbonyl
derivatives which have retention times similar to known standards, e.g., 
one or more unknowns eluting near butyraldehyde between crotonaldehyde and 
benzaldehyde have been summed and labeled as x-butyraldehyde. Actual 
carbonyl levels observed on a ppb (v/v) basis were: formaldehyde 2 to 14; 
acetaldehyde 1 to 8; acetone 2 to 4; and acrolein 0.1 to 2.8. All other 
a 1 dehydes generally were 1 ess than 1 p'pb. Severa1 a 1 dehydes which we 
normally monitor were not detected at the primary site, i.e., 
hexanaldehyde, 2,5- dimethylbenzaldehyde and the three tolualdehydes. 

Only a few hydrocarbon and aldehyde samples were concurrently
obtained from the background site and primary site. The background site 
was 1ocated about 20 mil es from the primary site in a rural area near 
Falls lake. All sampling periods at both sites corresponded to particulate 
levels <25 µg/m3. Class distribution of the NMHC's were about equal, but 
the total NMHC at the primary s 1 te averaged twice the background s 1 te. 
Total carbonyl levels were similar at the both sites for two of three 
sampling periods while the primary site level was twice the background
site for the third sampling period. Background formaldehyde levels ranged
from 0.9 to 1.4 ppb while the primary site values ranged from 1 to 2·ppb. 

Three homes with wood stoves were selected for fndoor 
microenvironment studies as part of the Raleigh effort. Concurrent 
samples were taken inside and outside each home to estimate exposures
which may result from an inside source as opposed to intrusion of wood 
smoke from outside. All the homes in the study were occupied by non 
smokers. Residence #1 had a top loading free standing stove while resi 
dences #2 and #3 both had fireplace inserts. The air exchange rates for 
re!tdences #1- #3, determined by SF6, release were 0.42, 0.39, and 0.57 
hr respectively.

Tab1 e I 1ists some of the carbonyl and hydrocarbon data for the 
residence study. All samples were taken during the nighttime sampling
period. Interferences were expertenced with the chromatography of 
residence #3 hydrocarbon samples which prevented determining accurate 
·distributions. The NMHC class distributions were similar for residences 
#1 and #2 except for the aromatics inside residence #1. This increase is 
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essentially due to a high concentration of naphthalene. Residence #1 had 
a noticeable smokey odor inside and the naphthalene levels may be related 
to wood stove emissions. Formaldehyde, acetone and acetaldehyde were the 
most prevalent carbonyls in all three homes except for residence #3 which 
had notably higher levels of two unknowns, x-valeraldehyde and 
x-dimethylbenzaldehyde. All three residences had much higher formaldehyde
levels inside than out while both residence #1 and #3 generally had higher
inside levels of all carbonyls relative to the concurrent samples from 
outside. Carbonyl samples obtained inside residences #2 and #3 during the 
daytime sample period (stoves not in active use} were similar to the 
nighttime sample period. This would seem to indicate inside carbonyl
levels may not be effected by wood combustion as much as by other domestic 
activities such as cooking and/or particular furnishings or construction 
materials. 

CONCLUSIONS: 

The Raleigh IACP study relative to hydrocarbons and aldehydes
resulted in some general observations with the caveat that the data set is 
limited. 

1. The distribution of NMHC at the Raleigh primary site was similar 
to other U.S. cities. 

2. Over 95% of the carbonyl levels measured were due to only 6 
compounds of which forma 1dehyde, aceta 1 dehyde and acetone were the most 
prevalent.

3. Carbonyl levels definitely appear higher inside homes and may not 
be related to wood combustion. 

4. Elevated levels of naphthalene inside one home coincided with a 
noted smokey odor. 
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TABLE I. HYDROCARBON AND CARBONYL DATA FROM RALEIGH RESIDENTIAL STUDY 

===================•:==================··=====·======•======·=··=·====· 
RESIDENCE #1 RESIDENCE #2 RESIDENCE #3 

IN OUT IN OUT IN OUT 

% Paraffin 51.66 61.65 54.39 53.42 
%Olefin 13.69 14.00 16.65 17.94 
%Aromatic 26.81 14.05 19.84 21.36 
Total NMHC (p~bc) 434.31 525.99 1081.14 911.28 
Benzene (ppbc 7.65 8. 77 22.01 23.02 B.20 8.73 
Naphthalene (ppbc) 30.05 1.57 3.03 2.88 0.36 1.54 
Carbonyls (ppb, v/v) 
Formaldehyde 13.07 2.86 14.53 7.27 21.98 2.18 
Acetaldehyde 5.16 1.34 4.80 4.44 8.46 1.25 
Acrolein 1.94 0.31 0.63 1.47 0.74 0.18 
Acetone 7,95 1.70 4.72 4.32 6,99 1.81 
Propfonaldehyde 0.67 0.22 0.54 0.67 0.91 0.21 
Butyraldehyde 0.83 0.41 0.93 1.08 1.40 0.78 
Benzaldehyde 0.13 0.05 0.11 0.27 0.41 0.12 
x-Butyraldehyde 0.20 0.51 0.55 0.70 0.01 0.23 
x-Valeraldehyde 0.37 0.26 0.33 0.40 3.97 0.19 
x-Oimethylbenzaldehyde 1.07 0.20 0.97 0.65 4.30 0.43 
Total Carbony1s 32.50 8.21 28.18 22.31 49.45 7.78 
==========••=•=======•========•=====•=•==m===••~a•=•=•=•=•=••••••~••=•• 
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Progress Toward Identifying Source Spec1ff c Tracers 

Raymond G. Merrill Jr. 
Roy B. Zweidinger. and Randall Watts 
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Research Triangle Park. North Carolina 2711 

Susan Razor 
Acurex Corporatf on 
Research Triangle Park. North Carolina 27709 

Identifying organic source specific tracers is important to any
integrated approach to human exposure. Several efforts to find source 
specific tracers have been conducted starting 1n earnest in the early 
1970's. Emfssfons from wood heating appliances have been the most 
difficult to trace. Using literature data on the concentration of 
co11111only analyzed compounds such as· those fr°"' the class known as 
Polycyclic Aromatic Hydrocarbons (PAH) has met with 1ittle success 
because too few of the members of the class are reported. quant1tat1vely 
or because only one compound was used to establ1sh the relationsh1p 
between the source and its emissions. Two approaches are currently 
being pursued 1n the Integrated Air Cancer Program to fdent1fy source 
specific organic tracers. The use of co11111only sought compounds, such as 
PAH, is being reevaluated using mult1varfent mathematical techniques.
There appears to be a hfgh correlation between fnd1v1dual PAH compounds
in samples acquired directly from wood stoves. These corre1attons also 
appear to occur 1n ambient air samples dominated by res1dent1al wood 
combust1on emissions. A second approach involves 1dent1ftcation of 
organic coq>ounds unfque to the COlllbust1on source of interest. Several 
compounds from wood combustion appear to be candidates for unique 
tracers. Current progress toward 1dent1fy1ng source spec1f1c tracers 
and quantitative relat1onsh1ps between them will be discussed. 

Introduction 

As part of EPA 1s Integrated A1 r Cancer Program (JACP) and EPA's 
Wood Stove Emfss tons program, severa 1 approaches are be1 ng investigated
to ffnd source specfff c parameters and if possible source tracers from 
wood stove emissions. Emissions from wood stoves nave been difficult to 
relate to human exposure due to the complexity of the source operation 
characteristics. Two approaches are being followed to 1dent1fy source 
tracers from wood stoves. One involves the apparent assoc1at1on or 
correhtf on between members of the class of COl!pounds known as 
Polycyclic Aromatic Hydrocarbons. The other involves ident1f1cat1on of 
compounds un1que to the wood combustion process. In either case, one of 
the major goals of th1s aspect of IACP 1s to f1nd a unique math.emat1cal 
relat1onsh1p whfch will allow the contribution of wood stove emfss1ons to 
be evaluated 1n a c~lex air shed. 
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Experfmental Methods 

Source samples were collected from various types of wood stoves. The 
types included catalytic and conventional noncatalytic as well as high
technology nancatalytfc. Several fuel types were also eva1uated including 
pine (cured and uncured), oak (cured and uncured), and douglas fir. Multiple 
tests were performed ta evaluate the effect of burn rate on the emissions. 
For the pfne and oak fuel was added to the stove twice during each burn. 
At the low burn rate each fuel charge was approximately equal to one third 
of the firebox volume. At the high burn rate the fuel charge was increased 
ta two thirds of the firebox volume. {l) The douglas fir burn rate was 
established by the proposed New Source Performance Standard method for 
wood stove certification. (2) A single charge was placed into the hot stove 
and burned at one of 4 rates: one low, two medium and one high over a 
range of BTU output rates specific to each stove. 

Samples were collected from wood stove sources using either of two methods, 
Modified Method 5 (MM5)(4) or Wood Stove Dilution Sampling (WSDSS)(4).
Ambient samples were collected using a 10 um H1-Vo1 sampler (5}. Sample
preparation was performed by soxhlet extraction of filters (from all sampling
methods) and porous polymer (from MM5 and WSDSS}(6). 

For samp1es taken directly from the wood stove flue gas by MMS the combina
tion of filter and sorbent extract was analyzed as a single sample without 
the aid of a cleanup step. For WSOSS samples PAH were isolated from extracts 
usfng solvent elution through s111ca and analysis was conducted on the 
filter and sorbent extract separately. Results for WSDSS are reported as 
the combined amounts found in both train components. 

Analysts for PAH was performed on source samples using gas chromatography/ 
mass spectrometry (GC/MS){7) and on ambient samples using high performance
liquid chromatography (HPLC) with fluorescence detection. (8,9) Calibration 
of each technique was performed with analytical standards for 16 specific 
PAH over a range of concentrations encompassing the sample concentration. 
GC/MS was chosen for the source samples because the concentration of PAH 
from typical samples was well w1thfn the range of sensftivfty for this 
technique. HPLC/fluorescence was used for the ambient samples to allow 
quantitatfon of PAH compounds as much as a factor of 1000 less than the 
source samples. 

Results 

Screening of wood stove emission samples generated a list of tentative 
tracer compounds (not including PAH) shown in Table 1. Evaluat1on of the 
presence and concentration of these compounds in f1el'd collected source and 
ambient samples is ongoing. Two classes~ benzfurans and methoxy phenols, 
seem to contain the best candidate tracer compounds. 

Combined data fram all source sample analyses are shown in Figures 1 and 
2. Data from the ambient air samples collected fn Alaska are shown in 
Figure 3. Data for the ambient air samples collected 1n Raleigh are 
shown 1n Ff gure 4; 

Relations were determined between PAH in a pa1r w1se manner using
linear regression statistics. Values for s1gnif1cance were determined 
by the number of data points and the correlation coefficient of the 
regression line. Values greater than .15 were sfgnfffcant above randomi 
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however, only correlations with correlation coefficients greater than or 
equal too.a were used to select individual pa1rs of PAH presented here. 

Conclusions 

PAH Relationships 

Combustion of wood, which contains lign1n, produces several compounds
which appear to be characteristic of woodstove emission. In addition 
there appears to be a high assocfation among several of the PAH fn 
samples acquired directly from wood stoves. These PAH compounds are 
formed in ratf os that seem to be independent of stove type, wood species 
or burn rate. Using linear correlations between members of the set of 
PAH provides a better measure of the relationships than simple ratios. 
The same PAH ratios found in source samples also occurs in ambient air 
samples dominated by residential wood combustion emissions. 

The findings have several potential uses. lf the specific tracer 
compounds such as the methoxy benzenes prove to be unique tracers for 
wood combustion emissions then the concentration of these co~ounds 
can be used 1n classic source receptor/source apportionment modeling. 

If the ratio of selected PAH are constant from wood stoves as they appear 
to be, and if d1fferent ratfos exfst for dffferent sources then 
mathematical techniques are available to apportion the contr1but1on of 
wood stoves 1n a complex a'rshed sample. They can be used to predict the 
concentration of severa1 health related compounds in wood stove em1ss1ons 
w1th on1y the data on one 1n the group. Risk estimates can be refined 
by the ability to use the ratio of one PAH to predict the concentrations 
of other potentially hazardous PAH compounds in the class. Oemonstrated 
control of one member of the PAH class can also be used to predict the 
control for other members where the relation or ratio exists. 
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Table 1 

Tentative Identification of 
Major Compounds/_Compound Classes Found in Wood Stove Emissions 
·==·=··=····=·=···=···=·=········~---·························· 

Fu rans Ket ones Alcohols 
------------------~----·---~--------------------··-~--------·--methyl furan 
benzofuran 

furanyl
ethanone 

phenol
cresol 

methylbenzofuran
furfural 
di hydro-dimethyl

furan 
furanone 
bifuran 
methylfuran

carboxaldehyde 
di benzofuran 
naphthofuran
methyldibenzofuran

acetophenones 

butanedtone 
hexaned1one 
propanone 
methyl furanone 
ethyl furanone 
dimethylbenzo

furanone 
acetophenone
alkyl

acetophenones
hydroxy
methyoxypropyl
a l kyl cyclo

alkyl
phenoh

ethyl
benzenediol 

methoxypropenyl· 
phenol

hydroxymethoxy
phenylacet1 c actd 

methylbenzened1ol
biphenylol
nonaned1ol 
pentadecanol
dodecanediol 

penteneone 
pyranone
hydroxymethyl

pyranone
fluroenone 
phenanthrenedi on.e 

··································-····························· 
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THE MUTAGENICITY OF AMBIENT AND SOURCE SAMPLES FROM 
WOODSMOKE-IMPACTED AIR SHEDS 

Larry D. Claxton1, Sarah H. Warren2, Virginia s. Houk1, Joellen Lewtas1 
1Genetic Bioassay Branch 
Health Effects Research Laboratory 
u. s. Environmental Protection Agency 
Research Triangle Park, North Carolina 

2Environmental Health Research and Testing 
Research Triangle Park, North Carolina 

Objectives of the u. s. EnvironiilElntal Protection Agency'• Integrated 
Air Cancer Project include the identification of major sources that emit 
genotoxioants into the air and the identification of theee genotoxieants, 
As part of the project conducted in Raleigh, NC and Albuquerque, NM, ambient 
and source samples from woodsmoke-impacted air sheds were collected, ex
tracted, and bioassayed for mutaqenicity. The assay used was the Salmonella 
typhimuriwn plate incorporation assay using strain TA98 both with and with• 
out exogenous metabolic activation (89). In contrast to roadway and back
ground samples, woodetove source and woodsmoke-impacted ambient samples 
that were mutaqenic increased in mutagenic response when S9 wa1 present. 
The mutagenicity of the laboratory woo4Btove source sample• wae very compa• 
rable to woodstove source sample• collected d~rectly from the homes within 
the study. In general, woodsmoke•impacted ambient ••plea showed lllOt'e 
mutagenioity per cubic meter air when sampled in the •••ninq than when 
sampled in the morning hours. 
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Introduction 

Air pollutants in the form of particles, vapors, and gases can exist in 
any urban environment. It has been recognized for a number of years that 
such pollutants, which are often the end products of combustion processes, 
are of health concern1,2,3. In the 1960s, it was shown that organic extracts 
of urban particulate matter caused skin cancer when painted on mice3,4, The 
major anthropogenic sources of this bioactive organic matter in urban areas 
appears to be heating sources, power generation, transportation, waste 
incineration, and industrial processes5, 6, 7. Since prokaryotic bioassays 
require only a fraction of the material necessary for ll\Ouse skin carcinogen
icity studies, these systems (e.g., the Ames Salmonella mutagenicity assay} 
have been used extensively in recent years in the evaluation of airborne 
particulate organic matter, especially for the evaluation of potential 
carcinogenicity8, 'l'he Inteqrated Air Cancer Project I IACP) 9 has taken 
advantage of the correlation between the bacterial mutagenicity and animal 
carcinogenicity of combustion organics 10 by using Salmonella typhimurium 
bioassays for mutagenicity in order to compare the qenotoxicity of wood
smoke-impacted airborne particulate samples. This study has compared the 
mutagenicity of laboratory source samples, residential source samples, and 
ambient air samples. 

Experimental Methods 

The samples bioassayed were those collected and processed as part of 
the IACP studies in Raleigh, North Carolina and Albuquerque, New Mexico. 
The collection and preparation of samples is described more fully in a 
companion publication11, The types of ambient air (AA) and source samples 
(SS) collected and their designations are as followsi 11 laboratory wood
stove source samples {laboratory SS), 2) residential (home) woodstove 
source samples (residential SS), 3) woodstove-impacted ambient air samples 
used for source apportionment studies (woodsmoke AA), 4) automotive emis
sion-impacted roadway samples (roadway AA), and Sl ambient air samples from 
a site not highly impacted by woodsmoke (backqround AA). Samples to be 
bioassayed were collected on 'l'eflon-coated glass fiber filters, extracted 
with dichloromethane, and solvent exchanged into dimethylsulfoxide. Sam.plea 
were bioassayed using the Salmonella typhimurium plate incorporation bioaa
say for mutagenicity as described by Ames, et al., (1975}12 and Claxton, et 
!!·• (1987)13, Samples that were to be di~tlY compared were assayed si=' 
multaneously in the same experiment. Each sample was tested at a minimum 
of 5 doses with duplicate plates per dose. Each experiment was replicated. 
A strain study demonstrated that !• typhJ.murium TA98 was the most responsive 
strain to each sample type1 therefore, reeults are reported for this strain. 
All samples were tested with and without an exogenous activation system 
which consisted of 9000-q CD-1 rat liver homogenate {89) as described by 
Ames, !:!:_ al., ( 1975) 12. All data was analyzed visually and by using two 
statistical packages desiqned for bacterial mutagenicity data. The two 
systems used were those of Stead,!!.!!.·• 14 and Bernstein,!! al. 15 Since 
most of the data was linear at the lower doses, all slope values for com
parative purposes were calculated using the method of Bernstein, !l !!·r 15 
and are reported as either revertants per ~g of organic extract or rever
tants per m3 air sampled. 

Results 

The woodemoke AA samplee were those outdoor ambient air samples col
lected at a woodsmoke-impacted site in each city. Figure 1 summarizes the 
results for the Raleigh daytime and niqhttitne woodemoke AA samples teated 
with S9. In general, hiqher mutagenic activity levels per cubic meter of 
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air were seen for the nighttime (7P.M.-7A.M.) samples than for the daytime 
samples. The range of mutagenic activity seen for weekend samples (Figure 
1) was very similar to the range seen for weekday samples. In Figure 2, 
the Raleigh woodsmoke AA samples are compared to the Albuquerque woodsmoke 
AA samples and to the Raleigh roadway AA and background AA site samples. 
For Raleigh, the activity seen with and without S9 was very comparable. 
For Albuquerque, however, the addition of S9 provided nearly a doubling of 
the mutagenic activity level. This may indicate that the Raleigh sample 
was impacted by sources of directactin9 mutagens (e.g., automobiles) to a 
greater extent than the Albuquerque samples. Alternatively, it may indicate. 
that atmospheric conditions in J.laleigh produced a different spectrum of 
atmospheric transformation products. Whether examining mutagenicity on 
a JJg of extractable organic basis or on a per cubic meter of air basis, 
the Raleigh woodsmoke AA samples were clearly more mutagenic than the back
ground and roadway site samples. Source samples were collected directly 
from the woodstove stack outlets of 3 homes in Raleigh and from a woodstove 
tested under laboratory conditions using the woodstove source dilution 
sampler. The range of activity, on a revertant per JJg organic material 
basis, was very similar for the home and laboratory source samples (Figure 
3). Again, it is quite apparent that the mutagenic response is enhanced 
when S9 is added to woodstove organic emissions. 

Conclusions 

These studies indicate that the particle-bound organic emissions from 
woodstoves are muta9enic in a bacte~ial screening assay. The mutagenicity 
of these organics is enhanced by the addition of a microsome-containin9 
exogenous activation system. In general, woodsmoke-impacted ambient air 
sampled at night was more mutagenic (revertant per m3) than air sampled 
in the daylight hours. These airsheds, in turn, were m0re mutagenic than 
the roadway AA and background AA airsheds. The mutaqenicity of ambient air 
in Ralei9h and Albuquerque during woodburnin9 periods were similar1 however, 
the Raleigh data demonstrated less indirect (S9-requiring) mutagenic activ
ity. The study also showed that laboratory and home source samples, simul
taneously tested, 9ave similar results. 

Disclaimer 

The research described in thi• paper has been reviewed by the Health 
Effects Research Laboratory, u.s. Environmental Protection Agency and 
approved for publication. Approval does not siqnify that the contents 
necessarily reflect the views and policiea of the Agency nor doe• mention 
of trade names or commercial products constitute endorsement or recommenda
tion for use. 
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FIGURE 2. SALMONELLA REVERTANTS PER CUBIC METER AIR 
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IACP EMISSIONS: TRANSFORMATIONS ANO FATE 

L. T. Cueitt and L. o. Claxton 
O. s. Environmental Protection Agency,
Research Triangle Park, NC 27711 

P. B. Shepson and T. E. Kleindienst 
Northrop Services, Inc. 
Research Triangle Park, NC 27709 

Diluted emissions from wood stoves and automobiles were irradiated fn a 
Teflon smog chamber to simulate their photochemical transformation in the 
atmosphere. Throughout the experiments, the chemical composition and 
physical properties of the gaseous and aerosol-bound complex mixtures were 
monitored. The mutagen1c1ty of the gas-phase co""onents and of the aerosol
bound chemicals were measured both before and after 1rrad1at1on. Transfor
mation of the dilute wood smoke occurred readily under all conditions 
tested: with and without added NO, with artificial il,um1nation and with 
natural sunlight, at outdoor temperatures or at room temperature. As the 
photochemical reactions progressed. the volume of the aerosol-bound organics 
was seen to increase, suggesting that transformation products were condens
ing to form add1t1ona1 aerosol-phase materials. 

The gas-phase reactants and products were tested for mutage·n1 c act i 1ity 
by exposing Salmonella typh1murium, strains TA 98 and TA 100, to the 
filtered effluent. Filter samples of the starting materials and the 
transformed products were collected, extracted, and tested for mutegenic
activity in the same bacterial strains by using a sttndard plate 1ncorpora
t1on test. The transformations caused a dramatic change 1n the· mutagenic
activity of the gas-phase components. Comparisons of the mutagenic activity
between the gas-phase and aerosol-bound chemicals have been esttmated. When 
the mutagenic1ty 1s expressed in units of revertants per cubic meter of air, 
the gas-phase reaction products are found to be the most mutagen1c. 
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Introduction 

The Integrated Air Cancer Project (IACP) has focused on emissions from 
residential wood combustion (RWC) and from automobiles. As a part of the 
IACP. simulation experiments were conducted to characterize the atmospheric 
transformations of these complex mixtures. This research effort focused on 
three main questions: (1) Are transformations likely to occur? (2) If 
transformations do occur. what changes in chemistry and mutagenicity are 
induced? and (3) What is the relationship between gaseous and aerosol-bound 
mutagens? 

Experimental Methods 

A schematic diagram of the 22.7 m3 reaction chamber used for most of 
these experiments is shown in Figure 1. The chamber is housed in a truck 
trailer and consists of a 7.5 m long cylinder of Teflon film suspended 
between two aluminum end plates. each of which is coated with fluorocarbon 
paint. Irradiation is accomplished by means of blacklight and sunlamp
fluorescent bulbs which surround the chamber. Oak logs. from the Research 
Triangle Park area of North Carolina, were burned in a commercially avail
able wood stove. A portion of the wood smoke was introduced into a dilution 
tunnel and mixed with ambient air to cool the mixture. The diluted emis
sions were then used to fill the chamber to the desired concentration.l A 
few, preliminary experiments have recently been conducted using automobile 
emissions. The experimental set up is identical to Figure 1. except that 
the wood stove was replaced by a 1980 catalyst-equipped Toyota Corolla 
operating at high idle conditions and burning a "supeS unleaded" grade of 
gasoline. For a few wood smoke irradiations, a 9,0 m outdoor Teflon smog 
chamber was used. The outdoor chamber was at ambient temperatures and used 
only natural sunlight. 

Four chambers were used for exposure of Salmonella t~phimurium, strains 
TA 98 and TA 100, to the various gaseous mixtures. The c ambers are 190-L, 
rectangular, Teflon-coated containers capable of holding more than 50 test 
plates. "Surv1vor" plates were routinely included for detection of toxicity 
effects. The test mixtures were flushed through the bioassay exposure 
chambers at 14 L m1n·l, and exposures of the bacteria to the gaseous 
mutagens was accomplished simply by uncovering the glass Petri dishes 
containing the bacteria and permitting the mutagenic materials to dissolve 
into the plates. If one assumes that the "dose" is proportional to the 
exposure period, a type of dose-response curve can be generated conveniently 
by allowing various groups of plates to remain uncovered for differing 
periods of time. Ihe details of the mutagenfcity testing have been de· 
scribed elsewhere. -J Particulate samples from each of the test streams 
were collected on Teflon-coated glass fiber filters identical to those used 
in the ambient IACP field study. Mutagen1c1ty testing of the particulate 
extracts was accomplished using the Ames standard plate incorporation test,4 
Four distinctive air streams were tested: the clean air used to replenish
the chamber as samples were withdrawn, the ambient air used in the dilution 
tunnel, the reactants, (i.e •• the diluted wood smoke or auto exhaust prior to 
irradiation), and the chamber effluent (i.e., the diluted emissions after 
irradiation). 
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In several experiments, two bioassay exposure chambers were used in 
series to test the effluent from the reaction chamber. Not all of the 
gaseous mutagens entering the first bioassay exposure chamber are removed by
the test plates. Data from the second chamber permits a better estimate of 
the total vapor-phase mutagenicity in the test air stream. The calculated 
gaseous mutagenicity may still be a lower limit estimate, however, since 
non-polar mutagens are not likely to be efficiently removed, even by two 
chambers in series. 

The experiments were conducted by filling the reaction chamber with the 
wood smoke or automotive emissions to the desired concentration (*15 ppm
Carbon}, adjusting the NOx concentration, if necessary, and then irradiating 
the mixture until an ozone maximum was reached. The lights we~e then turned 
off, and the effluent bioassay exposures were begun. For most of the wood 
smoke irradiations, additional NO was added to the system to increase the 
extent of reaction and to bring the hydrocarbon to NOx ratio more in line 
with those measured in urban and suburban areas.5 Additional NO was not 
needed for the experiments involving automotive exhaust. Irradiation of the 
outdoor chamber was controlled by removal and re-installation of an opaque 
cover. The wood smoke irradiations usually took from one to two hours to 
reach the ozone maximum, while the automotive exhaust experiment was 
irradiated for about 5 hours. The biqassay exposures typically lasted up to 
10 hours. Throughout the bioassay exposure period, the sample withdrawn 
from the reaction chamber had to be continuously replaced with clean air. 
This meant that the mutagens in the reaction chamber became more and more 
dilute w1th time (•4.5' per hour). An "effective" exposure t1me was calcu.. 
lated for the effluent bioassay chamber to account for the effects of 
dilution. · 

Results 

Changes in the chemical composition and nutagenic potency were readily
observed for all irradiation conditions. Table I lists the initial and 
final concentrations of a variety of chemicals observed during three of the 
wood smoke irradiations. Experiment Awas conducted with dilute wood smoke 
alone, while experiments Band C contained additional NOx• The addition of 
NOx to the dilute wood smoke irradiations caused the system to react more 
completely and to produce even more mutagenic products than did Experiment
A. Similar experiments conducted i~ the outdoor chamber gave essentially
identical results for both chemistry and 111.1tagenicity, despite differences 
in the light intensity and distribution and the somewhat lower (by 9x C} 
temperatures. Irradiation of the wood smoke mixture caused the aerosol 
volume distribution to increase, suggesting that transformation products may
be condensing out on the aerosols. The mutagenicity of both the gas-phase 
and the aerosol components were measured before and after irradiation. When 
two bioassay exposure chambers were used in series to measure the gas-phase 
mutagenicity, the response in the second chamber was about 3CJI of that in 
the first chamber. This implies that the b1oassay exposure chamber 1s 
around 70I efficient at removing the na.itagens. 

Figure 2 shows the comparison of the rootagen1c1ty associated with the 
gas-phase and the aerosol-bound organics, both before and after irradiation.

3The 111Utagen1city in Figure 2 is reported 1n revertants m· and is shown for 
direct acting mutagens (1.e., without metabolic activation) in two bacterial 



stratns (TA 98 and TA 100). Prior to irradiation, the bulk of the mutagen
icity was found in the particulate phase. After irradiation, however, the 
gaseous tra.nsformation products contribute significantly (80 to 99%) to the 
total mutagenic burden in the air. It should also be noted that the 
mutagenic products proved to be very stable in the reaction chambers. As 
described in the prevlous section, dose response curves were derived from 
exposures which lasted as long as 10 hours after the lights were turned off. 
The dose response curves remained linear over this time period. implying 
that the mutagenic vapor-phase products are long lived. 

lnsertion of an XAD-2 trap into the line between the irradiation 
chamber and the bioassay exposure chamber caused the mutagenic response to 
decrease by more than BO~. Unfortunately, only about 10% of the removed 
mutagenicity was recovered in the XAD-2 extract. Many of the vapor-phase 
mutagens re1110ved by XAD-2 may either be unstable on the adsorbent, or may be 
lost during the extraction and concentration procedures. 

Aseries of preliminary experiments were also conducted us1ng diluted 
exhaust from an idling automobile to fill the simulation chamber. Once 
againt the gas~phase transformation products dominated the total mutagenic
burden after irradiation. 

Conclusions 

Irradiations of complex mixtures invo1v1ng both wood smoke and auto
mobile exhaust have demonstrated that chemical reactions are probable and 
that the gas-phase products which result from these chemical reactions can 
constitute the major portion of the total atmospheric mutagen1c burden. 
Chemical and mutagenic changes were observed for a11 tested conditions {with
and without added NOx; artificial or natural illumination; controlled indoor 
environment or cooler outdoor temperatures), but the mutagen1c response 
seems to increase with increasing chemical reaction. The mutagenic gas
phase products have been shown to be quite stable in the simulation cham· 
bers, ~ith Jifet;mes consfderably longer than many residential exchange 
rates. These results suggest that transformat1on of the gas-phase and 
aerosol components of complex mixtures may contribute sign1f1cantly to the 
total burden of mutagens or carcinogens 1n the environment and should be 
considered \n assessing risk. 
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Table I. 	 IACP Transformation Study: Gas Phase Concentrations of 
Chemicals During Wood Smoke Irradiations (ppb, v/v) 

Experiment A Experiment 13 Experiment C 
Species (No NOx Added) (NOx Added) {NOx Added) 

Initial Final Initial Final Initial Final 
Nitric Oxide 75 0 454 0 461 0 
NOx 135 64 657 252 575 259 
Ozone 0 79 0 467 0 696 
CO (ppm) 33.5 32.0 38,0 33.4 38. 7 35. 5 
Ethylene 702 652 537 313 847 439 
Benzene 68 62 62 50 102 68 
Toluene 27 16 62 15 24 10 
Formaldehyde 325 381 259 365 229 383 
Acetaldehyde 140 106 88 109 57 75 
PAN 0 52 0 174 0 232 
HC (ppm-C) 20.6 19.1 16,4 13.2 17.2 15.0 
HC/NOx 153 25 30 

Figure Captions 

Figure 1. Schematic diagram of the experimental apparatus used in the IACP 
wood smoke study. 

Figure 2. Graphical comparison of the mutagenicity of the gas- and particu
late-phase 	components of wood smoke, before and after irradiation. 
(The mutagenicity was measured without metabolic activation and is 
expressed in units of revertants per cubic meter.) 
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Experimental Schematic of the Wood Stove, 
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Responsible management of nickel-related health hazards in n indus
trial nvironment requires analytical knowledge, both qualit tiv and 
quantitative, of th various nickel species pres nt in the airborne dust of 
the workplace. A wet-chemical procedure is described which apportions the 
airborne nick 1 species into four categories: (1) water solubl ; (2) 
sulfidic; (3) metallic; and (4) oxidic. The procedure involves subj cting 
the duet to thr sequential leaches with (1) ammonium citr te, (2) hydrogen 
peroxide-ammonium citrate, and (3) bromine-methanol, each of which selec
tively dissolves a numb r of related nickel compounds. The thr e l achat s 
and th final residue are then analyzed for nickel nd possibly for other 
elements. Since r al samples usu lly contain a limited number of compounds, 
this categorization is often ad quate to speci te the sample, The potential 
ambiguity of this approach is compensated by the fact that it can b readily 
implemented in regular analytical labor tori s. The underlying chemistry of 
each leaching step is discuued and its selectivity and compl t n sa are 
evaluat d. The peroxid -ammonium citrate mild oxidativ 1 sch is time
inteneiv (2 h) and r qu'res pH control and small eampl size (<50 mg). Th 
individual le ching methods were teated in an international int rlaboratory 
Progr m and the results arc discussed briefly. 
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ln the past. an increased incidence of respiratory cancer was aasocia
ted with certain nickel refining operations. The compound(&) that may have 
been responsible for thia risk baa not been identified but some researchers 
and regulatora have hypothesized that all forms of nickel should be consid
ered to be potential carcinogena. However, extensive epidemiological 
studies have ahown no nickel-related risk of cancer in the nickel-using 
industriea. or in the great ujority of occupation• in the nickel-producing 
industry. Furthermore, laboratory e~periments indicate significant differ
ences in the carcinogenic potential of different nickel compounds. Given 
the important role nickel plays in our technology, the efficient management 
of risk requires the ability to distinguish quantitatively between the 
different species of nickel in airborne dusts. 

lo universal analytical technique capable of quantifying as well as 
identifying all nickel species present in minute dust samples ii known. 
Researchers are currently trying to solve the problem by instrumental and 
wet-chemical aethoda. Instrumental approaches deal with physical character
istics of atoms, lesa often of molecule&, and uaually require a powerful 
data proceaaing capability. Nearly all of these techniques examine only a 
small area of the sample to the depth of a few micrometers. Thia limitation 
can cauae probl•• dut'ing calibration and speciation as minute amounts of 
airborne dust are often not distributed uniformly on filters. Last, but not 
least, few laboratories have access to the sophisticated instrument• and the 
researcher• with the experience and skills needed to correctly interpret 
results. Speciation by wet-chemical methods, on the other hand. exploits 
the differencas in cheaaical properties of the various phase• found in nickel 
bearing dust1. Such methods utilize all of tbe dust on the filter 10 
non-uniform deposition is not a problem. Row1Ner, the averriding advantage 
of a chemical approach to speciation is that it can be uaed by the majority 
of normal chemical laboratories. 

To be sure, wet-chemical apeciation is seldom as 1ilaple and accurate 
aa conventional vet-chemical determinations of total elemental content a. 
Speciation has problems of its owu especially on a micro acale. such aa in 
the aqalysia of penonal monitor filter1. Of primary concern is finding 
conditions which result in highly •elective separationa. If thia is not 
poaaible, some ambiguity in apeciation will result. However, knowledge of 
the process in the workplace often helps rule out aome phaaea identified aa 
po&1ibilitiea by the apeciation. P'urthermore, the tone propertiu of the 
compounds of a giveii metal are probably related to their wet-ch•ical 
behavior a. 

Experimental Approach 

We developed a procedure for the speciation of nickel-containing 
phaae• based on multiple aequential leaehing of a duat aample with reagent• 
of iltcreaaing ch•ical 11power". Three aelective leac~u were u1ed - -oniwn 
ci,trate, hydrogen peroxide-ammonium citrate, and bromine-methanol aolution• 
- followed by a final decoaposition of the insoluble leach re•idue by nitric 
and percbloric acids. The four aolotiou so obtained 11ere aulyzed for 
nickel by normal atlll!lic abaorption or pla111& emission method•. Wickel com
poUlld• present in the ample were thu• divided into the four group• which 
are identified iu -Table 1. Tbe procedure vu teated on Jmall lamplea 
(<50 mg) of fine du1t1 (<45 ~m) frOll the mill, ftlelter, and refinery, indi
vidually and in aixturee. The 1imple four-fold categorization of the great 
variety of induatrially important nickel compound• sea1 adequate at real 
duet 1a111ples u1ually contain only a limited number of differnt nickel
bearing 1pecie• and the1e can usually be deduced from the origin and biatory 
of the sample. 



Results 

Soluble Nickel 

Soluble nickel compounds are leached with a O.lM aolution of ammonium 
citrate (pH 4) rather than water. The citrate solution acte aa a buffer and 
so ensures leach reproducibility by minimizing effects caused by foreign 
hydrolyzable salts, At the same time, complexing ability of the citrate ion 
toward higher-valent elements, such as iron(III), prevents unwanted precipi
tation of hydrolytic products. Citrato complexes of nickel are relatively 
weak, the most stable being NiCit- (log k • 5.4), and thus do not change the 
water solubilit:Y of "in•oluble" nickd compounds, 

The diuolution of nickel from basic nickel ulu, for inatance 
NixCOH)y(S04)z,aq, with water or ammonium citrate is incomplete and decrea1
es with increasing basicity. Up to half of the contained nickel ha• been 
found to be leached from nickel carbonate and nickel hydroxide. 

Sulfidic Nickel 

Thia catego-r, comiriaea a large variety of nickel c019Pouuda, the 1D01t 
important of which are aulfides. Leaching with mild oxidizing solutions, 
all containing hydrogen peroxide, waa proposed 1• 2 • 3 for the selective 
deter111ination of uickel sulfide in binary mixturea with oxidic nickel. 
Othere" reported poor re1ulte and i~complete 1ulfide extraction• with one 
such mixture of hydrogen peroxide and ammonium citrate1 • By extendve 
study, we found that a mixture of 1 volume of 30% hydrogen peroxide and 2 
volumes of O.lM ammonium citrate produced consietent reeult1 provided the 
•olution pH wa1 kept near 4. A minimum of two bour1 wa1 u1ually nece11ary 
to ensure complete leaching of the •ulfide pbaee from a 10-20 1111 portion of 
dust. The reaction proceed• with formation of 'thioaulfate a• the product of 
oxidation~ 

Ni3S2 + SH202 + 3HCit2- • 3NiCit- + 82032- + OH- + 6B20 (1) 

2NiS + 4H202 + 2HCit2• • 2NiCit- + 82032- + SH20 (2) 

Of the two nickel sulfides, S-NiS diaaolvea more •lowly, It i• worth notina 
that a• the 1ulfidea di11olve, the pH would increase if not for the buffer
ing ability of the leach aolution. 

Nickel compound• other than 1ulfidH which fall into tbie cateaory 
include anenidee, eeleoide.t and telluridee. All were fouad leachable by the 
peroxide-citrate •olution, tbough at vat)'iu• raha, ae 1how in Table II. 
Ten mg 1amplu of NiAs, Ni11A•s and RiSe diuolved within two houri, NisA.12
and NiTe reacted at a much •lower rate and &lllOlt 20 hour• were needed to 
di1solve 10 mg portions. Fortunately, the•• compound• are pre1ent in amall 
l.lllounta, if at all, in dust• from the nickel induat-r,. 

Teets with pure metll lic nickel •bowed that at pH 4 it vaa not 
attacked by the peroxide-citrate aolution. However, it vaa deemed neceaaary 
to verify that tbi1 •electivity was not impairecS by •ide reactions, 1ucb a• 
cementation or aurface activation, caueed ••Y by the leacbina of copper and 
Ri3S2 from plant du1t1. An bl-depth leachiq •tudy of metal lie ph&HI 
(carbonyl nickel aad ferronickel powder) 1boved that only 0.3 to 0.6% of tbe 
nickel diuolved after four hours. The leac:b:Lug of metallic• wae not 
increased by the addition of either copper(tl) O'f thiosulfate. Siailady 
recoveries of leacbable 1ulfidic nickel froa ayntbetic aixtur.. •ad• of 
Ri3B; 1 chalcopyrite concentrate, nickel or ferrooickel povder:e aud 101uble 
cupr1c •alt were aatiefactoty (91-96%) after two houri of leacbiQ&. 



Metallic Nickel 

Separating metallics from oxides by selective leaching baa been a long 
established practice. A variety of oxidizing solutions ranging from silver, 
mercuric or cupric salts to chlorine5 or bromine 6 in alcohol were used. 
Metallic nickel, pure or as ferronickel, readily dissolves in a solution of 
bromine in methanol (3% v/v). Sulfidic nickel species which have not been 
remaved by a prior peroxide-citrate leach will also dissolve. Precipitated 
nickel hydroxide or carbonate should be absent aa they are attacked to 
varying extents (0.2-5% Ni leached) depending on the history and composition 
of the specirnen. 

Oxidic Nickel 

All oxidic forms of nickel remain in the final residue. They are 
solubilized by fuming with nitric and perchloric acids. We prefer collec
ting dust on PVC acrylic copolymer filters, such as the Gelman DM Metricel 
membrane, because they are insensitive to humidity fluctuatibns and, unlike 
plain PVC, are easily wet-ashed during oxide dissolution. Complete dissolu
tion of the oxidized nickel phases can be assured only by fuming with 
percbloric acid assisted, in extreme cases, by added hydrofluoric acid. 
Analysts occasionally underestimate the refractory nature of oxidized nickel 
phases and, upon leaching the sample with aqua regia only or not heating the 
perchloric aeid to high enough temperatures, report nickel values which 
suffer from an extensive low biaa. 

First Interlaboratory Test Program 

The first interlaboratory program for the determination of diverse 
nickel phales in airborne dusts was sponsored in 1985 by the Nickel Produ
cers Environmental Research Association (NiPERA). Twenty laboratories from 
eight countries evaluated the individual selective leach procedure• on four 
bulk samples of dust: two synthetic mixtures and two plant dusts. Each of 
the four procedures was tested on two days using duplicate 10 mg sample por
tions. The small eample size was chosen so as to operate under conditions 
more closely re&l!lllbling those involved in the analyaia of loaded filters. 
The raw data reported by the participating laboratories was treated statis
tically according to ISO 572S7 

, and the outlier• identified at the 95% 
probability level were removed. A final summary is presented in Table II:r8 • 

Considering the small portions analyzed and the inherent problems with 
phase analysis, repeatability "r" and reproducibility ''B." of the reported 
results was generally acceptable. A few results, particularly for total 
nickel in the high grade aample ES-12, appeared to suffer from high bias 
which could be related to weighing or instrument calibration problems. More 
than 85% of all reported data sets paHed the statistical telts. It wa1 
concluded that, with due attention by the analyet to the demands of microan
alytical work, the four leaching methods teated provide a reaaonable ba1i1 
for the speciation of airborne nickel pha•es into four categories. 

A second international program is now underway to teat the 1equential 
leach procedure ueing three bulk eaaples of plant dusts. 
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Table 1. 	 Separation of niclcel-containina phases by a aequence of •elective 
leachea. 

Leach tolutiop 	 Llfshed pic)tel pha1e1 

1 O.lM ammonium citrate 	 Normal 1alt1 
(1ulfate1 chloride, aulfamate,etc.) 

2 

3 Bramine-met~anol 	 Metallic (pure Ii, ferronickel) 

4 Ritric•perchloric acid• 	 Refractory ozide (liO, Ii ferrite, 
dlicate) 



Table 11. 	 Leaching with hydrogen peroxide-ammonium citrate solution (pH 4). 

Recovered by leaching 
lQ mg !!mple!1 ;Ni 

CO!Dppund XRD Lbn. 2Q hrs 

Sulfides lfi3S2 98 100 
13-NiS 94 99 

(Fe,Ni)9Ss 93 100 

Arsenides NiAs (72%) } 100Ni11As8 (28%) 

Ni5As2 (uj or) 62 98 

Ni11As8 (uj or) } 
 100
Ni5As2 (v.minor) 

Selenide NiSe (major) } 100
Ni6Se5 (v .minor) 

Telluride NiTe (uiajor) 73 	 100 

Table III. 	 Interlaboratory testing of the individual selective leach 
procedures on bulk dust samplea. 

H202+ Br2+ UN~+ 
Leach solution: Citrat@ citrate methanol ..m.24

I Ni,td 
Soluble+ 

Soluble+ aulfidic+ 
Soluble+ aulfi.dic+ metallic+ 

Sample Soluble sulfidj.c meta\iic OJidh 

IS-10 	 Grand mean .58 1.87 8,02 10.99 
(aynth.) 	 Repeatability r .070 .095 .74 .37 


lleproducibil ity l .22 .31 2.54 1.17 

Data 1et1 accepted 18 17 20 19 


ES-11 	 Grand mean 1.76 4.57 9 .02 15 .78 
(1ynth.) 	 Repeatability r .39 .36 .s2 1.02 


R.eproducibil ity ll .82 .82 2.12 2.01 

Data 1et1 accepted 19 18 19 19 


IS-12 	 Grand mean 1.16 12.55 u.74 72.12 
(plant) 	 Repeatability r .21 1.02 .89 2.77 


lleproducibil ity R 1,00 2.64 4.22 8.20 

Data set• accepted 18 19 19 18 


. 
IS-13 	 Grand mean 2.04 2.25 3.18 27 .16 
(plant) 	 Repeatability r .21 .23 .44 1.27 


leptoducibility .a .91 •.55 2.01 3.04 

Data 1et1 accepted 19 19 20 19 


BS-12 - fluid bed roaster rafter duat 

IS-13 - Rickel alloy plant flue duat 
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CORRELATION OF MICROPROBE ANALYSIS DATA FOR INDIVIDUAL PARTICLE SPECIATION 

- NICKEL COMPOUNDS FROM STATIONARY SOURCES 

J.T. Rickman, I.H. Musselman, J.O. Mulli•, R.W. Linton 

Department of Chemistry 

University of North Carolina 

Chapel Hill, N.C. 27514 

A chall•nqinq area of analytical ch4Nlli•try i• the development of new 

techniques to provide epeciation information about ele111ente preaent in 

Slllall quantities within compl•x enviromsiental samples. MM::roaoopic 

chemical analyaia techniques, e.o. laser microprobe maae apectrometry 

CLAMMSI and scanninq electron microscopy coupled to eneri;y diaperaive •-ray 

spectroscopy (SIM/EDS) combine the advanta~a ot high spatial reaol~tion 

and sensitivity. They are uaed to investigate chemical •peoiea and their 

Physical distribution between or within individual particlea. The 

correlative microscopy atudiea are part ot an BPA-a~pported project to 

•valuate methods for nickel apeciation in airborne particle• produced by 

stationary aoureea. 
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Introduction 

As a consequence of the physical and chemical heterogeneity of 

airborne particles emitted by stationary sources, it is valuable to obtain 

microscopic analyses of individual particles. For example, the 

variabilities in elemental concentrations and speciation, both within and 

between particles, are important factors influencing environmental impact. 

Of special interest are particles in the respirable size range which also 

may be less efficiently captured by pollution control devices. 

Consequently, analytical techniques are desired which provide 

sub-micrometer spatial resolutions and which are sensitive to chemical 

components within analytical volumes corresponding to total masses of 10-12 

grams. Two such techniques utilized in this study are laser microprobe 

mass spectrometry (LAHMS) and scanning electron microscopy/energy 

dispersive x-ray microanalysis (SEM/EDS). The LAHMS technique uses high 

power density pulsed laser beams to ablate and ionize single particles. 

Mass spectra, including characteristic atomic and cluster ions, provide 

information on chemical composition. The SEM/EDS provides information on 

particle morphology (by secondary and backscattered electron imaging) and 

composition (by analysis of characteristic electron-excited x-ray 

emissions) . Whole particles and particles viewed in cross-section are 

characterized by SEM/EDS to provide information on inter- and 

intra-particle compositional variations, respectively. A correlative 

regimen also is developed permitting SEM/EDS followed by destructive LAHMS 

measurements on the same individual whole particles. The above techniques 

are not only complementary, but also may be used to verify information 

obtained by more conventional bulk analytical techniques (wet chemistry, 

x-ray powder diffraction) • The specialized microprobe tachnques serve, 

therefore, to assist in the evaluation of other analytical methodologies 

which are more appropriate for applications to routine source or 

environmental monitoring of toxic elements and compounds. In other 

instances, sample sizes may be inadequate to permit any analyses other than 

microprobe studies of individual particles. 

To illustrate the combined microprobe techniques, the characterization 

of micrometer sized particles produced near a fluidized bed roaster (FBR) 

in a nickel refinery will be discussed. The FBR dust is a useful sample 

for analytical technique evaluation in that it is known to contain several 

major classes of nickel-containing compounds (e.g. oxides, sulfides, 

sulfates) which may have differing environmental impacts. The nickel 
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aubsulfid.e (Ni3S2> is of particular interest &s a result of its possible 

carcinogenic potency in humans. This project is part of an EPA-supported 

project to evaluate methods for nickel speciation monitori~ in stationary 

source emissions. More detailed descriptions of the experimental methods 

and results are available elsewhere (l,21. 

Experimental methods 

Standard and sample preparation 

I.AMMS and SJi!M/gps correlatiY't study. The particle standa.rda Ni, Ni01 

Niso4, NiS, and Ni3S2 were mounted dry on formvar coated transmission 

electron microscope (TEM) finders grids. The FBR dust sample was dispersed 

in freon in an ultrasonic bath. A drop of the sample dispersed in freon 

was deposited on a coated TEM grid and allowed to dry. All samples and 

standards were carbon coated to reduce charginq in the SEM. 

Light micrgsqQpy <LH> nnd sgM/iQS cocrelntive stwtf. cross-sections 

of the FBR dust sample and nickel stsndarda were obtained by first 

9l'llbedding the particles in epoxy followed by curing of the epo::itY, and final 

poliahing, These particle crcss-sectione w~re carbon coated for SEM/E.OS. 

Intra-particle chemical variationa ware investigated by elemental inapping 

for Ni and S using characteristic x-ray emissions. 

Instrumentation 

The SEM/EDS used was an ISI DS-130 SEN with a Tracor Northern TN-5500 

energy dispersive spectrometer and diqital ima;ing aystem. The LAMMS 

analyses were perforJ118d using a Leybold-Reraaus LllMMA-500 instrument. 

Correlative procedure 

LaMMS and Sl!;M/EPS. Usinq the SEM/EDS, particles were analyied at an 

electron beam energy of 15 keV for 99 seconds live counting time per 

particle. Particle analysis software qenerated •i.. ·and shape information, 

aa well aa backqround-eubtracted integral x-ray intensities for specified 

elements. Grid squu:ea analyzed had an intact form.var coating- and 

contained well-dispersed particles lparticles usually greater than 3 

micrometers apart). The same particles were then analyzed destructively by 

LAMMS. The laser and masa spectrometer conditions were selected to allow 

for complete ablation of each particle and to maximize production of 

cluster ions characteristic of individual nickel co~unde. Details of 
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SEM/EDS and LAMMS experimental parameters are described elsewhere (2) . 

LM and SEM/EDS. Particle cross-sections were examined using 

polarized reflected ~iqht, and subsequently mapped for nickel and sulfur 

distributions using the SEM/EDS. 

Results and Discussion 

Standards 

.I..AmS.. Fingerprint mass spectra of Ni, NiO, Niso4, Ni3S2 and NiS 

were obtained using LAMMS. It was not possible to differentiate between 

NiS and Ni3S2 standards, although all other compounds produced 

characteristic patterns of positive or negative cluster ions (1,2). 

SEM/EQS. A range of +/- sigma values about the average for S/Ni Ka 

x-ray intensity ratios for NiS (1.9-2.5), Ni3S2 (1.2-1.5), and NiS04 

(1.5-2.6) standards were obtained. Approxitnately 50 particles were 

analyzed per standard to obtain these ranges. Variabilities reflect 

fundamental particle size and shape effects on x-ray emissions as described 

elsewhere (2). An example of SEM/EDS data is shown in Figure 1 for a 

particle in the NiS standard. For comparison, a corresponding LAMMS 

spectrum also is presented. 

Nickel refinery sample - Fluidized Bed Roaster (FBR) dust 

I.AMMS npd SeM/Eps, Of 115 FBR particles analyzed by SEM/EDS and 

LAMMS, LAMMS was used to differentiate 57 into either l] NixOy/NiS04 or 21 

Ni3S2/NiS classes. Since only positive ion spectra were used, it was not 

possible to distinguish NixOy and NiS04 solely from the LAMMS data. The 

other 58 particles did not produce intense nickel-containing cluster ions 

owing to lower nickel concentrations and instrumental factors (2). Usinq 

the S/Ni x-ray intensity ratios from SEM/EDS the 57 particles were further 

subdivided into these classes: NiO (17 particles), Niso4 (9 particles), 

NiS04 or a mixture including NiS04 and NixOy (17 particles), Ni3S2 (6 

particles), Nis (4·particles) and a mixture containing NiS and/or Ni3S2 (4 

particles) • 

I.M and SEM/gps x-ray mappipg.. The above results on whole particles 
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I 
suggested that many contained multiple nickel species, especially oxide and 

sulfate combinations. This was substantiated by cross-sectional elemental 

mapping by SEM/BDS. Many particles showed large variations in sulfur 

distributions, including some with surface enrichments of sulfur. It is 

likely that such particles contain layers of nickel sulfate deposited on an 

oxidic nickel core. This was further confirmed by surface analysis using 

x-ray photoelectron spectroscopy (XPS) showing nickel sulfate as a major 

surface component. Additional experiments on the particle cross-sections 

are envisioned using ion microscopy to further characterize intra-particle 

mixtures of nickel compound• 
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EVAIIJATIQJ AND OPI'IMIZATIQJ OF A WEI' CliEMICAL MEIHJD 

FOR ~ 'IHE HYIR:GEN SULFIDE <nlCENIRA'I'IQJ OF 


C'iLDnER GMES EMPI.DYED FOR 'IRS Cl!MS (JJALI'lY ASSURANCE 


Introduction 

In Jaruary, 1985 NOSI plblished a wet chanical method for detennin.i.rg 
the H2s concentration of cylinder qases.l 'Ibis method was develq>ed with a 
view to assist kraft pllp mills in their total reduced sulfur ('IRS) 
Cla'lti.nJaJs emission monitorin;J syst.em quality assurance proJLdDS by 
providi.n; then with an J.roepement means of establishirq the concentraticn 
of H2s cylinder gases used to calibrate the 'IRS analyzer: an:i it was 
validated for an H2s concentratioo range of 5 to 25 parts per million (:RJD) 
in nitrogen. Follcwin;J the plblicatioo of this report it was recognized 
that there was a need to use this or a similar method for analyzin;J cylinder 
gases oontainirg as DlCh as 1500 :RJD H2s. '1bese high concentratioo cylinder 
gases are used for cali.bratin:J certain 'IR; o::nti.mlOJs emission monitorin:J 
systen& Wich oontain integral diluticn systen& an:i whi:ch are widely used in 
the p.ll.p an1 paper iniustty. At present no suitable method is available to 
establish the H2s content of these cylinder gases. 'Ibis paper describes a 
:modified versioo of the earlier method Wich has been validated for 
analyzirg the H2S content of cylinder gases oont:ainirv:J 5 to 1500 RJll H2S in 
nitrogen. . 

Metlxxi Developnent studies 

'Iha method for deteJ:mi.nin.;J the conoentratim of H2s in cylinder gas 
mixtures that was used in this study is based upon trai:PinJ _H2S as zinc 
sulfide in illpin;Jers oontainirq solutions of zinc acetate, acidifyin;J the 
caabined trappirg soluticms in the preserx:ie of iodine, am deteminin; 
Ul'lL'88Cted 1cdine by thioeulfate titratiai. Dlrin;J this sb.dy a nmi>er of 
variable& .that had an inpact on measured H2s ocncantraticms WL'8 examined 
ard optimized. 'Iha results of sane of these studies are described belCllil. 
'lbe final method ani the required equipnent are described in lq:peBiix A. 
'lhe details of the method have been p.Jblished elsarmem.2 

Regulator Qniitionin;J 

Data in Table I present the results of a series of tests mploy.in:1 the 
methcd of ~ A with a cylimer cxntainirq ~tely 500 iPil H~ in 
nitto9e11. 'Iha data shaw' that at a fl<71i rate of ~tely 200 mt,'1nln it 
took nearly 3 hcm'S to pusivate the regulator. 'Iha need to pasaivate the 
regulator was founi to be m::n:. ~ for cylinder qases oontainirq more 
than 250 s:p11 
~y, 

H2s 
the 

in nitrogen Wich required lower sanple fl<71i rates. 
regulator passivation step has been included in the 

prooedure. 

Holdirq Time for Sm1ples Prior to Titratia'l 

Tests 'were c:xn!ucted to axamine the effect of atorirg aaaplea attar 
iodine addition prior to their titratiat with t:hiosulfate. 'Iha results 
suggested that a storaqe time of JO mir11t:.m followirg icdina Dlitia'l 
allOIMC! the iodine react:ioo to be CX11plete. Table II prmanta the results 
Of ate adl test. 

teas of Iodine D.lrin'J Transfer of Iq;>inge:r Ccntanta 

Tests WL'8 oc:nilJC'ted to datemina the loa of iodine ~ the oontents 
of iJrpin;Jars oontainirg iodine axe t:ransfett9d tc a flask tor titration. As 
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an exanple, the results of al8 test showed that the thiOBUlfate titrant 
requirement decreased trau an average of 19.41 mL to 19.24 mL tttl8l'l the 
cxntents of inpin;Jers cx:ntainin;r iodine wre transferred to a flask for 
titratioo. '!he met:hod has, ~y, been modified to eliminate the 
step requirinJ transfer of bp.in;Jer oa'Jtants. 

Sanple volume an::i 8anple Flew Rate 

studies showed tbat highest precisi.a'l am accuracy wete cttaine:i ~ 
the H:25 OClttant Of the sanpla "'88 aufficient to CC118U1D11!1 35 to 60 percent Of 
added iodine, mi salll'1e flCM rate was maintained in a specified ranp. 
Tables III mi 'IV show the c.pti.nJm sanple volumes ani sanpl.in;J :r:atm for 
different a2s cxn::entraticn ranges. 

Method PerfC>?:11Bl'X:le 

'lbe perf0t1llal'):IB of tha matbod of Appen1ix A was evaluated in the H~ 
o::n:::entratia"J ran;,e of 5 to 1500 :RD· '1be results of pracisiCl'l and aocuracy 
tests are presented. below. 

AccUracy 

'!he accuracy of the methc:d was established Dy' OCllpU'in:jJ the results of 
method analyses of seven ditferent cylinder gases with tbair known 
an::mtraticnl. For five of the 88Va'l cylinder gaaee the true H~ 
oc.n:»ntrations were. established by analyzin;J tba cylimer gases with a 
pemeatiCl'l tube-calibrated gaS dlraaatograpl eqaliA>ed with a flam 
pmaaatric detector . 'lbe dataila ot tA1s gu ~ 1D8t:hc:d are 
described elsewhere. i 'lhe ctnar blo cyl.JJmr 9Bll8S a:nalyzad k:ly NCASI ware 
NaticnU. airaau of stardarda (NBS) St:armrd Reference Material H~ in 
nitragen. .(Altha.tgh these NBS Nfetaua .naterial.8 am r1CJt yet avafJ.able 
c:x:nmrcially, two of these 988 atardaJ:'ds llm'8 nde avaJJable to !DSl ard 
were used to evaluate the perfotmuce of the l8t:hcd Qndar avall.atim.) 

'lbe reau.lta of the accuracy teats are llUllll'lllrize in Table v. , '1hell8 
results sb:M that for the H2S ccnoantraticn range of 5 Ra to 1500 J;PL, the 
percent difference :cetwaan the H~ ocncentraticn measured accct'ding to the 
1ll8thod. of 1tA;>erdix A anc! the bua canoanta:aticn rangcl txan -2 to +3 
par:cent. 'Iha average for all 88Y8l'l cylinder caa- WU lesa than 0.!5 
pe?oent. 'Ihese :t'811Rll.ta au:J,JeSt tllat the -1Dlthcd is ~ am uri'da-1. 

Pncillicn 

As shown in Table v, the mlative starmzd -'.iatial . ot ·niplicate 
anal.yaea of seven CJaS mixtw:as t«tqad tnn 0.9 to 4.9 percent, - pao1td 
:relative stan:Sm! · deViaticn of the t.t mtbad i.a eatimatad to be 1.4 
percent for teata ccnducted within a sin:J].e laboratm:y. 

Literature RefeJ:&ICElll 

1. 	 "Wet <h!lnical Mllthod for ~c:f Cbncentraticn of 
Calibraticn Cy'lin:Ser Gaaea, II lC\Sl aal.letin No. 450, 
NCASI, 260 Madiacn Avarua, New Ymk, NY 10016 (Jazuu:y 1985). 

2. 	 ''Modified Wet Chaioal Mat:hcd far: Det:erminin;i the H'8 
Q:n:lantraticn of c::al.ibratic:n cyU.n:ter Gue&, 11 NCASI Tec:hnkil 
Blllatin No. 519 I NCASI, 260 Madiac:n Av.me, Nal York, NY 10016 
(March 1987) • 

619 


http:t'811Rll.ta


APPDIDIX A 


Descriptim of Fquipnent 

Figure A-1 shows the sanplin;J train. '!he st:enw5 of the 100 mL bpirgera 
(Ace Glass, Type 7541) were len;rthened. t.o be ~tely 1/2 i:rxt1 frail the 
bottcm in order to irx::rease cxntact between gas an:l the t:ni:Pin; soluti.a1. 
'1he critical orifice may be fabricated frail 1/16 inch o.o. stainless steel 
capillary tubilq. 

Sanplin;J an:l Analysis 

Prior t.o sanplin;, pressurize the stainless steel :regulator an:l expose 
it to test gases for several hairs or overnight to passivate activated 
sites. Oetemine the smplin;J rate, sanple volume am saaplirq time tran 
Tables III and 'IV. Asseni>le the smplin;J train am add 50 mL of 0.091 M 
zinc acetate solutim t.o each of the first two inpirgera. Establish a flow 
rate of gas frail the :regulator midi is 50 t.o 100 mL in exioeas of the 
critical orifice flOlll rate. a:nmct smrplirq for the dasinld period. 1t1i1e 
sanplin;, titrate 20.0 11\L of 0.01 rm:ml. iodine solutiat with 0.01 normal 
sodium thiosulfate usirq starch as in:1icator. At the erd of saapling 
pipette 20.0 mL of 0.01 N iodine solutim thzaigh the staas of the inpirgera
OC'l'ltai.nbrI zinc aoet:ate capture solutim, diviclirq it between the t1«> (about 
15 mL t.o the first bpinJer' am the rest t.o the seccni) • 1dd 2 :mL of 2.a M 
hydrcchloric acid solutiai ttm:u;,h the stems, dividin;J it as with the 
iodine. oaver the stan ~with paraffin film, store for 30 mirutes in 
the dark, then remave the stems with rinsirq, and titrate the solutiat in 
the bpin;Jer bottal8 with 0.01 N thiosulfat.e. 'Iha decrease in the mDll'lt of 
thiosulfate titer oon:espam to the m.mt of H2s capbn'ed in the two 
inpingars: · Analyze a 1D8t:hod blank in a similar mmer. 

calcul.atiais 

calo.llate the <DICS11tratim of H2S (Cfl s) usin;J the follcwing equaticcu 
2 

Cs s, i;pn • I< Nr CVir, blank - VT, sanple> /Vm, std 
2 

Where IC • 12,025 mL (gas)/9 eq1 !+r' • nOJ.'llllllity of stan:W:d thiosulfate 
soluti.a1, 9 eq.llit1 VT, blank & VT, saq:>lt: • volume of thiosulfate used in 
blank an:l saipl.e titratim, mLJ v111, std • ary 8tan:Sard smrple gas voluma, L. 
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No. 

1 

3 

4 

5 

lbm No. 

l 

2 

3 

4 

s 

TABlE I. EFFJ!L'"l' OF RlllJI.Mat CXIIDl'l'Ictmi; CR 
ME'ASlJRE'D 828 CXIDNmATICRS 

Regulator ccn:uticnin} 
Period, ndnutes 

0 508 

30 507 

90 518 

180 526 

240 521 

Holdin;J Time 
After 

Iodine Addition, Measured 1'2s 
mil'1u.tes Ccacent:ratial, RD 

15 498 

20 516 

30 530 

40 527 

60 532 

s to <30 650 

30 to <500 800 

>500 to 1500 1000 
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cylirder Gas Desired Flow Rates, 
~s caicentratim, RI!\ 1llT,/min 

5 to <50 1500 p 500 

50to~50 ~p~ 

250 to <1000 200 p 50 

>1000 75 p 25 

TAME V. 

wet Mathcd iABIHlSia 
Reference MEithCJd Ral.ative 

Test RMllltl Average st:armxd 
~s ccnc., Test ~s ccnc., Dsv1aticri, Diftm:ence, 

No. RZll MethQd AD ~ Pm:cmrt 

1 7.90 GC/PPD 7.84 (6)* 1.6 -1 

2 25.4 GC/FPD 25.5 (6) 2.9 0 

3 104 GC/FPD 102 (5) 1.0 -2 


4 488 GC/FPD 492 (10) 1.2 1 


5 1470 GC/FfD 1480 (6) 1.3 1 


6 5.15 NBS 5.32 (3) 0.9 3 

7 15.4 NBS 15.5 (4) 1.9 1 

1rN\.miJers In pa:renthesiS shcirl n.mi:ler of repircate anal1'99. 
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EVALUATION OF ETHYLENE OXIDE EMISSiet-15: 
GAS CHROMATCX;AAPHIC ANALYSIS OF 
SCRUBBER EFFICIENCY 

,Jeremy N. Bidwell, 

TRC Environmental Consultants, Inc. 

Fast Hartford, CT 


As Ethylene Oxide (EtO) is now more recognized as a hazard to man and 
his environment there is interest in quantifying emissions from wide 
variety of processes. As with any t 'esting procedure, an accurate and 
repeatable method of sarrpling is needed that is both flexible enough to 
accornrrodate a wide v riety of sampling conditions nd sample 
concentrations, and is straight-forward enough to be adopted by the 
analytical community. 

TWo recent scrubber ef.ficiency tests at hospital supply manufacturers 
are examined, where EtO was used to sterilize heat sensitive products 
prior to shipping. samples were drawn utilizing evacuated stainless 
steel canisters equipped with low flow regulators to draw 20 minute 
integrated samples. Sample analysis was performed on a Gas Chromatogr ph 
using a Flame Ionization Detector. 

Thia technique has shown itself to be a valuable method of assessing 
steady state and nonsteady state processes where sanple 11x:>isture 
concentrations ao not exceed 20%, as is the case with JTDst sterilization 
processes. 

Olerview Of Sampling Technique 

Many tenperature sensitive hopsital products must be sterilized prior 
to shlpment by exposure to EtO in a sealed char.t>er. After a 
predetermined holding time, the EtO is pumped out of the chamb ,, to the 
scrubber, often by means of a water seal vacuum pll!T(l. At the outlet of 
the pump (which is also the inlet of the scrubber) as well sat the 
scrubber outlet, qas stream volume ric flowratea wer measured 
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concurrently with EtO concentrations. A Hastings Jl'l)del GSM-IDSK flow 
meter was used in conjunction with a strip cha.rt recorder at both 
sampling locations to continuously llDnitor flowrates. 

Gas sanples to be analyzed for EtO concentration were drawn by using 
a specially fabricated sanpling train, as shown in Figure l. The 
sanpling train consisted of a stainless steel tank of the type used in 
EPA Method 25 sampling, an on/off toggle valve, a small vacuum gauge, a 
la.r1 flow regulator, and a stainless steel probe. These parts were all 
fitted together using 1/4 inch stainlesa steel SWagelok connectiOJlll and 
fittings. The tank purge setuP (Figure 2) used similar fittings and 1/4
inch Teflon tubing. F.ach tank was fitted with a quik connect connector 
to facilitate easy tank replacement, enabling sanples to be drawn in 
quick succession. 

Clean sanple tanks were stored and transported at a slight positive 
pressure to prevent contamination. Juat prior to anpling, a tank was 
evacuatedr the exact negative pressure (Pi) was read from the manometer 
on the tank purge setup, and recorded. The tank was then removed from 
the purge setuP and connected to the aanpling train with the toggle valve 
ln the •off• position. sanplinq began when the toggle valve was switched 
to the •on• position. After saq>linq, the valve was switched off and the 
tank was disconnected from the sanpling train and connected to the purge 
setup. The pressure (P8 ) was read and recorded and the tank was then 
pressurized to approximately one atnDsphere with hydrocarbon free air 
from a conpressed gas ,cylinder connected to the purge setup. This 
positive tank pressure (Pf) was also read and recorded. The san;>le 
dilution which occurs when the tank is pressurized is calculated by: 

D • 	 (!}> + Pt) (1) 
{Ps - Pi) 

Where Pt> • Barametric Pressure 

Note that both P1 and Ps are always negative 


Pretest calibrations 

Conpreased gas cylinders of several concentration ranges of EtO were 
purchased from Scott Specialty Gase• of Pl1.11118teadville, Ohio. Pully
Evacuated sampling tanks were filled with these calibration gasea and 
analyzed using the same method used on the sanples. Standard gaaea of 
other concentration ranges were generated on site by diluting the Scott 
gases in a saJTPling tank. 'l'hi• dilution was acocnrplished by filling a 
tank to one atm with the gas to be diluted, and fitting the tank with a 
septum. AnOther tank was evacuated and left COMected to the purge 
setup. A glass syringe waa used to draw out a 8111111 volume (VB) from the 
first tank and inject it in the eeoond tank throught the septwn on the 
purge setup. This aec:ond tank was then pressurized to exactly one atm 
and the dilution factor was calculated u1in9 equation 2: 

(2) 

Where Vt • volume of the tank 

Dilution factors could be changed by changing the quantity· of gas
injected (V8 ), Bxanple dilution calculations are presented in Table 1. 
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The low flow regulator on the sarrpling train is set at a prescribed 
rate (R) before the testing program by use of a bubble flow meter and a 
stopwatch. The regulator delivers a constant flowrate until the vacuwn 
sipe reaches a pressure of 1/2 atm, which occurs when the tank is half 
filled. After that, the sampling 
length of the desired sarrpling period 
sample flowrate (R) would be: 

rate 
(T) 

drops off toward zero. 
is known, then the 

If the 
optimum 

R =0. S V/T (3) 

To ensure sa!!ple inteqrity, a blank check was performed on all .sanple 
tanks before use by filling each tank with hydrocarbon-free air and then 
analyzing a sa111?le from each tank on the gas chromatograph. Each 
sampling train was leak checked prior to sampling by connecting a mercury 
manometer to the sanpling train. With the toggle valve open, the 
manometer was observed for a loss of vacuum over a ten minute period. 
criteria for an acceptable leak rate was based on EPA Method 25, which 
utilizes a similar apparatus, with less than 2mm Hg vacuum loss over ten 
minutes. 

sartJ>le Analysis 

A Hewlett Packard Model 5710 GC was equipped with a six port gas
sanpling valve and associated equipnent as shown in Figure 3. With the 
needle valve fully closed, the sample tank was attached to the systE111 by 
means of a quick connect fitting. When the needle valve was opened 
slightly, the positive pressure inside the sample tank drove gas from the 
sanple tank through the whole system, displacing any existing gases in 
the sample apparatus with fresh sample gas. This technique used only a 
fraction of the pressure in the sanple tank, allowing several duplicate 
runs to be made with the same sample. Gas samples of extremely high 
concentrations were diluted using the same procedure outlined previously 
for the dilution of standard gasses. 

The sample injected into the GC had been diluted in the tank. 
Therefore, the EtO concentration (C) in the gas stream was found by 
JTUltiplying the tank concentration (Ct) by the dilution factor {D) as in 
equation 4: 

C '"' (Ct X D} (4) 
Efficiency Calculations 

For each sample an EtO mass flowrate is calculated using equation 5: 

H • (Q X MW X C X K) (5} 

Where H • EtO mass flowrate in lb/hr 
Q • Gas Flowrate in standard cubic feet per minute 

KrJ • ~lecular weight of Et:O • 44.05 9/rrol
c • Et:O concentration in parts per million v/v 
K • 28.3 L l 11'0l 60 min l lb io-6 L 

l ft 24.04 L 1 hi 454 g L 
K • 15.58 x lo-8 
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For each pair of inlet-outlet EtO mass flowrates, a scrubber 
efficiency can be calculated using equation 6: 

( 6) 

Where E =Percent Efficiency 

Hi • EtO mass flowrate at Inlet 

Ho • EtO mass flowrate at OJtlet 


TABLI!: 1 
EI'HYL!NE OXIDE (El'O) SAMPLING DATA 

SAMPLE NO. P1 Pa Pt I) 

1-I -645 -414 535 5.10 
1-0 -645 -188 520 2.55 
2-I -645 -146 722 2.74 
2-0 -645 -78 560 2.13 
3-I -645 -128 618 2.44 
3-0 -645 -80 508 2.04 

Pi • Tank initial pressure (11'111 Hg) 

P8 .. Tank pressure after sampling (mn fl9} 

Pf • Tank final pressure (llJll Hg) 


TABLE 2 
El'O REMCNAL EFFICI~ DATA 

SAMPLE NO, Q ct D Cs H E 

1-I 120 2869 5.10 14,627 ll.9 99,59 
l-0 120 24 2.55 60,0 0.049 
2-I 84.0 8930 2.74 21,111 13.8 99.89 
2-0 84.0 12 2.13 25.2 0.014 
3-I 60.0 4057 2.44 9397 4.00 97.45 
3-0 60.0 124 2.04 248 0.102 

Q • Flowrate (SCFM) 

Ct • EtO concentration in tank (ppm v/v) 

D • Dilution factor 

C8 • EtO concentration in stack (ppn v/v) 

H • Mass flowrate (lb/hr) 

E • Percent efficiency 
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630 




SAMPLING AND ANALYSIS METHOD 

FOR DETERMINATION OF CADMIUM IN STATIONARY SOURCE EMISSIONS 


by 

Thomas E. Ward 

Environmental Monitoring Systems Laboratory


Office of Research and Development 

u. S. Environmental Protection agency 


Research Triangle Park, North Carolfna 27711 


and 


R. F. Moseman, o. B. Bath, J. R. McReyno1ds, 

o. J. Holder and A. L. Sykes


Radian Corporation

Research Triangle Park, North Carolina 27709 


ABSTRACT 

Field evaluation studies were done to assess the usefulness of a Modified 

EPA Method 5 sampling trafn and flame atomic absorption spectrometry for the 

measurement of cadmium in stationary source stack emissions, These studies were 

performed at a municipal solid waste incinerator and a sewage sludge incinerator. 

The methodology developed in these studies is also for application, subject to 

verification, at other sources of cadmium emissions at or above the method detec

tion limit, A formulation of the methodology was tested previously in laboratory 

evaiuat1ons 1n which the measured overa\1 accuracy and PN!cts1on were 89.2 percent 

and 1.7 percent, respectively, for the analytical portion of the methodology. 

The field sampling val•dation phase is d1scussed 1n this presentation. 
' 
Collocated, 

quadruplicate flue gas samples of 30 and 60 dscf in one- and two-hour sampling 

times were collected to assure an adequate cadmium content, a representative 

sample including volume of stack gas and duration of sampling time, and production 

of data to validate the method in terms of between-tra1n precisf on, The detection 

limit determined in the previous work in this program for the atomic absorption 

instrument was 0,03 µg/ml. The stack sampling method detection limit for a 30 to 
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60 dscf'(0.85 to 1.7 dscm) stack gas sample was found to be 0.05 to 0.025 PY Cd, 

respectively, per dscf (1.7 to o.aa pg Cd per dscm). The percent coefficient of 

variation (precision) of between-train cadmium concentrations averayed 13.5 per

cent at the municipal incinerator and 3.8 percent at the sewage sludge incinerator. 

Separate analysis of the front half (probe and filter) and back half (impingers) 

of each of the field samples revealed that all of the cadmium was collected in 

the front half, based upon the results that all the back half samples were below 

the detection limit. Precision of the cadmium results was not affected by varying 

the sample size from 30 to 60 dscf. To broaden the scope and applicability of 

the method beyond that shown in this work, other source categories would have to 

be tested. 

INTRODUCTION 

The United States Environmental Protection Agency (EPA} has investigated 

cadmium emissions from stationary sources as a hazardous air pollutant. Appro

priate methods of sampling and analysis must be available to quantify accurately 

the emission of cadmium in stack gases from stationary sources. 

The Environmental Monitoring Systems Laboratory (EMSL) of EPA located in 

Research Triangle Park, North Carolina, has developed and validated a methodology 

for sampling and analysis of cadmium emissions. The purpose of thfs report is to 

present the results of field studies of cadmium emissions measurement methodology. 

The objectives of the study were as follows: 

0 	 Determine the applicability of a Modified EPA Method 5 train and flame 
atomic absorption spectrometry for the measurement of cadmium emissions 
from stationary sources. · 

0 	 Assure that the method has a detection 11m1t sufficient to measure 
expected cadmium in municipal solid waste and sewage sludge incinerator 
flue gas samples of 30 to 60 dry standard cubic feet. 

0 €ombine the results of these determinations to validate the 
methodologies at stationary sources. 
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The field studies were conducted at a large municipal solid waste incinerator 

and a sewage sludge incinerator. At the present time no further source evaluations 

are planned. 

SAMPLING APPROACH METHODOLOGY 

The sampling and analytical methods evaluated 1n these field studtes were 

developed in the associated prior 1aboratory evaluation phase of the overall pro

gram. The methodology uses sample collection by a sltghtly modified EPA Method 5 

(MM5) sampling train, followed by acid digestton of the sample in a Parr bomb and 

then analys1s by flame atomic absorption spectrometry. 

The field tests were conducted at a municipal waste incinerator which had 

been tested previously for cadmium em1ss1ons and at a sewage sludge incinerator. 

Cadmium concentrations reported during the previous testing of the waste tncinera· 

tor ranged from 23 to 230 \19/dscin. The range of cadmium found in this study was 

of a s1m11ar range fro111 32' to 115 ,µg/dscm. The sampling method employed was an 

HMS train which used nitric acid 1n the first two impfngers fnstead of the water 

used normally 1n the Method 51 train. Separate analyses were performed on the 

front (probe and filter) and back {1mp1ngers) halves of the trains to determine 

the collection efficiency of each half. The same set-up was used at the sludge 

1nc1 nerator and the range measured there was 836 tO' 1137 µg/dscm. 

In order to assess sampling and sample recovery prec1sfon, four "identical~ 

samples were collected s1multaneous1y using a quad-probe which eons1sti of four 

separate samp11r1g trains operated co1ncidentally2 at a single sampling 1ocat1on. 

Groups consisttng of four simultaneous samples were collected at the rate of one 

or two groups {quads) each day over a three day period for a total 24 samples at 

the waste incinerator and 16 at the sludge 1nc1nerator. Sampling was conducted 

1sok1net1cally at 0.5 dscfm for 111 test runs. 
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Samples were collected for periods of roughly one or two hours to yield 

total sample volumes ranging from 32 to 65 dry standard cubic feet. The sample 

volumes were chosen to demonstrate that: 1) cadmium emissions from the incinera

tors could be measured in samples of this size, and 2) this size range of sample 

volume would not affect adversely the analytical precision and accuracy of cadmium 

concentration results. 

The following procedure was used to recover the cadmium from the sampling 

train components. For the front half the probe rinses were combined with the 

glass fiber filter for digestion and then analysis. For the back half the impin

ger solutions and glassware rinses were combined and then analyzed. 

RESULTS 

The field testing portion of this study was designed to evaluate the precision 

of the sampling and sample recovery procedures, the portions of cadmium collected 

in the front and back halves of the MM5 train, and the effect of the stack sample 

volume on cadmium measurement. 

Table I presents the cadmium concentrations and precision assessments for 

the quad-train field studies.2 The between-train pooled standard deviations were 

12.39 and 38 µg/dscm for the waste and sludge incinerators, respectively, and in 

terms of percent coefficients of variation, the pooled values were 13.~4 and 3.8 

percent for the waste and sludge incinerators, respectively, which are measures 

of the precisions of sampling and analysis for the two sources. 

Contributions to the variables of standard deviation and percent coefficient 

of variation shown in Table I result from: 1) differences in the sampling trains, 

2) variations between trains in the sample preparation and recovery steps, _and 3) 

analytical variability. Between-test pooled variability includes all of the 

above and: 1) the day-to-day variability of the cadmium concentration in the 
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feed, 2) effects of different plant operating conditions and 3) the potential 


effect of within-run variability on the cadmium collection. 


A second major variable which was addressed was the collection efficiency 


of the sampling train in terms of front and back half portions. No. cadmium was 


detected in the back half, indicating that the front half (probe and filter) was 


very efficient (>99.99% efficiency) in capturing effectively all the cadmium 


measured. 


A third major variable evaluated in the data set of Table I is the length of the 

sampling period for each run. About half of the tests were conducted for roughly 

one hour of sampling time and the other half of the tests for about two hours. 

An analysis of variance confirmed that there was not a significant difference tn 

the variabilities of the' cadmium concentrations of the one-ho~r compared to the 

two-hour runs 1 at the 5% level of significance (95% probability). Thus, sampling 

times of about one hour will yield concentration data equivalent to that for 

two hours at these conditions. 

Anomalies in the cadmium concentration data set are described here. The 

average cadmium concentration level tn Test No. 1-M was much lower than for tests 

2-M through 6-M. The cadmium concentrations shown for Tests 2•M through 6-M tn 

Table I reflect a reasonably constant average cadmium concentration in the stack 

gas. However. there is no reason to suspect that the Test No. l·M samµles were 

collected any differently than other test run samples. Therefore, these data 

were included 1n the data analysis. The concentratfon difference between Run No. 

1-M and the other runs is due probably to plant operating conditions, Sample B 

in Test No. 6-M shows an extremely high value 1n terms of cadmium per dscm, but 

since the Dixon outlier test indicates that this value 1s an outlier it was not 

included in the statistical analysis. 
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CONCLUSIONS 

Several conclusions and recommendations are made regarding the proposed use 

of a slightly Modified EPA Method 5 (MMS) sampling train and flame atomic absorption 

spectrometry for the measurement of stack gas cadmium in stationary sources. Some 

of these are included from the prior laboratory portion of this program. They are: 

1. 	 An MMS sampling train and flame atomic absorption spectrometry were 
found to be applicable for the measurement of cadmium 1n stationary 
source stack gas samples. 

2. 	 The overall accuracy and precision of the analytical steps of the 
methodology were 89.2 percent and 1.7 percent, respectively. The 
detection limit of the analytical instrument was 0.03 u9 Cd/ml of 
prepared sample. 

3. 	 The method detection limit for a 30 to 60 dscf (O.B~ to 1.7 dscm}
stack gas sample was 0.05 to 0.025 u9 Cd/dscf (l.7 to 0.88 u9 Cd/dscm), 

4. 	 The percent coefficient of variation of between·train cadmium concen· 
trations ranged from 3.4 to 23.1 percent for the six municipal sampling 
runs conducted and a remarkably close range of 2.8 to 4.7 percent at the 
four sludge runs. Stack gas samples of approximately 30 and 60 dscf 
were collected and the cadmium results for the two sample sizes did not 
differ significantly; therefore, the method bias was not affected by
these sample volumes. Greater than 99.9 percent of the cadmium was 
collected in the front half of the sampling train for each run. This 
suggests strongly that the HN03 in the 1mpingers is not necessary at 
these sources and that water can be used. 

5. 	 If a purchased stock solution of cadmium is used for preparation of 
working standards, the concentration should be verified against an 
independently prepared cadmium standard. 

6. At least one sample from each source should be checked using the method 
of additions to ascertain that the chemical composition and physical
properties of the sample do not cause erroneous analytical results. 

7. To ensure the applicability of the MM5 train for stationary sources with 
significantly different processes and properties, further field evalua
tions should be conducted. 

REFERENCES 

l. 	 Federal Register; United States EPA Reference Method 5; 40 CFR, Chapter I,
Part 60, Appendix A, July 1986. 

2. 

636 




lab1e I. Cadmium Concentrations and Within-Run Precision Assessments 
{it9/dscm) 

Percent 
Coeff1c1ent 

Sample Train Ave.r.age Standarda of Variation
Test No . A B c o x Deviation (I .CV)

Run1ci~a1 gaste Incinerator 

1-M 
2-M 
3-M 
4-M 
5-M 
6-M 

32.2 
96.5 

105.5 
76.2 
80.0 

101.4 

32.8 
85.6 

115.5 
88.0 

111.5 
32s.ob 

30.4 
87.2 
73.5 

101.2 
103.3 
93.8 

32.6 
104.1 
74.9 
76.7 
88.3 
95.6 

32.0 
93.4 
92.4 
84.8 
95.8 
96.93 

l.10 
8.63 

21.36 
11.67 
14.24 
3.97 

3.4 
9.2 

23.l 
13.8 
14.9 
4.l 

eoo1ea t2.~§U 13.S~U 

sewage s1 uage Indnerator 

l·S 886.2 927.8 835.5 886.6 884.0 37.8 4.27 
2-S 
3-S 

1.137 .l 
989. l 

1.133.4 
lt088. 0 

1.081.9 
993.6 

1.081.4 
1.057.5 

1,108.5 
1.032.l 

31.0 
48.7 

2.80 
4.71 

4-S 11097.8 1,041.l l.030.9 11 081.9 l,062.9 32.0 3.01 

samp e tra n resu ts report
cubic meter. pg/dscm: 

bThis value was exc1uded from the data analysis because when subjected to a 
Dixon outlier taste for Test No. 6-M. it did not meet the acceptance cr1terton 
of 126.l ~g/dscm, at the 5 percent level of s1gn1ficance (1.e., 951 probab111ty). 

crhe Dixon out11er test m~ be found in D1xon, Wilford J. and Frank .J. Musey, Jr•• 
"Introduct1on to Statistical Ana1ys1s 11 McGraw-Hill Book Co11pany. New York (1U!>7).• 

dpoo1ed • :12) 1/2 
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A Critique of The Revision to EPA Method 25 

Kochy K. Fung, John A. Wood, and Michael L. Porter 

ERT, Inc. 


INTRODUCTION 


G.B. Howe et al. 1 have done some very credible work in solving some of the 
problems with the original EPA Method 25. The original method was created 
by the Los Angeles County Air Pollution Control District, now the South 
Coast Air Quality Management District in 1971. The authors of the 
proposed new Method 25 have done a good job of using more modern 
chromatographic column materials and newer catalysts to improve certain 
aspects of the method. The tests they ran were almost exclusively in 
lab tests, with a limited amount of field testing. 

The authors of this paper wish to share their field experience with 
Method 25 to predict some problems which will be encountered with the new 
Method 25. Mr. Wood {who started working for the Los Angeles County APCD 
in 1970) was one of the originators of Method 25, and has 16 years field 
experience with the method. Mr. Porter (who joined the Los Angeles County 
APCD in 1974) has 12 years experience with Method 25, and produced a 
modification of the method which allows accurate determinations of NMOC on 
ambient air. Dr. Fung has over 20 years experience in practical 
analytical chemistry methods development, recently built a Method 25 
apparatus to the new specifications and used it in the field. All of the 
authors are now employees of ERT in Newbury Park, California. 

The major problems with the new Method 25 are as follows: 

• 	 The method is only suitable for testing emissions of relatively 
volatile solvents which are not controlled by combustion, yet this 
limitation is not given in the written method. 

• 	 The heated filter box is heated only to 121°C, even though many of 
the organics encountered in the field will condense at this 
temperature. 

• 	 The heated filter box may be unnecessary. 

• 	 The condensate trap will plug with ice much more easily than the 
original trap. 

• 	 The sample tank minimum volume of 4 liters is too small. 

• 	 The dry ice should be pelletized, not crushed. Crushed dry ice 
cakes, and pulls away from the trap. 

• 	 The valve, on the canisters should be mounted "backwards", so that a 
leak in the valve packing will not affect the sample during storage. 

• 	 The trapped sample gas should not be flushed into the sample tank. 

• 	 The condensate trap should not be warmed slowly to ambient 
temperature. 
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• 	 The condensate trap must be heated to temperatures several times 
higher than the recommended 200°C. 

• 	 The oxidation catalyst is not necessary and causes significant 
tailing of the C02. The oxidation tube should be packed with 
6-8 mesh crushed quartz and operated at 800°C, or at a temperature
high enough to burn methane. 

• 	 Frequent monitoring of the C02 levels by GC while burning the trap is 
not necessary. 

•• 	 The flow control valve used to control the pressure in the system 
while metering sample into the evacuated canister, should be replaced
with an upstream pressure regulator. 

• 	 The intermediate collection vessel with a volume of at least 6 liters 
is much too large. A two liter bulb is sufficient and provides 
better sensitivity. 

• 	 The sample tank is pressurized to an excessively high level, causing 
a decrease in sensitivity. 

• 	 Too many replicates are done, increasing the amount of time required 
for analysis significantly. 

There are many other minor problems, but space considerations limit us to 
discussion of the above problems. 

The proposed Method 25 is designed for and baa been tested with high 
volatility solvents such as toluene, isopropyl acetate and hexane. In the 
field, one encounters a very wide range of substances and conditiona. 
Most printing inks use solvents with a boiling range that 1oes above 
200°C. Also, afterburner systems produce organic co111pounds with 
relatively higher boiling points than the laboratory teat compounds. 

Since the heated filter box is heated only to 121°C, we are certain that 
in many cases there will be significant loHes of moderately volatile 
organics. There is even some question as to the neceasity of the heated 
filter box. In the original Method 25, the probe was part of the trap, so 
condensation in the probe was not lo•t. The removable tip of the probe 
was an 1/8-inch O.D. stainless steel tube bent 90°. This tip was oriented 
to point away from the gas stream. The sampling rate waa typically around 
50 to 100 cc/min, producing a linear · flow rate in the tube of about 
1.4 ft/sec. The sample gas stream is flowing in the opposite direction at 
a much higher flow rate. Thil turned out to be a rather effective 
particulate filter. 

The 	 condensate trap proposed in the new Method 25 was developed by 
G.B. Howe et a1.1 as a secondary trap to aid in the removal of C02 prior 
to analysis. It waa very succeaaful for tbh purpose. However, they 
abandoned thia approach in their currently proposed method and UH the 
trap as the only trap in the •yatem. Tbil deaig12 is similar to designs 
evaluated and discarded by the Lo• AP1elea County APCl> in 1970•. These 
traps had a ual problem with' pluggin• wben used on afterburner outlets. 
The traps specified in the ori1iul Method 25 were designed to haadle a 
great deal of water without plugging. 

The umple collection tank's recommended 4 liter ii too small. Tbe 
optimum baaed on experience gained from testins over 1, 000 sources, ii 
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between 8 and 12 liters. The sample volume doesn't matter much when it 
comes to measuring source levels of C02 , CH4 or CO; but it matters a great 
deal when measuring NMOC especially at relatively low levels. Unpublished 
data produced by the Los Angeles County APCD in 1970 and 1971 showed that 
the original Method 25 trap produced good precision when measuring NMOC at 
ambient levels when a 50 liter sample was taken. A 2 liter sample 
produced erratic results even with stack samples. 

The proposed Method 25 specifies the use of crushed dry ice. This can be 
used, with care, in an emergency. Pelletized dry ice is far better. 
Crushed dry ice packs into a hard "snowball" and evaporates away from the 
surface it is supposed to be cooling. The field technician must 
constantly breakup the ball with a screwdriver to maintain the proper trap 
temperature. Pelletized dry ice doesn't pack like this and requires 
relatively little attention. 

While it is not mentioned in the proposed Method 25, if the valves are 
sealed around the valve stem with a packing should be mounted "backwards". 
The flow arrow should point away from the tank so that the integrity of 
the sample in transit doesn't depend on the valve packing. 

The sample traps should not be flushed into the original sample tank. 
This is likely to cause more problems than it is worth. In the original 
Method 25 system, the loss amounts to less than l'l and the extra handling 
is likely to comprise the integrity of the sample. Source test 
engineering calculations usually use the C02 concentration. A small leak 
around the fitting in the trap (which is stored in dry ice) often results 
in the trap containing nearly pure C02. If this is flushed into the tank, 
it can cause a considerable error. 

The condensate trap should not be warmed slowly to ambient temperature 
when starting to burn the trap contents. This wastes time and serves no 
useful purpose. If the oxidizer is working properly, it can handle the 
trap being dipped directly into a furnace. The long wait suggested in the 
new Method 25 also requires that more gas be collected, which dilutes the 
sample and reduces sensitivity. 

The condensate trap must be heated to a temperature several times higher 
than the reconunended 200°C. Also the trap must have pure oxygen run 
through it near the end of the collection cycle. Pyrolysis of the trap 
contents is likely when heating the trap enough to remove the less 
volatile compounds which experience shows are collected. Pure oxygen 
burns out the carbon produced by the pyrolysis. 

An oxidation catalyst is not necessary and actually slows the process. We 
found that alumina retards C02, causing apparent tailing on the co111bustion 
process. Crushed quartz, 6 to 8 mesh run at temperatures over 750°C will 
give complete oxidation of methane, and therefore, most other organic•. 
It doesn't cause tailing and allows the trap to be processed much more 
rapidly. 

Frequent monitoring of the C02 levels by extracting saq>le frQJI the 
combustion ayatem' is not neceesary, since the C02 monitor is usually set 
to be sensitive enough for thia purpose. The recommended monitor is labor 
intensive and the extra sample handling increasea chances for error. 

The proposed Method 25 control• the rate of collection into the 
intermediate collection vessel with a flow control valve. The flow 
control valve is just a needle valve which muat be adjusted unually 



throughout the burn. The Los Angeles County APCD discarded this approach 
in 1971. The needle valve was replaced by an upstream pressure regulator 
which is adjusted to maintain atmospheric pressure upstream of the 
regulator. It does this with variations under 1 Torr throughout the burn 
no matter what flow rates are used. ' 

The intermediate collection vessel should be as small as possible to 
attain maximum sensitivity. The suggested 6 liters is much too large for 
most samples and results in a factor of three loss in sensitivity. We 
have found that 2 liters is more than adequate for over 90% of the 
samples. In those rare cases that the 2 liter is not big enough, one can 
easily switch to another container to finish collecting the sample. 

The intermediate collection vessel is also pressurized too much. A final 
pressure of 860 Torr provides enough gas to run any analyses, while 
pressurizing to 1060 Torr merely dilutes the sample, decreasing 
sensitivity. 

The proposed Method 25 requires far too many replicate analyses. It 
requires that each analysis be done in triplicate. If the samples are 
taken in duplicate, you end up with 12 analytical runs plus the burn 
progress runs. This totals at least 15 analyses per sample location. The 
original method required only four analyses, plus occasional replicates 
for quality assurance. We feel that this is sufficient. 
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THE PYROLYSIS OF ACETYLENE- STYRENE MIXTURES BETWEEN 450 AND 55o·c 

C. Chanmugathas and Julian Heicklen 
Department of Chemistry and 
Environmental Resources Research Institute 
The Pennsylvania State University 
University Park, PA 16802 

The pyrolysis of acetylene- styrene mixtures has been studie from 
450- 55o•c in a quartz reaction vessel in lhe absence and presence of 02 or 
NO. The rates of disappearanc of reactants and formal'on of adducts are 
first - order in each reactant. The major produ t is polymer with the adducts 
accounting for abouL 2.5% and 6.2% of the styrene removed at 450 and 55o·c, 
respectively. The acetylene-to-styrene removal r tio is about 27 
independent of tempera ure. The adducls form d are methyl indene and 1,2
dihydronapthalene. These are about half- suppressed in the pr .sence of 02 or 
NO. The rate coefficients for reactant removal and adducl fonnation ar : 

log{k{C2Hz}, M' 1 s - 1 } = 7.53 ± 0.10 - (90.6 t 1.5)/2.3RT 
log{k{CeHe}, Afls- 1} - 6.63 ± 0.60 (98.5 l 8.8)/2.3RT 
log{k{C10H10}, ftf'ls - 1) = 8.27 ± 0.66 - (143.3 ± 9.8)/2.3RT 

where the activation energies are jn kJ/mole nd th unc rteinti s ar on 
standard deviation. As the reaction proceed , the methyl ' ndene and 1,2
dihydronaphthalene dP.compose, and ind n and nephthal ne are fonn d . 
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Introduction 

Pyrolysis or incOJIPlete cOWlbUBtion of hydrocarbons leada to soot form
at ion. The main route to soot formation at temperatures below 1200'C ie the 
cracking of the hydrcx:arbons to CzHz which then polymerizes and dehydro
genates. Thia process involves ar0111atic compounds aa intermediates (1-3). 
In order to investigate the low-temperature pyrolysis of styrene- acetylene 
mixture as an avenue for soot or polynuclear aromatic hydrocarbon 
formation, the present study was undertaken, paying special attention to 
C10H10 formation during the early stages of reaction. 

Experimental 

The experimental apparatus and procedure were similar to those de
scribed earlier (4-6). Pyrolysia was carried out in a 1090-cm3 spherical 
quartz vessel surrounded by a cylindrical resistively-heated oven. Kinetic 
data were obtained by both mass spectrometry and gaa chromatography. 

The mass spectro•etric sampling system consisted of a quartz pinhole 
(30-µm diameter) through which the reaction vessel contents continuowsly 
bled through a differentially-pumped intermediate region to a modified EA! 
Quad 160 11188S spectrometer. For quantitative analyaes, a sniall measured 
amount of krypton gas was added to the reaction mixture a• an internal 
standard to minimize the effect of instrumental and samplinf fluctuations. 
The absolute sum of the products with parent masses at m/z i3o (methyl 
indene and 11 2-dihydronaphthalene) could be meaaured because they have the 
same mass spectral sensitivity at m/z 130. 

Gas chromatography was ueed to obtain kinetic data for individual 
product isomers. The products were analyzed on a f18118-ionization gas 
chromatograph (Varian Series 1200) uaing a 6-ft, 1/8-in stainless steel 
column packed with 10' Siler lOC on chromoeorb W/BP. The column wea kept at 
40"C for 6 min and then temperature prograned to 170" at 4"C/min. The He 
carrier gas flaw rate wee 29 ml/min. 

Reau.Its 

When acetylene-styrene mixtures are pyrolyaed between 450 and 550"C, 
there are six heavier products formed in addition to polyraer, which 
accumulate• on the wall of the reaction Ye8sel. In order to identify .the 
products, gu-chromatograph-reaolved au.• spectra were obtained. The mas• , 
spectra and gas-chromatographic retention tiaes indicated th•t Pl, P2, P3 1 

and P5 were reapectively indene, methyl indene, 1,2-dihyclronaphthalene and 
naphthalene. 

PlPl PS 

The minor product• PO and P4 were reapectively, p-methylatyrene and an 
unidentified isomer of naphthalene (mol. wt. =128). At 550"C trace8 of 
other compounda, including indane (11al. wt. =188}, aetbylnaphthalene (mol. 
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wt. = 142), methyl-substituted dihydronaphthalene (mol. wt. = 144). 
xylenea, toluene, benzene, and a product with mol. wt. ~ 154 were also 
seen. 

The initial rates of C10Hio formation are plotted vereua the products 
of the reactant concentrations in Figure 1. The log-log plots are linear 
with slope 1.0 indicating a second order reaction. Similar plots are 
obtained for the initial removal rates of Calla and CaHa. The intercepts of 
the plots give the rate coefficients, and they are plotted in Figure 2 in 
Arrhenius plots. The Arrhenius parameters are listed in Table 1. 

Both P2 and P3 formation are partially suppressed by the addition of 
NO or Oa. Thus both products are formed in part from a concerted molecular 
process and in part by a diradical path. Since 02 and NO have comparable 
effects, the diradical intermediate is probably a triplet, since Oa may not 
scavenge a singlet diradical. 

Diacuasion 

The initial products of the reaction are polymer and adduct• of 
acetylene and atyrene. By far, the dominant product is polymer with a ratio 
of acetylene-to-styrene of about 27 independent of temperature. The 
fraction of styrene consumed which gives C10H10 adduct is 2.5, at 450"C and 
increases to 6.2~ at 550"C. 

The reaction• producing these products are homogeneoua aecond-order 
reactions. The homogeneity i• indicated because the rate coefficients have 
normal Arrhenius A factors for a second-order addition to produce C10H10 or 
a radical-chain mechanism to produce polymer. Furtheraore, the addition of 
excess inert gases did not effect the reaction. Alao. Lundgard and Heicklen 
(4) have shown that increasing the surface-to-volume ratio by a factor of 
59 had no effect on the diaerization of vinylacetylene and only a minimal 
effect on its polymerization. 

The Arrhenius A factors found for both polymer and adduct formation 
are si•ilar to those found for the corresponding reactions in other eyatems 
(4-6), but the activation energiee found here for both processes are about 
20 kJ/mole higher than for the analogous processes in the other systems. 

The secondary products. indene (Pl) Bbd naphthalene (P4) come from 
decomposition of the primary product• methylindene (P2) and 1.2
dihydronaphthalene (P3), respectively. The methylindene decomposition 
pr.esumably proceeds by loss of a methyl group, a -concluaion supported by 
the observation that p-methyl styrene (PO) waa found. P3 decoapoaition 
probably proceeds by loss of Ha or 2 H ato11111 though we have no infon1&tion 
on the details of the decomposition. 

Polymer fonnation probably proceede via a mono-radical chain proceaa. 
Initiation could proceed either by self-reaction of styrene or acetylene. 



References 

1. 	H. B. Palmer and C. F. Cullia, "The Cheaiatry and Phyaica of Carbon 1 " 

Vol. 1, P.L. Walker; Ed., Marcel Dekker, New York, 1965, Chap. 5. 

2. 	 M. s. B. Munson and R. c. Ander-son, Carbon J,,: 51 (1963), 

3. 	B. s. Haynes and B. G. Wagner, Proa. B~ritt Combuat. Sci. 7.• 229 (1981). 

4. R. Lungard and J. Heicklenl Int. J. cti.. Kinet. 16: 125 (1984). 

5, c. Chmmaugathall and J. Heicklen, Int. J, Chan. linet. ll: 871 (1985). 

6. 	c. Chamugathaa and J. Heicklen; Int. J. Chem. Kinet. 18: 701 (1986). 

Table I 


Arrheniue Parameters for Second-Order Rate Coefficients 


Rate coefficients L.' kJ/aole log{A, Mi aec-1} 

k{Calla} 90.6 ::I: 1.5 7.53 :t 0.10 
k{CeHa} 98.5 :t 8.8 6.63 :I: 0.60 
k{C10H10} 143.3 :t 9.8 8.27 :I: 0.66 
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Fig. 1: 	 Log-log plots of initial rates of C10H10 formation obtained by 
111888 spectrometry versus [C2Hz) [Cella): O, 450"C; A, 475"C; V, 
500"C; o, 525"C, ci, 550"C. Filled points are for N2 present. 
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Fig. 2: 	 Arrhenius plota for the rate coefficients: /::,, Ca fb removal; o, 

styrene removal; a, C10H10 fon1ation. 
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ASB!S':R:E P'lBER USS ~ AIR SAMPLDG CASSE'l'l'EB t 

A SIU>Y BY '.IRAEMISSIOO BCB:TRCfi MICX'SCDPY 

William E. Ialgo ' E.J. Jenkins 
Micro Analytical Laboratories , Inc. 
Gainesville, Florida 

The analysis of air samples for asbestos by 'l'I'ansmiasion Electrat 
M.icrC&CXlP.Y <2EH> has increasingly beoane the method al choi<:e for final 
clearance samples in post-abatement proje:X.a. Bcwever, the use of both 
polycarbalate (PC) and mixed cellulose ester <K:E> filter cassettes cllring 
air sart;>Iing has raised sane ooncerns about possible fiber loss fran the 
filter surface die to both static charge problems ard rou;rh handling &J.ring 
~ shipnl!!llt to the TEM laboratory. Also, it has been ~' that 
their nay be substantial loas of fibers to the inside of the oowling .Us 
ai the cassette durin;i the actual air sanpling process • 

'lbis investigation found that all of. the air ~lea exmnined displayed 
fiber lees to the inside oassette walls. 'lhis leas we dem:>nstrated for 
beth the PC and M:E filters. The mount of fiber loss .,.. fra11 9t up to 
r::NeJr 80t an3 was seen for all types of 8a'nlj)ling cassettes including the new 
black axxiuctive cassettes. 

A new washing a?d re-filtration inethod was st\.died that has the 
potential to overcane the problenwf of post-fiber loss after sanple 
oollection. Briefly, the cusette walls and filter aurface are <X1q>l.etely 
washed to I"enDVe all af the fibers present and then re-filteted cnto a KE 
filter <0 .22 micron pore size). 'lbe direct transfer method is used for '!DI 
unple preparation. 
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Introduction 

Phase oontrast microscopy <PCM) is DCM the moat widely used technique 
for the detection of asbestcs ai air filter samples. 'lbe aooat OCR11a1 uses 
for PCM are1 Cl> general air surveys, (2) air m:initoring during abatement 
projects mi (3) final air elellrance aampl.es after abatement. HcWaver, 
previous st\Xlies have shown that PCM is inadequate for both the general air 
surveys arxi final air clearance because it lades specificity for asbestos 
ani caimot i:esolve fibers less then 0.25 microns in width.1,2 Tl!M is the 
aily technique that now has the capability of positively identifying all 
types of asbestos including structures that are lees then 0.25 micrCllS wide. 
However, econanics an:J slow tumaround timea has hindered wide spread 
aocept:.ance of 'l!M analysis. 

Proposed Environmental Protection 1qe11ey <EPA> regulations that nay go 
into effect later this year will ban the use of PCM for final air clearance 
in sehool abatement projects. '!be proposed analytic:al mt.hod for final 
clearance will be Tl!M. If these EPA regulationa beocne law, the uae of '11!M 
for final air clearance will probably becaDe the industry standard and gain 
a llUCh wider aoceptance. Since there are aily a few qualifiecl 'l!lM 
lab:ratories in the country, amt air filter aamples will have to be shipped 
to the laboratory for analysis because in 11a1t cues, the logistics of hard 
carrying sanple eassettes across the country will just not be feasible. 

bre has been a growing concern that the ahipnent of the ~e 
cassettes to the '!EM laboratories may cause fiber lass frcm the filter 
8Urfaoe to the inside of the plastic CX1tfling beca1Jae of rough handling er 
static charge p:"oblema. If fiber loss .a substantial, it tllCUld cause 
errcmeoua results fran the 'IBM analyaia, allowing in the 'WDl'st case, the re
QQCUpation of a bdlding with unsafe asbestoe level.a. 

we beeme oonoernecS that the actual fiber 108s fran, the filter surface 
during sample ahipnent ws probably auch higher then ,.. o:lllllCX'lly 
Bpacul.ated. Since ·to cur knowledge, there have not bean any reported 
atu:Ues that actually ~titate fiber lees &iring shipment using 'l!'.M, w 
decided to inveatiqate thia possibility. 'ltiia paper deaeribea the 
~ative analywia of both the filter aurfaca and cowling .U. for 
airborne ubeat.o8 by '!!JM. S&lllpl.e c:ueettes ware ..U.ned that ware both 
ahiR;led and hand carried to cur facility. Both tbe el.Mr plutio aea;>ling 
c:assett:ea am the MW black canduc:tive c:uaettee wre etudied. A1.ao, 1inoe 
fiber loaa would be restricted to the inside of the cuaette tel.la, w 
atu:Uea an alternative smnp1e pr:eparation pr:ooaaa that used a wshing 
technique for~ of all lc9a fibers. 

bparlalltal Mathcd8 

Air cassettes wre chceen for thia study that bad elwat:«l levels of 
aabaatos <greater then 0.02 ubest:oa ~ume/oa> vim ,;nviowtly analyse. 
by 'mM using current EPA mtt:hodology. ' Pn:lll tt.e cueettee ,. tbe ineide 
filter ant! aupport pad waa carefully r4lllOll9Cl ant archived. 'l'tle ·wide 
BUrfaoe of the cuaettes _..abed. with distilled wter that OOftt&imcl 
O.Olt 01' aerosol aolution. 'l'tle tUbing srooeu eou.UJted of filling the 
Cll8Mtte with 10-15 ml of the pr:eparec! aolut.icn, oapping the cuaette 
tightly to prevatt wt.er leakage, then shaking vigorcualy for 20-30 aeccnda. 
'rhe WSh aolution ia decanted into a 100 1111 beaker and awd, thia step i1 

http:ubeat.o8
http:aampl.es


repeated b«:> adiiHooa.l times. 'trte re-filtration procedure for the 'f-8h is 
based on the EPA "Interim Method for Determining ASbestoe in water". '!tie 
o:mi:lined wash solution is then re-filtered onto a 25 nm K::E filter with 0.22 
micro~ p::>re size and prepared for TEM analysis as described by Burdette an::l 
Rood. Both the (K'!E) an:i the PC filters were examined. '1tle ooncentration 
of the asbestos found oo the inside of the cowling walls was cx:rtplt'ed to the 
results obtained fran the filter surface ooly. Air sample cassettes 
oontaining either the M:E or PC filters were run side-by-side during an 
asbestos abatement project. '!he filters inside the cassettes 'Were left in 
place during the washing prooedure as described ab::lve. The "8Sh solution 
was then re-filtered ooto 25 mn M:E (0.44 mic.ron pore size) fil~s ard 
prepared for '!'EM analysis. The washed filters were dried at 50 c for 1.0 hr 
an:i also prepared for '1"91 analysis. Results of the two washed filter 
surface types were carpared. 

Results 

Shown in Table I is the ooncentration of the amount of asbestos that was 
fourrl at the oowling walls for the PC sampling air cassettes. 'lbe results 
for the air cassettes containing the KE filters are shown in Table II. 'Ibe 
cm:runt of asbestos foord m the inside of the cowling walls of these samples 
ran;Jed fran 0.033 to 15.150 structures/cc. 'l'his represented a total fiber 
loss £ran 9% up to 88% that norrrelly 'l«)Uld have been missed in the analysis. 
The r-t:E filters had an average loss of 54% an::1. for the PC filters, the 
average loss was 64%. Also, when the cassettes were hand carried to oir 

facility, they dem::mstrated a fiber loss of alm:lst 50% when the <XMling 
walls were examined. 

Tables III & IV show the asbestos rem:wal efficiency of both the MtE arx'i 
the EC filters that were washed with the 0.01' ar aerosol solution. 
'lbrouqll:>ut this study, we '\llet'e o:msistently able to thoroughly W1Sh the KE 
filters mile the EC filters "1el:'e always found to a:mtain sane residual 
ooncentration of asbestos fibers. 

<l:Xleluaions 

All t:pe sample cassettes that we tested at our facility showed extensive 
fiber loss to the inside oowlinq walls \llben examined by T!M. When the 
aioount of fiber lose \tll!lS cx:mpared between the KE am the EC filters, the 
differences were min.im!ll. 'Ibis sugqest that for shipping p..1Ip0SeS, neither 
filter type has an advantage. 

'!be an:>Unt of loss fran aample to sample •s variable lllhich limita the 
use of. a standard error factor that can be pit int9 the fiber ooneentration 
calculations that are used for these types of analysis. 

Since the hard oarried cassettes also showed fiber loss it's uncertain at 
this time whether or not the fiber leas is directly attril::uted to the 
shipping or a static charge problem causinq the fibers to stick to the 
cxiwlirw;J walls during the actual smnpling. HcM!ver, when the anti-static 
cassettes were tested1 they also shcMed a hiqh oonoentration of fiber loss 
as shown in Table I. ,In any case, ncre experimentation is needed to resolve 
the q.iestion concerning the source of the fiber loss. 
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Using the proposed washing re-filtration method can cwercane both the 
shipping problems with rough han:iling am the suspected fiber loes fran 
static charge ruild up that occurs during the actual air sampling process. 
This method wuld allow for the analysis of all the fibers inside of the 
cassette during the washing process am not just the fibers found on the 
filter. Future work is needed so that a larger statistical population is 
examined for a mxe valid analysis am the question of possible break up of 
bJndles am clumps during the \IBShing process also needs to be addressed. 
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Table I. Fiber loss al inside of cassette wallal Polycarl:>C:llate filters. 

sample no. Filter size structures/cc al 
filter surface 

Structures/cc found 
al cassette wall 

I Fiber 
loea 

1 37nm 1.372 2.484 64 
2 37nm 9.121 15.150 63 
3 37nm 3.642 8.486 70 
4 37rrm 6.325 9.616 60 

'n!ble II. Fiber loss at inside of cassette wall1 Mixed cellulose ester. 

Sample no. Filter size 	 structures/cc oo Structures/cc found IFiber 
filter surface al cassette wall loss 

1 37nm 3.574 4.689 51 
2 37nm 16.005 l.604 9 
3 37nm O.Ol6 0.118 88 
4* 25nm 0.038 0.034 47 
5* 25mn 0.039 0.033 46 
6+ 25nm 0.940 3.712 80 
7+ 25mn 1.304 1.673 56 

* Semples harXl carried to our facility. 
,+cassettes oonstructed oot of black cxmductive oowling. 

Table III. Fiber rem::wal 	efficien2I after washz POl~te filters. 

Semple no. Filter size 	 Structures/cc al Structures/cc ai tReaDYal 
filter before wash filter after wash 

l 37nm 1.372 	 0.055 97 
2 37nm 9.121 	 0.592 94 
3 37mn 	 12.968 0.683 95 

Table rv. Fiber removal efficiency after wsh1 Met.hyloalluloae 
eater filters. 

Smnple no. Filter size 	 structures/cc cm structures/cc al tR1!111:117al 
filter before wash filter after web 

1 37nm 3.574 0.00* 100 
2 37nm 16.005 o.oo 100 
3 37nm' 0.016 o.oo 100 

• The ex>neentratlon Of the 	a&beStce present was be10W detection nmrt. 



A Novel 2.5 µm Cut Virtual Impactor for 
High Volume PM10 Sampling 

Robert M. Burton 
Environmental Monitoring Systems Laboratory 
U. s. Environmental Protection Agency 
Research Triangle Park, NC 27711 

Virgil A. Marple. Ph.D •• Benjamin Y.H. Liu, Ph.D. 
and Bradley Johnson, Particle Technology Laboratory 
University of Minnesota, Minneapolis, MN 

A high volume 40 CFM PM10 Virtual Impactor for collecting large amounts 
of particulate matter separated into two distinct fractions (FINE, 0 to 2.5 
µm; and COARSE, 2.5 to 10 j.1111) has been developed for uee in the US Environ
mental Protection Agency'• Integrated Air Cancer Project (lACP),l Because 
studies have ahown, in general, that the higheat level• of carcinogenic/mu
tagenic potential auociated with ambient farticulate aero1ob are frol'll 
organic compounds found in the FINE fraction, l a requirement for separating 
and collecting large alOOunts of particulate matter below 2.5 micron• became 
evident as mutagenicity testing progreaHd in the program. Particul4te 
emi11ion1 from woodstoves, vehicles, and many induatrial sources are found 
in this size range and can be efficiently aeparated and collected with the 
virtual impactor. 

The IACP is a long-term reaearch program with the goal of identifyin& 
carcinogen• in ambient air. the eourcea of theae carcinogens, and the aeeoci
ated potential health ri1k. A1 the IACP began ita initial phase concerned 
partly with the monitoring of residential woodetove etai11ion1, the low 
flownte (16 liter/minute) dichotomou1 ea11pler waa the 0'4ly commercially 
available collector that would provide aeparation and collection by filtra
tion of both the FINE and COAISE fractions of aeroaot,4 The IACP required a 
method for collectin1 sufficient amount• of the oraanic rich FINE fraction 
aerosol to be used in chemical analy1i1 and bioaseay te•tina. Coneequently. 
a 40 CFM virtual impactor was choaen and modified to meet the neede of the 
IACP, Empha1is waa placed on developing a preciae. hiah flow rate •ainpler 
that could be utilized cost effectively a• an add-on to the exieting PM10 
Size Selective Inlet hi1h volume 1ampler1. 

The sampler baa been teated exteneively in the laboratory to define 
ite collection charactedetice and wall lOHH • Wall 1011ea overall are 
1.7% for liquid particle• and o.sz for 101id onH. Althouah the aampler 
WH designed for a apecific application (UCP~, it 1hould have wide ueaae 
in the eamplins of aerosols where larae qualltf.ties of fnctionated fine 
fraction aeroeol ia desired. 
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INTRODUCTION 

A high volume 40 CFM PM10 Virtual Impactor for collecting large amounts 
of particulate matter separated into two distinct fractions (FINE, 0 to 2.5 
µ.m; and COARSE, 2.5 to 10 µm) has been developed for use in the US Environ
mental Protection Agency's Integrated Air Cancer Project ( IACP), l Because 
studies have shown, in general, that the highest levels of carcinogenic 
potential associated with ambient particulate aerosols are from organic 
compounds found in the FINE fraction,2 3 an IACP requirement for separating 
and collecting large amounts of particulate matter <2.5 microns aerodynamic 
diameter became evident as mutagenicity testing progressed in the program. 
Particulate emissions from woodstoves, vehicles, and many industrial sources 
are found in this size range and can be efficiently separated and collected 
with the virtual impactor. 

The IACP is a long-term research program with the goal of identifying 
-carcinogens in ambient air, the sources of these carcinogens, and the 
associated potential health risk. As the IACP began its initial phase 
concerned partly with the monitoring of residential woodstove emissions, 
the low flowrate (16.7 liter/minute) dichotomous sampler was the only 
co111111ercially available collector that would provide separation and collec
tion by filtration of both the FINE and COARSE fractions of aerosol,4 5 
Other available separators required greasing the collection surfaces which 
could potentially contaminate the collected aerosol. The IACP required a 
method for collecting sufficient amounts of the organic rich FINE. fraction 
aerosol to be used in chemical analyses and bioassay testing. Consequently, 
a 40 CFM virtual impactor design was chosen and modified to meet the need 
of the IACP. Emphasis was placed on developing a precise, high flow rate 
sampler that could be utilized cost effectively as an add-on to the existing 
PM10 Size Selective Inlet high volume samplers, 

EXPERIMENTAL METHOD 

The Virtual Impactor Classifier 

The principle of operation for the virtual impactor is quite simple. 
Particle laden air is accelerated through a nozzle impinging into a receiv
ing tube that is slightly larger in diameter than the nozzle. The particles 
which are larger than the cut size of the virtual impactor have enough iner
tia to penetrate into the receiving tube and are extracted from the backside 
with a small amount of flow (minor flow), which is usually 5 to 10% of the 
flow entering the receiving tube, The remaining portion of the flow contain
ing particles smaller than the cut size (particles with low inertia) reverses 
direction in the receiving tube and exits at the outer edges of the entrance 
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to the tube. In this manner, particles both smaller and larger than the 
cut size of the classifier are kept airborne and can be collected by filtra
tion. 

The collection efficiency of a virtual impactor is a function of parti
cle size and is defined aa the fraction of particles passing through the 
nozzle that penetrates through the receiving tube with the large particle 
sample in the minor flow. Most of the smaller particles that do not have 
enough inertia to be separated in the receiving tube (those smaller than 
the cut size) remain with the major air flow. However, a fraction of the 
small particles equal to the fraction of the minor flow penetrate the receiv
ing tube with the large particles. Therefore, the minimum efficiency of 
any particle size is the percentage of the total flow passed through the 
receiving tube. This efficiency can be increased by introducing a clean 
core of air in the center of the jet providing a small, particle free minor 
flow. The addition of the clean air jet, however, does complicate the 
design and operation of the virtual impactor. 

To achieve 40 CFM flowrate without creating an unsatisfactory pres
sure droJ across the separator, a 12-nozzle design was used, Half of the 
virtual impactor stages are located on each side of the unit with the minor 
flows exiting from the receiving tubes into a central common chamber, the 
floor of which is the large particle filter. The major flow exits through 
two cavities (one on each side of the central chamber) and flows downward 
into a common cavity below the large particle filter chamber and above the 
small particle filter. The design is shown in Figure 1, 

High Volume Virtual Impactor 
(top view aectlQn) 

Figun 1 

The virtual impactor stages are paired on a c0111111on axis ao that the 
lllinor flows exiting f'rom the receivit\g tubes iapinge on each otbeT, aiding 
in stopping the large particles before they impact on the oppodte wall. 
In this manner, the louea of the large particles a.re minimized. Poeition
ina the large particle filter on the floor of the chamber also aide in 
reducing lo88ee lince almoat no tunaport of the minor f101ir b necu-aary 
before the particle• are filtered from the aitetr•••· In a similar manner, 
there is little transport distance bet~een the virtual impactor classifier 
and the filter for the small particle•. 
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The High Volume Virtual Impactor as an Accessorx to the PM10 High Volume 
Sampler 

The impactor (twelve-nozzle unit shown in Figure 2) has two components: 
a classification head assembly and a filter holder assembly. The classifi 
cation head assembly contains the twelve virtual impactor stages and cavi
ties leading to the large particle and small particle filters. The filter 
holder assembly is a casting containing both the small and large particle 
filters. The filter holder section is designed in such a manner that the 
filters can be assembled in the laboratory, transported to the field test 
site, inserted for a run and then returned to the laboratory for disassembly. 
In normal operation at least two filter holder assemblies would be used with 
one classification head so that the filters can be changed in the laboratory 
while the other unit is being used at a field site. 

In the high volume sampler the impactor is located between the PM10 inlet 
and the high volume blower with the flange of the impactor filter bolder 
located between the flanges of the PM10 inlet and the flange of the 8 x 10
inch entrance to the blower (Fig. 2). Becauae the particles larger than 
10 microns have been removed by the PM10 inletJ the particles passing from 
the PM10 inlet into the cavity surrounding the impactor will not have enough 
inertia to be impacted on the head of the impactor. With this arrangementJ 
the overall height of the high volume sa!llpler is only increased by about 
one inch, which is the thickness of the flange and gaskets. 

RESULTS 

. 1 Calibration 

The high volume virtual impactors were calibrated using monodispersed 
oleic acid and ammonium fluorescene particles generated with a vibrating 
orifice monodispersed aerosol generatot' (VOMAG)(Berglund and Liu, 1~73). 
The pat'ticles are tagged with a small amount of uranine dye tracer. Parti 
cles of a particular size are passed through the high volume virtual impac
tor and are collected on either the large or small particle filters or lost 
to one of the surfaces inside the impactor auembly. The quantity of 
particles being collected on the filters or loat can be determined by 
washing the respective surfaces with known amount• of water and mea1uring 
the dye concentration in the waeh watet' with a fluorOtPeter. By analyzing 
where the particles are located, the collection efficiency can be determined 
as well as the loeaes and exactly where the loa1es occur. The collection 
efficiency curve for the impactors ia ahown in figure 3. 

Also shown in Figure 3 is the collection efficiency for the 16.7 .tpm 
· dichotolllOus sampler. Note that the agreement between the two 1ampler1 is 
very good. Calibration with solid a1111Donium fluore1ceine particles showed 
the same collection efficiency as with the liquid particlea. 

Louu, i.e. particle& which tiave been collected at SOllle point othei· 
than on either of the two filters aa a functional particle siae, are shown in 
Figure 4 fo-r the ~iquid particles. Aa expected, the loues ne the largeet 
for particlea near. the cut size {2.5 micron) of the itDpactor and decreaae 
rapidly for smaller and larger particles, Solid particle• have lower 
lo•••• than liquid particle• due to their ability to bounce fr01ll a eurface 

· and be reentrained into the airstream. Since atmospheric aero1ol1 are 
generally considered to be solid particles, the loas during ambient &atllpling 
will be similar to that determined by the solid calibration particlu. 
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High Volume Vlrtual lmpaotor
(lat1ral 11ctlon vleW)
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At fint glance, 1011H H hiab •• 301 (by .liquid aero1ol) at the cut 
point appear to be rather large. However, U the l0He1 are conddered 
•• a fraction of all particle• entering the virtual impactor, i .a. all 
particles le11 than 10 µm, the touee are much lower. ror example, if the 
eize dhtribudon ii that expl'eeHd in the federal legiater for the deaian 
of the PM10 inleta, the lo•••• for liquid particle• would be 1.71 and 0.8% 
fol' 1olid particle•. Thu•• the lo•••• •• a function of the total aero•ot 
ma11 pauing throush the virtual impactor are quite low. 

In the pl'oce11 of wa1hing the variou1 part• of the impector to deter• 
mine whel'e the particle• are loat, it wa• found that approximately half of 
the particle• were in the r1ceivina tube and the other half on the chamber 



walls surrounding the two side cavities. If these cavities were larger, 
the losses would be reduced, possibly by as much as 50%, but then the high 
volume virtual impactor would not be as compact, 

Conclusions 

A 2,5 µm diameter cut high volume virtual impactor consisting of twelve 
parallel virtual impactor stages has been successfully designed for applica
tion with a high volume PM10 inlet. Use of parallel flow virtual impactor 
stages and paired opposing receiving tubes has allowed for a design which is 
very compact with losses not exceeding 1.7% and 0.8% for liquid and solid 
particles, respectively. Since the sampler classifies particles in size 
fractions of G-2.5 µm and 2.5 µm - 10 µm, respectively. the sampler incorpo
rates two filters: one for the small particles (8 x 10-inch) and one for the 
large particles (2 x 6-inch), These filters are contained in a single 
filter holder which can be eaeily tranaported to and from a laboratory for 
filter replacement, Although the sampler is capable of passing 40 cfm of 
air flow, it only increases the height of the high volume sampler by approx
imately one inch. Aa an opticn, the virtual impactor can be operated 
without a PM10 inlet, still providing a 0-2.S micron fraction plus a fraction 
> 2.5 microns, 

The sampler was designed for a specific application in the Integrated 
Air Cancer Project> however, it should prove useful in a variety of aerosol 
sampling sitl!ations where large quantities of fractionated FINE fraction 
aerosol is desired, This sampler is advantageous for collecting large 
quantities of ambient aerosol (from woodstoves, motor vehicles, etc,) in 
the 2 .5 µm or less pa-rticle size range• for both chemical and biological 
analysis. 
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ABSTRACT 

The Air Toxics Control Technology Center (CTC) fs a joint effort of 
the EPA Office of Research and Development (ORD) and Office of Air and 
Radiation (OAR) to provide technical assistance to State and local air 
quality regulatory agencies in solving control technology problems. related 
to air toxics. The CTC will support a wide range of State and local 
mitigation activities, including high-risk point source programs (State
initiatives and EPA promoted initfatfves), a htgh-risk urban toxics 
program. State Implementation Plan (SIP) decisf.ons also affecting air 
toKics emissions, and Best Available Control Technology (BACT) deter
mfnations as they pertain to air toxics control. Thfs program requires
the coordf nation of research and program office expertise in order to 
respond effectively to State and local requests for assistance. The CTC 
activity in 1987 is focused on a pilot program to determine and document 
the achieved effectiveness of the technical assistance program. This 
effort features implementation of the CTC HOTLINE, a telephone number 
which can be used by State and local personnel to ga1n 1nned1ate access 
to EPA expertise in control technology. 

The development of the CTC 1s described in terms of the roles of the 
particf pating organf zations, how the CTC 1s operated and requests are 
handled, and what types of requests are appropriate for the ere. In addi
tion, experience to date with the CTC operatfon 1s dfscussed and future 
plans for the Center are outlfned. Inft1al response by the State and 
local agencies has. been encouraging, and both OAR and ORD are optimistic 
that the CTC w111 become a very active part of the Agency's air toxics 
program f n the years to come. 
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INTRODUCTION 

The term 0 hazardous afr pollutants, 0 or 110re recently, 11afr toxtcs, 11 

encompasses a potentially large number of pollutants. Afr toxics may be 
defined as virtually any substance released into a1r medf a which may 
pose an exposure risk to humans. The sources of air toxics are widely
varied and include traditional afr pollution sources such as chemical 
plants, metallurgical processes, and motor veh1cles as well as non-trad
ftf onal sources such as passive tobacco smoke. indoor radon from sofl 
gas. and sewage treatment plants. 

Whfle extstfng control strategies are making a posft1ve impact on 
reducing ambient a1r toxics levels, the growth of the national economy
and a continued dependence on chemical and petroleum products could 
worsen the ambient problem and lead to increased public health risks. In 
add1t1on. much of the current and emerging af r toxics risk, for example
from ho111e heating and gasoline vapor control, may not be significantly
reducible fn the near future at costs which society is wflltng to pay.
To address the near-term problem. the Environmental Protection Agenc~ 
(EPA) announced 1n June 1985 a strategy, which encompasses both routine 
and accidental release concerns, for a program to reduce public exposure 
to toxfc air pollutants 1n the ambient air. 

The Afr Toxics Strategy now being impl1111ented couples the traditional 
Federal regulatory programs (e.g •• NESHAPs. New Source Performance Stan
dards (NSPS)) w1th an increasing State and 1oca1 regulatory responsibtlity 
to achieve reduced air toxics r1sk to the pub1tc. Over the next 5-8 
years. the strategy calls for the States and local authorities to take 
the lead regu1atory role, with the Agency providing technical and financial 
assistance to their efforts. EPA's Office of Air and Radiation (OAR) has 
drafted a 5-year Afr Toxics Implementation Plan by which the objectives 
of the strategy for routine releases would be accomplished, and whfch 
could serve as a guide to the EPA 1 s Office of Research and Development in 
developing a more responsive R&D program in air toxics. 

The Implementation Plan for control of routine releases of afr 
toxics defines sfx c011ponents to address the Agency's strategy: 

o Federal Regulatory Program in Afr Toxics (NESHAPs, NSPS, etc.) 

o High Rfsk Pofnt Sources (e.g •• non-N£SHAP sources with cancer 
risk exceeding 10-4 fn local situations) 

o High Risk Urban Toxics (focused on urban ambient environments} 

o Enhanceinent of State and Local Afr Toxfcs Programs 

o Enforcement and Compliance Programs for Afr Toxics 

o Management and Coordinat1on of Afr Toxtcs Programs 

As State and local air pallution authorft1es begfn to develop local
ized air toxf cs regulations. substantial financial and technical ass1stance 
f s expected to be required. The enhancement of State and 1oca1 air toxics 
progr1111s will provide financial assistance through grants (e.g •• Section 
105 of the Clean Atr Act) and technical assistance through several Agency 
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offices, including the engineering R&D program. In particular, experi
ence in control technology and source assessment resident fn the EPA 
will provide a prime source of technical expertise for the State and 
local agencies as they develop thefr air toxics programs. 

Development of Air Toxics Control Technology Center 

The shift in emphasis and responsibility from the Federal level to 
the State and local air toxics programs and the need to transfer 
expertise from the Federal level to the appropriate level have prompted
EPA's Office of Afr Qualfty Planning and Standards (OAQPS) and the Afr and 
Energy Engineering Research Laboratory {AEERL) to develop and implement• 
an 	 innovative technfcal assistance program. This program 1s the Air 
Toxics Control Technology Center (CTC), a collaborative effort among
OAQPS, AEERL, and EPA's Center for Environmental Research Information 
(CERI). It fs expected to become a principal element in the enhancement 
program through the early 1990s. The goals of the Center are to 
provide: 

o Support to State and local agencies in the implementation of af r 
toxics control programs through technical guidance and support 
on 	a1r pollution control technology questions, 

o 	 Mechanisms to transfer available engineering fnfonnat1on 
of broad interest to Sta~e and local authorities, 

o 	 "HOTLINE" telephone access to EPA expertise as an f nftial 
quick response to fndfvf dual problems, 

o 	 In-depth engineering assistance to States on f ndfvidual 
problems, and 

o 	 Feedback to EPA on the technical support needs of State and 
local agencies. 

The types of services to be provided by the CTC can be broken f nto 
three categories: df rect technical support. technical guidance, and 
requests for assistance. In the area of direct technical support, the 
CTC wfll provide available infonnatfon, data, and eng1neer1ng analysis on 
an as-requested bash. Asshtance can be provided on a range of topics, 
including: 

o 	 Evaluation of source emissions 

o 	 Identification of control tech~ology alternatives 

o 	 Development of control costs 

o 	 Assessing impacts of control technology on water, solid waste, or 
afr effluents 

o 	 Solving prob1ems wfth source testfng Methods· 

o 	 Advtce on penaf t condf tf ons to ensure good operation and 
maintenance of equipment for air toxics control 

o 	 Providing expert testflllDl'\Y 1n support of State and local 

regulatory actions. 


661 




In t~e area of technfcal guidance, the CTC will focus on topics of 
national 1nterest that have been identified by the States, including; 

o 	 Publishing control technology documents whfch discuss 

- Add-on control devices, 

- Process modfficatf ons, and 

- Control of area sources 


o 	 Designing and developing microcomputer software to help assess 
afr toxics control problems and evaluate potential alternative 
solutions 

o 	 Conducting public seminars and workshops on control technology 
pertaining to af r toxics. 

The CTC wfll handle requests for assf stance through the CTC "HOTLINE." 
Through a special telephone number. State and local staffs can contact 
EPA personnel who are the most knowledgeable about the requested topfc. 
The CTC may not be able to resolve every technical issue that fs raised. 
A primary purpose of the CTC f s to provide a quick response based on 
whatever control technology expertise or information fs available within 
the Agency. Usually, this will involve a series of telephone conversations 
and result fn the compiling of existing information from EPA technical 
f11 es. 

In some cases, ft may be appropriate to go beyond the rapid-response 
level of support and perform additional engineering analyses. Such 
requests should be made in writing by the requesting agency, Since a 
more in-depth involvement of Agency staff may be required here, contractor 
resources may be used to augment EPA in-house support. Decisions on 
whether or not the CTC can respond to such requests will depend on a 
number of factors, including public health implications. usefulness to 
other States. funding limitations, and other CTC priorities. 

In its first year, the CTC fs being operated as a pf lot program.
The CTC is a new concept for the air program: no attempt at such 
broad-based, cooperative technical assistance has been tried before. At 
this tfme, we have only a limited indication of the response to thfs type 
of support or of the support areas of most demand. The first year will 
be used to determine the best approach to organize and operate the 
CTC. 

Currently, the CTC is managed by a Steering Connnittee with represent·
atfves from each participating organization.. Plans are currently underway 
to expand the membership of the committee by adding several advisory
members, representing Regional. State. and local agencies. In general,
the respons1b111t1es of the Steering Connn1ttee include: 

o 	 Assessing technical assistance needs of the States 

o 	 Planning activities of the CTC 
' 

o 	 Setting prf ori ti es for spendf ng Cl'C resources 

o 	 Authorizing decisions on allocation of CTC resources 
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o 	 Developing outreach activities 

o 	 Coord1nat1ng CTC act1v1ties with EPA Regional Offices 

o 	 Developing a plan for the pennanent operatfon of the CTC 

o 	 Ensuring appr~~r1ate cooTdlnatfon of CTC publicat1ons or 
products. 

CTC operation began in the fall of 1986, and the response from the 
States has been enthusiastic. A nu~ber of telephoned requests. received 
through the "HOTLINE, 11 have been addressed. A standard "HOTLINE" font • 
has been developed to facilftate gatherfng the pertfnent 1nfonnatfon, and 
to document the number and nature of incoming requests to track EPA 
response. Since the purpose of the CTC 1s to serve a specfffc client 
audience, efforts have been made to 1nforw State and local agencies about 
the Center and its operat1on. In October 1986, meetings were he1d with 
members of the Afr Toxtcs Commf ttee of the State and Terr1tor1a1 Afr 
Pollution Program Administrators (STAPPA) and the Assocfation of Local 
Afr P~llutfon Control Officfa1s {ALAPC-01 to describe the CTC concept and 
to solicit t~efr response to the program and requests for assfstance. 
Subsequent d1scuss1ons were heid with other STAPPA/ALAPCO members. and 
helpful comments were recefved and factored fnto the CTC program. 

EPA 1s very sens1tive about the CTC's ability to respond to State 
and local needs in a timely and useful way. Both OAQPS and AEERL have 
committed to establfshfng a program that can satisfy both issues. While 
procedures have been developed to expedf te the process1ng of requests, 
the proof of the concept 11es 1n the progress actually betng made. In 
that regard, responses to four requests received in late 1986 illustrate 
the success of the program and its dfvers1fted nature. 

Current Projects 

One of the first projects being conducted by the CTC responds to a 
request by tne State of Florida regarding the emtssfons generated by the 
a1r stripping of ground water. Stnce thfs problem seems to be of wide 
concern. the CTC Steering Conmittee decided to respond to the request by
producing a guidance document on control of these emissions. Mtllbers of 
the CTC organfzetfons fam111ar with ground water strippfng have agreed to 
produce a document poolfng the expertise on the subject fronr each organ
ization. It fs expected that the document w111 be df strf buted to and 
used by those with s1m11ar concerns. 

~nother request orig1nated from the Northeast States for Coordinated 
Afr Use Management (h'ESCAUM). The NESCAUM States are faced with a deff-c
tency of tnformat~on on samp11ng and analytical (SI~) procedures for 
municipal waste 1ncf nerat1on. Although mu~tcfpal waste fnctnerators are 
of fncreas1ng concern to t~e Agency and standards are be1ng cons1de~d. 
interim methods are needed to prOIWOte consistency among the States. In 
this case, the CTC has arranged for the Agency's nieasurenient expert 1n 
incineration to an1st the gt'oup tn fannulattng an 1nt•rfm sampling
protocol. EPA will meet with the States to reach a consensus on the S&A 
procedures to be used. The reswlts of the meetf ngs wfll be comptled
for the States' use. 
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The State of Colorado asked for help in addressing complafnts of eye
and lung irritation in an area surrounding a waferboard manufacturing
plant. The CTC has contacted similar plants to determine if the plants 
have had a comparable problem and, ff so, how they have addressed it. 
The CTC will also conduct a stte visit tn order to assess the situation 
first-hand. The visiting team will consist of EPA personnel and a 
knowledgeable contractor representative. The CTC wfll then provide a 
report to the State to characterize the emissions and suggest possible 
control options. 

A similar request came from Allegheny County, a local agency in 
Pennsylvania. They were concerned with five plants fn their district 
which store toluene di-isocyanate fn above-ground containers. The 
principal concern was the ability of the plant to deal with an accidental 
release of TOI, which could threaten the local population. The CTC was 
asked for assistance in verifying the effectiveness of the control systems
and techniques tn place. Agafn, a team of experienced EPA and contractor 
personnel was assembled to evaluate the available information, visit two 
plant sites, and provide a report to the local agency. 

Means of Reguestfng Assistance 

Requests for technical assistance are being received, and actions are 
befng taken on them. Our effectiveness will continue to improve as we 
learn more about the needs of the State and local agencies. Consequently, 
we are soliciting State and local agency involvement tn this endeavor by
asking that representatives of these groups contact the CTC with their 
comments and/or requests for assistance. Fonnal requests for technical 
assistance (e.g., plant inspections, cost analysts, expert testimony) 
should be submitted to: 

Atr Toxics Control Technology Center 
MD-13 
u. s. Environmental Protection Agency
Research Trfangle Park, NC 27711 

or the CTC E-mail box: EPA8390. Informal technical assistance can be 
accessed through the CTC HOTLINE. The HOTLINE number ts (919)541-0800 
or FTS 629-0800. 
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Detection and Quantification of Hydroxylated N1tro Polynuclear Aromatic 
Hydrocarbons and Ketones and Hydroxylated Nitro Aromatic Compounds in an 
Ambient Air Particulate Extract 

M. G. Nishioka and D. A. Contos, Battelle Columbus Division 
L. M. Ba11, University of North Carolina 
J. lewtas, U.S. EPA 

Highest percentages of •utagenic activity for urban air particulate extracts 
are associated with the polar compound class fractions. Many of the 
components of these fractions have not been Identified, and the 11utagen1c
species, in particular, have not been detected. The Identification of 
hydroxylated n1tro polynuclear aromatic hydrocarbons (OH-N02·PAH},
hydroxylated n1tro polynuclear aromatic ketones (OH-N02-PAKJ and 
hydroxylated n1tro aromatic (OH-NOz-Ar) compounds is presented here. 
Bioassay-directed fractionation through four sequential separations led to 
detection of OH-NOz-PAH/PAK in a mutagenk and substantially simplified 
subfraction of an urban air particulate (<1.7 ~· diameter) extract. 
Identifications have been made from both electron impact (EI) and highly
compound selective negative chemical ton1zatton (NCI) HRGC/MS analyses.
Quantification of these compounds has been achieved using NCI HRGC/MS. 


The pr1tsence of OH-N02·PAH in' p~t1culate matter has bean suggested by

Lofrothlt N1elsen2, anCI Schuetzla to account f..or mutagenic1ty in polar
extract fractions. Mechanisms have been proposed 2,3,4 by which atmospheric
hydroxylation of PAH followeg by nitration should yield both NOz-PAH and OH
N02-PAH. Similar machan1s•s have been used to explain the formation of OH· 
H02-Ar in smog chamber studies of toluene. 


The importance of OH·N02-PAH became apparent when OH-NOz-pyrenes ~re first 

tdenttf1ed as mutagenfc mammalian metabolites of l·N02·PYJ'tne • The 
Importance of OH·,02-Ar became app~rent when N02-phenols were 1dent1f1ed as 
phytotoxtc agents present tn rain • In additfon, at least one N02·cresol 
has been identified 11 a 111umaltan 11tetaboltte of a N02·talu1ne lso11er9,
Increasing evidence suggests that OH-NOz-PAH are not an1y lmpartant products 
of metabolism of NOz-PAH J.n .nu but may also be tms:iortant genatoxins to 
which humans may be exposed via urban air particulate matter. 

(1) Lofroth, G. 11 11· In "Toxicology of Nitro Arouttc Compounds".
D. Rickert, ed. Hemtsphere Publishtng Corp., 1985. 

(2) Neilsen, T. 11 Al· Env1r. Health Perspect. 1983, Jl, 103-114. 

(3) Schuetzle, D. Env1r. Health Perspect. 1983, !Z, 65-80. 

(4) Z1el1nska, B. 11 Al.. JACS 1986, ,Ull, 4126-4132. 

(5) Leone, J. and Seinfeld,· J. Int. J. Chem. K1ntt1cs 1984, ll,, 159· 
193. 

(6} Ball, L. 1111. Carc1n. 1984, l, 1557-1564. 
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(9) Chism, J. !!. J.!. Drug Metab. Dispos. 1984, .lt. 596~602. 

666 




ADVANCES IN CONTINUOUS TOXIC GAS 

ANALYZERS FOR PROCESS AND ENVIRONMENTAL APPLICATIONS 

-0-0-0

Hermann Schmidtpott, Ph.D. 

Coropur Monitors, Munich , W.Germany 


Hans J. Brouwers 

Compur Liaison Office, Mt. Prospect, I 60056 


667 




A continuous microprocessor controlled trace gas analyzer for 
toxic gases is developed to monitor processes and/or environ
ments with a minimum of human interaction. The ensuing 
criteria centered around the need to provide a maximum of 
safety for the employee in the work place. Hence, the analyzer 
must perform the monitoring task with the greatest amount of 
accuracy and reliability. 

A short response/decay time, wide dynamic range and specificity 
are considered the prime criteria to obtain reliable and accu
rate data. This is achieved by selecting optimum detector 
technology for each toxic gas. The gases for which the 
analy~er is designed are Hydrogen Fluoride, Fluorine and 
Hydrogen Chloride. Phosgene can be detected by means of an 
optional photometric detector system. A sample enrichment 
system allows detection in the ppb range for most gases. 

The basic analyzer system is 
designed to require no routine Pl.AW pll!"#' pp 6MJ.'fZEB 

maintenance. This is BllAY-• 
accomplished by reducing the 
number of moving parts to a 
minimum. The sample is trans
ported~ using an air driven ......"' .......
aspirator. 

J1ait10GAll critical analyzer para
meters such as sample and 
reagent flowrates, vacuum, 
pressure, temperature and 
reagent levels are continuous
ly surveyed and compared to 
data stored in the system's 
nonvolatile memory. An alpha 
numeric display identifies the 

IOGlAIcause when one or more Pi ... 
parameters do not conform. 

-1!2.Automatic calibration and 

adjustment is performed when ~ 
•the analyzer is started up and 
at selected time intervals. u. 
Hard copy information of calibra
tion data, gas concentrations ...II 
exceeding present alarm levels 

-=:!~"·and their time of occurrence are 
available on a built-in printer. 

The system has maximum flexibility, as the various parameters 
of the analyzer can be modified to adapt to the application. 
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-------------------
METHOD OF DETECTION 

The detection method for HCl, HF and r2 is the ion specific 
electrode. Although the principle of detection is similar for 
all these compounds, the examples in this presentation will 
concentrate on the method for HCl. 

The ion selective electrodes selected for this application are 
the Ingold chloride specific electrode assembly. 

The calibration curve for this assembly can be shown 
as follows: 

I.I, ! 
·100 1 
·170 i 
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I 
I•160 I I~ 59,.,.y 

.,80 I 
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____ _JUz 
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The adsorption 
is as follows: 

solution for a measuring range of 0.1 to l. mg/m3 

147.l g 
58.4 g 
160 mL 
10 mL 

Sodium Citrate-Dihydrate 
NaCl 
1.0 m HCl solution 
0.1 m NaF solution 

The above is dissolved 
provides a value of Ul 

in 10 Liters of distilled water. 
(mV) at the electrode assembly. 

It 

The calibration solution is 70% of the measuring range of the 
and is made up as follows: 

14.7 g Sodium Citrate-Dihydrate 
5.8 g NaCl 
16 mL 1.0 m HCl solution 
70 mL 0.1 m NaF solution 

The above is dissolved in l liter of distilled water. It 
provides a potential of 02 (mV) at the electrode assembly. 

Some critical parameters to be aware of are: 

1 - ~u • 105 mv 
2 - Ph of both solutions should be 5.8 +/- 0.2 
3 - Slope of curve should be 56 mV/decade 

All measured date are available on the print out, so that 
individual critical parameters can be verified at all times. 
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In certain parts of India, the rapid expansion of cement manufactu
ring industry has introduced the likelyhood of increase in environmental 
problems arlsing out of particulate emission from cement kilns. The present 
study concerns the assessment of dust deposition on leaf surfaces and subs
quent plant respon~es to particu l ate emission from an 1 million tpa capaci
ty cement plant. The study revealed that the amount of dust deposited on 
the leaf surfaces of perennial plants like Citrus medica, Mangifera indica 
and Psidium guyava were negatively correlated with their distances from the 
emission source, While the magnitude of dust deposition was maximum on 
£. medics and minimum on f· guyava, lhe Ca accumulation was found to bo mn 
ximum 1n C. medlca and minimum in M. indica. A species specific direct re
lationshi~ be t ween the amounts or ~ust deposition and foliar Ca accumulati 
on was also observed. Moreover, visible injury symptoms were disc rnible 
only on f. guyava and~ · indica growing within a radiu of 2 km from th 
emission source. The study thus uggests that the differential responses 
of plants to particulate kiln mission may serv as a key lo use plants for 
the detection, recognition and monitoring of particulate pollution and its 
biologica l erfects. 
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Introduction 

In India increasing gap in demand and suppl~ of cement and the presen
ce of vast reserves of cement grade llmestone havs resulted ln rapld expan
sion of cement manufacturing industries in recent years with subsequent in
crease in problems arising due to emission of particulates into the atmosp
here. Consequently for careful control of particulate pollution in indust
rial regions, high volume sampler as per specifications a( U.S. EPA has1been prescribed as a reference method for the monitoring of total SPM 
Though this method is ideal for measuring quantity and after analysis qual
ity of partlcylates in the ambient air, it is far away from indicating or 
help modelling aJolDgical effects of such pDllutants, On the other hand, 
leayes of plants may act as efficient dust collectors anq sho~ differential 
responses depending upon the physical and chemical characteristics of part 
iculate matter deposited on them and thus may also act as tools for detect
ion, recognition and ~onitor1ng of air pollution effects~-4. ~hen plants 
accumulate polluting compounds without chan9ing their ch~~ical nature by 
metabolism and the pol~utants are easily anal~sed ln sample of plant mate
rial, they ~ay be used for ~onltori~g of pollution effects also•. 

In the ·present study an attempt has been made to uee plants for moni
toring of particulate emission from cement plants as well as emission indu
ced biological effects. 

Site Description and Sources of Ato•ospheric E•ission 

The cement plant with an annual production capacity of 1 million tan 
is located at 21°57' N latitude and 82°20 1 E longitude on a plain topograp
hy and at an elevation of 300 m above mean sea level. The minimum and max~ 
imum temperatures of the area range from 13 to 42°c._ Tha predominant wind 
direction is towards SE and average speed is 6 Km h 1 • 

The latest dry process technology has been adopted for portland cement 
manufacture in the plant with inputs of raw materials as cement grade lime
stone, clay, laterite, breeze coke and gypsum. The principal sources of 
particulate are the raw will, rotary k1ln and clinker cooler. Emission 
from cement mill and coal mill are relatively low. Generally, the average 
particulate emission from the kilns of tnis type of plants in India amounts 
to 0.2~ or 2 kg Mt• 1 of cement produced and when dust arresting devices 
remain uncharged the total emission may increa1e t~ 4•. The fallout dust 
at the environs of the cement plant thus constitute a heterogeneous mixture 
with contribution of raw and clinker phase materials predominating. 

Experl-.ntal Methods 

The study was co~ducted in March 1986, Three to four years old plants 
or Citrus medica, Mancitera indica and Psidium guyava growing at different 
directlans upto } Km from the epicentre of pollution source and upto 
distance of 5 Km downwind were.selected for measurement of dust load on 
leaves, foliar calcium level and leaf wash suspension pH (Table r}. For 
the determination of background level of dust a site at a km NW was select
ed. 
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Plants growing at above mentioned sites were visually examined. Matu
re leaves were collected, repeatedly washed with deionised distilled water 
and leafw9~b suspension was dried to determine the weight of solid matters. 
Leaf area were measured and then dried in over at io50 C for Sh, Calcium 
contents in leaves were determined by flame photometric method after ashi
ng the dried and powdered leaf samples at 48D°C with the addition of satur
ated magnesium acetate. Leaf wash pH were determined with the help of a 
pH meter. for all measurements at least three replicates were maintained. 

Results 

The dispersion of particulates from the stacks of cement plant as ex
amined by the measurements of foliar dust load (Table II) and leaf-wash 
suspension pH (Table I) was found to be quite significant upto 3 Km 
downwind of the emission source. The magnitude of dust deposition on lea
ves of plants growing at 1 km NW was found to be comparable to those grow
ing at distances of 3 and 3.5 Km on SW and SE directions, respectively. 
The levels of leaf surface dust, leaf wash suspension pH and foliar calcium 
were found to be maximum at the immediate vicinity of the source but these 
values f~r plants growing at increasing distances from the source were fou
nd to be significantly low. While the magnitude of dust deposition was 
maximum on £• medlca and minimum on !· guyava, the calcium accumulation was 
found to be maximum in C. medica and minimum in M. indica (Table II), The 
maximum dust load of 49~2 g m-2 leaf area of f.g~yava was found comparable 
to a study conducted elsewhere 5• A species-specific direct relationship 
between foliar dust load and calcium accumulation was also noted, Chloro
tlc foliar injury symptoms were only noticed inf. guyava and !.indica gro
wing upto a distance of 2 Km downwind (Table II). On the same site, 
inspite of thin crust formation on leaves or £· med1ca no visible injury 
symptoms were detected i~ them. 

Development of foliar injury symptoms w•s possibly due to hiiher dust 
load and alkalinity or particulate matter on leaf surfaces. Czaja noted a 
positive correlation between induction of foliar injury sy•ptoms and the 
concentrations or calcium silicate ln cement kiln dust vis • via lta pH 
values. It was suggested that on hydration of cement k'i"iii dui't7 alkaline 
calcium hydroxide solution is released on leaf surfaces which ln turn help 
saponlfy the protectl~e cutlcle permltt1ng migration of solution through

6the cuticle to mesophyll tissue . This possibly causes accumulation of 
calcium in tissue with subsequent changes in plant metabolism and develop
ment cf injury symptomst resulting ln decreases in photosynthetic potential, 
energy budget and bio~ass production of plants ' 17 

Conclusion• 

The measurements of leaf surface dust load, dust-suspension pH and 
foliar calcium accumulation in plants growing at different locations from 
the cement plant may help monitoring or particulate emission as well as 
modelling its dispersion pattern. Plant responses further help recognition, 
detection and monitoring of biological effects of perticulata pollutants. 
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TABLE 

Leaf-wash pH of plants growing at different locations around a 
cement plant. 

Site No. Direction Distance (Km) Leaf-wash pH 

so 0 9.2 

s, SE 9.0 

NW 8.4s2 

SE 2 e.es3 

SE 3.5 8.2s4 

SW 3 8.2s5 

E 3.5 7.8s6 

SE 5 7.8 

NW 8 7,6SB 
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TABLE II 

Foliar dust load, calcium contents and injury symptoms in plants 

(P=f· guyava, C:C. medica and M=~· indica) growing at different 

locations around a cement plant. 

Site No. Plant Dust load Calcium Injury 
-2 )(g m leer area ( ") symptom 

p 49. 2 4.8 Necrosis 
c 
M 

p 5.8 3.4 Chlorosis 
s, c 6.5 3.8 

M 5.6 3.2 Chlorosis 

p 3.9 2.05 

c 4.2 2.95 

M 3,85 1.9 


p 4.2 2.8 Chlorosis 
c 4.56 3.353 

4.26 '2. 4"' 
p 3,95 2. 1 

c 4.3 3.0 

M 3.8 1. 9 


p 3.8 1.95 

55 c 4.3 2.95 

M 3.8 1.9 


p 1. 98 1 .• 6 

c 2.05 2.5 

M 1. 95 1.2 


p 2. 1 1.62 

c 2.2 2.45 

M 1.96 1.3 


p 2.05 1.6 

c 2. 16 2.4 

M 1. 90 1. 25 
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Wood smoke contains •iqnificant quantities of mutaqenic
and carcinoqenic compounds auch a• polynuclear aromatic · 
hydrocarbons (PAH). However, PAH account for only 12-25 t 
of the mutaqenicity of wood smoke particles with the 
remainder appearinq in the more polar fractions. These 
polar fractions have proven to be refractory to chemical 
characterization and identification of mutaqenic •pecie• haa 
not been poa•ible. 

Two commonly used ••paration method• for combustion 
amia•iona, aqueou• pha•e acid/ba•e/neutral and normal pha•e
HPLC fractionation, have been u.ed on wood amoke but have 
resulted in low mass recovery or poor aeparation of polar
compounds. In order to address the.. difficultiea, an 
acid/baae/neutral fractionation ..thod was developed uain9• 
non-aqueoua ion exchan9e ohroaatoqr•phy. The two column• 
utilized were composed of: cation exOhancJe reain, AllberlyaU 
15, for aeparatinq baaea1 and the anion exchaft9e resin,
Ambarly•t 26, tor separatift9 acida. RiCJb recoverii•, aa 
determined by GC analysis, wer• observed tor 14 compound• in 
a standard mixture. Total ma•• recovery tor a wood •moke 
sample throuqh this aehem• waa -100 • with the neutral 
fraction accountinq for 54 ' of th• ma••• Acid, polar acid,
neutral and basic tractions were collected and followinq
•olvent exchan9e into DMSO, were ,teated in th• ' 
Ames/Salmonella llUta9enicity awsay. Th• neutral fraction 
demonstrated the hiqh••t mutaqenicity both in th• preaence
and abaanc• of 89 activation. 

677 




BOB-AQUBOUS IOB IXCHAllGB CBROD'l'OGRAPBY AS A PRBPADTIVB 
•llllCTIOllATIO• KllTHOD :roa SHORT TBRX BIOASSAY ANALYSIS or 
WOOD axon BZTRAC'.l'S 

IllTRODUCTIOR 

The identification of biologically active compounds in 
complex environmental mixtures is a difficult technical 
challenqe. The polar fractions of wood smoke, which contain 
75-90 t of its mutaqenic activity, have proven to be 
particularly refractory to analysis (1). Preparative and 
semi-preparative methods such as aqueous phase 
acid/base/neutral separation, open column silica qel
chromatoqraphy, and normal phase HPLC silica qel fract
ionation have been successfully used for separation and 
identification of nonpolar polynuclear aromatic hydrocarbons
and partially successful for studying their moderately polar
nitrogen and oxyqen derivatives (2,3). However, these 
methods have resulted in low mass recovery and/or poor
separation of polar compounds when applied to wood smoke 
extract(3,5). In order to address these difficulties, an 
acid/base/neutral fractionation method was developed using 
non-aqueous ion exchange chromatography. 

KA'l'BRIALS UD XBTBODS 

Reagents 

Chloroform, tetrahydrofuran (THF), and methanol were 
purchased from Burdick and JackS.on, Muskegon, Mi. Ion 
exchanqe resins were manufactured by Rohm and Haas and 
obtained from Altal Danvers, MA. Formic acid and isopropyl
amine were obtained from Fluka, Ronkonkona, NY. source and 
purity of standard compounds are listed in Table I. 

Preparation of Ion Exchanqe Resins 

Preparation was similar to that of Jewell, et al (6}.
Allberlyst 15, the cation exchanqa resin, was washed with a 
methanolic potassium hydroxide solution (5 t by weight) and 
then rinsed with methanol. It was then converted to the 
acid state by slowly adding a solution of 5 % volume HCL in 
methanol and stirring for 30 minutes. The resin was washed 
with distilled deioni%ed water until the pH of the washing 
water was neutral. It was then aoxhlet extracted for 24 
hours each with methanol, dichloromethane, and a 
chloroform/5 t tetrahydroturan mixture. The resin was 
stored in chloroform until used. 

The anion exchanqe resin, Alllberlyat 26, was washed with 
a 5 t HCL solution in methanol and rinsed with methanol. 
After rinsinq, the resin was activated by addinq a 5 t 
methanolic hydroxide solution (described above). The resin 
was washed, soxhlet extracted (no THF was used) and stored 
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as described above. Approximately 1 gram of resin per 10 
milliqrams of sample was slurry packed in chloroform into 25 
or SD ml burettea which were plugged with glass wool and 
fitted with teflon stopcocks. Columns should not be packed 
too tightly because the variety of solvents used causes 
swellinq of the resins during the separation. 

Preparation of Fractionation standard 

A hiqh concentration standard was prepared by adding
approximately 60 mq of each of the compounds listed in Table 
I to 10 mls of a 10 t THF/Chloroform solution. The 
compounds were chosen to reflect the expected distribution 
of acidic, basic and neutral components in wood smoke. Many
of these have been identified in wood smoke (see Kamens, et 
al, these proceeditiqs). 

Preparation of Wood Smoke Extract 

Smoke from a residential wood stove burning yellow pine 
was introduced into the UNC Combustion Emission Research 
Facility chambers and then sampled as described in the 
literature (1,4) and elsewhere in these proceedinqs (Kamens, 
et al). The particulate sample, collected on 13 cm Teflon 
coated, glass fiber filter• (Palltlex T60290) 1 was aoxhlet 
extracted for 16 houra with dichloromethane, concentrated by 
rotary and nitroqen evaporation and a qravimetric mass was 
determined for the extract. 

Separation Procedure 

Th• general fractionation procedure is outlined in 
Fiqure 1 and ia similar to Jewell, et al (6)(but witbout a 
solvent reflux atep), 40-100 aq ot standard o~ •ample
dissolved in lml ot lOt THF/chloroforJR was plac.d on the 
Amberlyat 15 column. Aoida and neutrals were unratained and 
were eluted with a 10 t TKF/lOt methanol/ aot ChlorotorJll 
mixture. The modification of the chloroform by addill9 THF 
increased the recove:i:y of acids from the cation exch•nqe
column and the methanol increased elution of the hiqhly
polar compounds in wood smoke. 'rh• retained bases were 
removed from the reain with 20 ' volUBe iaopropylaaine in 
methanQl. Th• acids/neutral• mixture was concentrated by 
rotary evaporation to -1 ml and placed on the anion exchange
column. Neutral• w•r• unretainad on thia column and eluted 
in 100 t chloroform, Retained. acid• were then eluted by
addinq a l' formic acid/methanol aolution. A aecond, :inore 
polar, acidic fraction was collected by eluting with a 20t 
for.lllic acid/mathanoi eolution. Each elution waa carried out 
at a rate ot -1 ml/minut• and the volume of •olvent u••d was 
20-50 ml• per fraction (-0.5 ml•/119 aampla) • .Basic and 
acidic fractions war• rotary evaporated just to dryneaa to 
remove any remaining solvent modifier (ie. iaopropylamin• or 
formic acid). Thay were redissolved in fresh aolvent 
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prior to gas chromatography or mass residue analysis.
Gravimetric mass measurements of the fractions were 
accomplished by evaporating the solvent from small aliquots 
of the sample and weighing the residue. 

Sample 

A-15 Cation ~ 
Exchange
Resin ' 

I 
t 

Base ' A-26 Anion ~ 
Excrange

Resin 

I 

' 
 t 

Neutrals Acids Polar Acids 

Figure 1 Separation scheme. ' 
Gas Chromatography 

Chromatography was performed on a Carlo Erba mod.el 4130, gas
chromatograph utilizing a JOm fused silica J & W, DB 1701 
capillary column with a flame ionization detector. It waa 
temperature programed from 130-29o0 c at s0 c;minute and th• 
injection was aplitle•• with a 20 second hold. A Shimadzu 
inteqrator was used and the internal atandard method waa 
used for quantitation. Identities of the peaks in the 
standard mixture ware confirmed using the above column and 
program with a 5992 Hewlet Packard GC/MS system. 

MUtagenicity Bioassay 

Each wood smoke fraction and the neat sample waa teated 
for mutagenicity in Salmonella typhimurium atrain TA98 with 
and without a lOt rat liver homogenate mixture (S9) prepared
from Arochlor induced rats aa deacribed by Maron and All•• 
(7}. Due to a limitation of maas, each traction was teated 
with single plates at four doses which were chosen by 
eatimati~g the the probable linear dose/response ranqe based 
on prior testing (data not shown). Muta9enicity slope 
values were calculated by simple linear regression uai119 all 
dose level• unless toxicity was observed. Quantitative 
slope valuee were calculated tor the purpose of compariaon 
and the limited number of data points au9qeats a qualitative 
interpretation of mutaqenicity results. 
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Recovery of Fractionation standard 

A• i• ehown in Table I, qualitative saparation of the 
basic etandard• into the th• b••• fraction wae excellent 
with no neutral or acid overlap. The quantitative recovery
of baeee wae qreater than 92t. Five neutral coapounda
appeared only in th• neutral fraction while two compound•, 
2,3-dimethyl indole and naphthalic acid anhydride behave 
partially ae weak acids. Phenol and l-naphtbol, relatively
weak acid•, were aplit between the neutral fraction (21.5'
and 14.4l) and the acidic fraction•. The •tronger acida, 
benzoic acid and p-nitrophenol, appeared almost entirely in 
the acidic fraction•. Quantit.aticn of 9-phenanthrol wa• 
unreliable because of aolul>ility probleJU. There wa• no 
compound which appeared prilaarily in the polar acid fraction 
indicating that there i• no representative of thi• cla•a in 
the mixture. suitable polar coapounda which could be 
chromatoqraphed and which mi9ht appear in thi• elas• •uch as 
di-acid• or di-hydroxylate• were not available. The 
material which did elute in this traction may have been that 
which wa• tightly bound to th• anion r..in aotiv• •it••· 
Total recovery ot atanda:rd• was generally high (>87t). 

Ma•• Di•tril:lution of Wood Smoke 

Th• particle extract .... which waa fraetionated and 
th• a&•• which appeared in each traction i• di•played in · 
Table II. The •liqht over recovery ot: aa•• aay reflect 
aea•ur•••nt error or may po••il:lly be due to the efteot of 
THF hydrogen bondinta with the acid• in th• •••Pl• (8). 

Table II. Ma•• Recovery of Wood Smoke Amon9 l'raotion• .... 
Sample M9 
--~-------~----------~~------------~---~~-~~----~~--
Whol• Extract 51.0 100.0 ' 

2.4 4.7 •Ba••
Neutral 27.6 54.1 • 
Acid 20.0 39.2 • 
Polar Acid 2.a 5.5 ' 
8\111 52.8 103.5 • 
~~~-~~----·~~----~~-~~--~~~~~·----~-~~--~-~~~--·~-~-
KeaaureMnt error due to )>&lance fluctuation, .t,/- 5.0 '· 
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Mutagenicity 

The mutagenic potency in Salmonella strain TA98 was 
measured by performing a simple least squares linear 
regression on the dose response data and is expressed as 
revertants per uq extract as shown in Table III. The total 
revertants per fraction was calculated by multiplying the 
slope value of the regression line by the mass appearing in 
the fraction. Percent mutagenicity distribution is 
calculated by dividing the revertants per fraction by the 
revertants in the whole extract. 

The unfractionated pine smoke extract was particularly
mutagenic when compared with other samples tested in this 
laboratory (typical values for TA98: -59 = 0.4 rev/ug~ +S9 = 
1.2 rev/ug). The neutral fraction was the most potent
without adding S9 although not as mutagenic as the whole 
extract. The acidic fraction makes a significant
contribution (16.6%) to the mutagenicity of the sample. The 
reconstituted sample (reconstituted from the fractions by 
mass percentage) also had a lower response than the whole 
sample indicating a possible loss of direct acting mutagens
in the fractionation process. This possibility is also 
suggested by the 68.6 % recovery of percent mutagenicity 
when the mutagenicity from each fraction was summed. 
However, given the limited data set, these departures from 
100% recovery may simply be due to measurement error. 

Indirect acting mutagenicity (+S9) slope values were 2 
to 15 fold higher than direct acting values for all of the 
fractions. The high potency of the base fraction was 
surprising given that no highly mutagenic basic compounds 
have previously been identified in wood smoke. However the 
contribution that the bases make toward the whole sample is 
small. The neutral fraction, in which polynuclear aromatic 
hydrocarbons appeared, waa the moat potent fraction and also 
contained 93% of the indirect actinq mutaganicity of the 
whole unfractionated extract. The acidic fractions make 
relatively small contributions to the indirect acting 
mutaqenicity of the sample. Recovery of indirect actinq
mutagenicity as measured by the reconstituted and summed 
fractions was 90% and 107% respectively. This auqgests
there is good recovery of these mutaqens through the 
fractionation scheme. 

·rn assessing the usefulness of this method, the good 
qualitative separation and the quantitative recovery of 
standards demonstrates that non-aqueous ion exchange 
chromatography ·can be applied to complex mixtures. Further 
development of the method may result in raducinq the overlap
of weak acids into several fractions. Manipulation of 
solvent polarity is critical to solving this problem. 
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For a separation method to be used in bioassay directed 
fractionation it requires: 1) hiqh recovery of sample mass 
throuqh the system in order to make informed decisions about 
further analysis: and 2) hiqh recovery of •weiqhted'
mutagenicity. While the bioassay evidence supportinq the 
utility of this fractionation method is limited, the 
preliminary results presented here indicate that for a non
aqueous sample this method measures up relatively well. 
This ion exchange separation technique may be especially
useful when the investiqator wishes to avoid the addition of 
stronq acids and bases (ie H2so4 or NaOH) to the sample as 
in aqueous phase acid/base/neutral methods. 
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Table I. Percrnt R~covery of Fractionation Standard 

POLO TD!AL PERCENT 
tOMPOl.IND 81.SE NfUTRAL ACID ACID RECOVERY STD.DEV. c 

-----•-••--••-••••-•••-••••-•••·~-------------~---•-w---~--~··•-•••-•-••-••••••-•••••••--•••••,,.,,hlnol .. 21.S' i2.t\ m.n !.-n 
8e1uofc 1c:id IES.ft ID.9' m.n lU-'u'
2,6 Ol~t~hyl Quinolfne H.t, IU' !.2\,,,,,1.l~b1ntofunn io&.8' 105.8\ 
2,3 Oi11ethyl Indol 81. 7' 8.9' i0.5\ 1.2' 
1 N1phthol ,. .., 59.8\ 11.5, 91.7\ 5.1, 
9 Fluor1nan1 m.1, 101.1\ U\ 
1,1 8enzoqutno1ine 92.7\ 92 .1\ 
p nitrophenol 97.9\ a.9' !E.7' '·°'1.5' 
Pvr•nt H.O 9U\ !.9' 
Niphtha11c acid 111hydride Tl.7\ 1.4\ U\ f&.S\ u'
9 Phlr.1nthrol 2U\ 1.1\ 2U\ 14.9\ 
~rent c1rbo11ldtllyde b 19.7, H.7\ O.S\ 
Benr[a]anthr1cene 1,12 d1one m.n m.n 1.5\ 

1 All che1ic111 obt1fntd froti1 Aldrich, ~ilW1uk11, WI, >!9\ purity unles1 nottd. 

b m1, H\ 

c Pt1k 1re1 dev1at1on 111Dn9 r1plic1t1 GC runs. 


Ttble llI Mut191nic Potenc~ and 01str1butfon 

1A99 -S9 Uta +S9 
---~--··~·~-~~-------------------- ---------------------··--~--¥·--------
R1vert1nt1 R1v1rtants !leretnt R1v1rtan.t1 R1v1rtan.t1 Percent 
Pu ~If' Mut1o;tnfc It~ Per i:i.r flltJt1~tnicit~ 

Sl1ple u~ f•tract Fraction Distrfbut1on ~II C.Xtr•ct Friction Of1trU1utfon 

,~,mW'1o1t btrect 0.52 nm 100.0, 1·.u !OM\ 
eese 0.19 m U\ 3.04 me 5.1\ 
Neutral 0.5• mn n.e, 4.27 mm 13. ,, 

~;,,Ac1d U6 mo '6.6\ uo am 
Polar -.cid C,31 m 1.9\ 0. 79 mg 1.1\ 
ReconstHuted U4 23352 1U\ U6 mm to.2• 

Su• 21m 68.&\ nsm m.O\ 

!'lean (n•J) revert•nts, controls; ·S9 • 2?; +Sg ~ 34; 
3 u9 1-n1trofluorent ~ 212; l UR 2-11inoanthr1t1n1 • 19t5. 
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Over the past few years, it has become widely recognized that wood 
stoves can produce high levels of incomplete combustion products, 
becoming, in some areas, one of the moat serious air pollution sources. 
Whitehorse, in Canada's Yukon Territory, has one of the highest levels 
of wood stove-generated air pollution in North America. Most efforts to 
date, both from the technical and the regulatory side, have concentrated 
on developing new, cleaner burning appliances. While this approach is 
commendable, and ia resulting in a number of cleaner, more efficient 
appliances on the market today, the majority of woodstovea installed in 
homes in North America are of the older, inferior combustion type. That 
moat stoves have been installed in the peat eight years or leas makes 
the probability of their replacement in the near term very unlikely. 
lklleee retrofit technologies or use control strategies are applied in an 
effective manner, the emissions from wood stoves will be with us for a 
long time to come. 

Thia paper presents some retrofit technologies that offer the 
potential to reduce the emissions of incomplete combustion products from 
existing wood stoves, either by forcing a change in the rate in which 
the wood is actually burned, or by adding on an afterburner-type 
catalyst to clean up the emieaiona before they leave the chimney. In 
particular, laboratory results on the use of a retrofit add-on catalyst 
fitted to a stove representative of the majority of installations in 
Whitehorse, are presented. The add-on cstslyat mekes a major reduction 
in the amount of particulate& emitted, but only when the etove is 
operated in the updraft position. It is ineffective when the stove ia 
in sidedraft. On the other hand, the add-on is seen to be quite
satiefactory in cleaning up carbon monoxide in the exhaust, no matter 
what the stove operating mode. 
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Introduction 

Over the past few years, it has become widely recognized that wood 
stoves can produce high levels of incomplete combustion products,
becoming, in some areas, one of the most serious air pollution sources. 
Indeed, Whitehorse, in Canada's Yukon Territory, has one of the highest 
levels of air pollution due to wood stoves in North America (1), 

Moat efforts to date, both from the technical and the regulatory side, 
have concentrated on developing new, cleaner burning appliances, While 
this approach is commendable, and is resulting in a number of cleaner, 
more efficient appliances on the market today, the majority of 
woodstoves installed in homes in North America are of the older, 
inferior combustion type. That most stoves have been installed in the 
past eight years or less makes the probability of their replacement in 
tha near term unlikely. Unless retrofit technologies or use control 
strategies are applied in an effective manner, the emissions from wood 
stoves will be with us for a long time to come. 

Some reduction in emission levels may be possible through consumer 
education in proper stove operating procedures and fuel conditioning. 
However, changes to the hardware and/or improved feedback to the 
operator on the stove's performance offer potentially the most promising 
means of reducing emissions. In particular, techniques allowing the 
upgrading of existing equipment at reasonable cost offer the best hope 
of significant reductions in emission levels through consumer 
acceptance. 

Any emissions reduction technique, to be effective and acceptable to the 
consumer, should have the following characteristics. The primary 
requirement is a major reduction in pollutant emissions. At the same 
time, there should be a significant gain in fuel economy, leading to a 
reduction in wood consumptiont to make adoption of the technique 
attractive to the user. The technique should have a low capital cost 
relative to the cost of a new appliance. It should be easy to install 
(preferably consumer installable), again to minimize cost. It should be 
uncomplicated to use; coupled to that, a feedback provision should let 
the user know that the technique is working, increasing satisfaction and 
ensuring proper operation. There should be no degradation of to safety. 
Preferably, the technique should even offer some safety benefits, such 
aa reduced creosote potential, lessening the chance of a chimney fire. 

As mentioned, Whitehorse has a serious air pollution problem due to wood 
stoves. To attempt to ameliorate the problem, Energy, Mines and 
Resources Canada, through its Remote Communities Demonstration Program, 
has been carrying out a field study on improved combustion techniques 
for wood stoves, over the past heating season (2). The study hes 
focused on three different methods. The first is a replacement of. 
conventional, high polluting stoves with new, clean burning appliances. 
The second is the replacement of single walled flue pipe with double 
walled pipe, to reduce the amount of heat supplied to the house by the 
flue pipe, and force the user to run his appliance at a higher firing 
rate, hopefully moving the use pattern to the clean side of the critical 
burning rate of the appliance (3). The third technique was the use of 
add-on catalytic converters, to ignite and burn off the incomplete the 
combustion products before they reach the chimney. 
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Experimental Methods 

The specific retrofit technique examined in detail for thia paper was 
the use of a retrofit add-on catalyst to react some of the incomplete 
combustion products, specifically hydrocarbons and carbon monoxide, 
which would otherwise condense to form .creosote in the flue or be 
released as undesireable pollutants to the atmosphere. 

Test Stove 

The specific stove chosen for detailed testing was one constituting 
nearly one-half the installed wood burning appliances in Whitehorse, so 
that any successful improvement to this stove would have fairly general 
applicability. The unit was a large (0.15 cu.m. firebox capacity) 
stove of the sidedraft ·design (4), which could also be operated in the 
updraft mode with the use of a bypass damper. 

Retrofit Catalyst 

The retrofit catalyst had a ceramic substrate coated with platinum. The 
catalyst itself was enclosed in a metal container, with provision made 
to manually bypass the catalyst (for reloading of the stove, etc.) by 
moving the catalyst so as to open a passage around the catalyst for the 
flue gases. A certain amount of refractory material was built in to 
keep the temperatures elevated to ensure catalyst light-off. 

Test Procedure 

The test results presented in this paper are based on· laboratory trials 
et CCRL using the CSA/ASTM stack loss/dilution tunnel test method. Thie 
method generally conforms to the draft US EPA test requirements for wood 
stove emissions, except for the fuel charge configuration and some minor 
variations, such as differing dilution tunnel diameter and size of 
particulate filters. for these tests, the Oregon/EPA fuel charge 
configuration was used. 

flue gee composition was measured continuously in the following manners 
carbon dioxide with en infrared analyzer, oxygen with a paramagnetic 
analyzer, NOx by chemiluminescence; carbon monoxide also using an 
infrared enalyter; hydrocarbons using a cold line flame ionization 
detector ae well ae a Byron hydrocarbons 301 analyzer, in order to 
determine some of the non-straight chain hydrocerbons1 • fuel weight 
change was determined continuously using a digital scale, and 
temperatures with chromel-alumel thermocouples• All data were 
continuously recorded and analyzed on-line with a digital computer/data 
logging system. 

The appliance was operated over firing rates encompaaing its normal 
operating range. No attempt was made to operate at either the minimum 
burn rate attainable or the maximum burn rate possible when in the 
non-catalyst mode. The same diameter flue pipe es appliance flue exit 
diameter was used. 
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The appliance was operated with a section of straight flue P,ipe
replacing the add-on catalyst for the baseline runs, and using the eeme 
light-off procedure for ell the catalyst runs, consisting of running et 
maximum air setting for the first five minutes of the run with the 
catalyst brought into action after three minutes. After five minutes, 
the air setting was changed to its final value, if different than 
maximum, and no further changes made for the rest of the run. 

Results 

figures la and lb present performance profiles of the test stove for 
particulates and carbon monoxide versus firing rate, respectively, with 
and without the add-on catalyst and with the stove operated in both the 
updraft and the sidedraft mode. 

The emissions of particulates and carbon monoxide for the unmodified 
stove are seen to be slightly higher in the updraft mode than in 
sidedraft. At a burning rate of 3 kg/h, total CO emissions are about 
1600 grams, being about 25% lower in sidedraft. for total particulates,
as determined with the dilution tunnel, comparable levels are 160 and 
120 grams, respectively. 

The retrofit catalyst does a good job in reducing carbon monoxide 
levels, in both the updraft and sidedraft modes, to around 500 grams at 
3 kg/h, less than 1/3 the normal levels. 

The effect of the retrofit catalyst on particulates is not nearly so 
straightforward. 

In the updraft mode, the catalyst is extremely effective, lowering total 
levels to about 20 grams, about 1/8 the normal levels. 

However, in the aidedraft mode, the catalyst appears to be ineffective, 
probably due to too low temperatures and, perhaps, an inadequate supply 
of oxygen. 

It is also important to notice that the elope of the curves for both 
particulates and CO, using the add-on catalyst and with the stove 
operatted in the updraft position, is not nearly so steep for decreasing 
firing rate as for the unaltered stove, indicating even better 
performance at the lower firing rates typically found in dwellings 
during the heating season. 

While not reported in depth in this paper, preliminary results from the 
field trial in Whitehorse for the double walled flue pipe indicated a 
contrary result to what was expected. The double walled pipe used 
appeared to result in a marked increase in creososte depoetion in the 
flue pipe sections themselves, resulting in complaints from the 
howowners using the pipe. On closer examination, it was revealed that 
the particular double walled pipe chosen had significant slots in the 
outside well et the top and bottom of each section, probably to reduce 
heat build-up. It appears that the elate may have been too successful 
in this regard, resulting in cold inner surfaces promoting increased 
creosote. Thie has led to a more detailed experimental program at CCRL 
to examine in detail the performance of several double walled pipes, and 
to formulate an optimized design for wood stove use. 
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Conclusions 

1. 	 Laboratory testing indicates significant emissions reduction 
potential with the use of the add-on catalyst for the major stove 
used in Whitehorse. Reductions in total particulate emissions of 
up to 80% can be expected, but only when operated in the updraft 
mode. 

2. 	 The add-on catalyst resulted in a reduction in total carbon monoxide 
levels of about 2/3, irregardless of whether the sotve was run in 
the updraft or eidedraft modes. 

3. 	 A good add-on catalyst design can be highly effective in reducing 
wood stove emissions on some stoves. However,the same catalyst may
be of little benefit on other stoves, so it is important to be able 
to identify the stove or conditions under which the catalyst is 
likely to perform well and use it only on those stoves. 
Alternatively, add-on catalysts should be designed to function 
properly on as wide a selection of appliances as possible. 

4. 	 Double walled flue pipe may be a means of improving stove 
performance by promoting higher user firing rates, while lessening 
creosote potential, but some present pipe designs appear to negate 
this advantage by too much heat rejection. There is a need for 
further work to recommend optimum designs to achieve all the desired 
objectives, including emissions reduction. further experiments are 
now being carried out and discueeions are being initiated with the 
approval agency and with Canadian manufacturers to attempt to 
correct these deficiencies. 
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Missoula, Mont na, has a long history of air pollution due to a large 
ext nt to r sid ntial wood combustion (RWC). t"oad dust, and wint r 
inv isiona. Numerous studies have b en conduct d in the past 10 y ars 
examining various aspects of the problem. During the winter of 1986/1887, 
an ext naive ambient and sourc sampling program was conduct d to quantify 
the ambient levels of particl s attributabl 1 o sp cific sources by using 
chemical mass balsnc (CMB} rec ptor modeling. The limiting f ctor in many 
CMB studies has be n th lack of r present tivene s in the source profiles 
us d. This is particularly p obl mat'c with RWC and rod dust sourc u. The 
ch mical composition of road duet can chang dramatically over rel tively 
short distances and the chemical composition of RWC has be n shown to be 
v •ry variable du to the differences in wood Lu 1. appliance typ • and 
operational paramet ts. 

The eourc sampling strat gy nd chemical profil s for s v tal Missoula 
Pai·ticul te sources er Mjor mphieie was p1ac•d on 
obtaining r pres .ntativ "L'lng rpdnts". Automobile 
exhaust. di s •l t ruclr and train xhaust, s v ral small wood-products 
Point sources wer lso sampl d nd analyzed. 
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INTRODUCTION 

During the period from January. 1984. through July, 1986, there were 
nine violations of the primary 24-hour particulate standard and 60 
violations of the secondary 24-hour standard in MiS&oula. Montana. All 
violations except one occurred between December and March. Based on the 
fact that the ratio of respirable (<2.5 ..u) particulate levels to total 
suspended particulate (TSP) levels ranges from near 1: 1 to approximately 
1:5, it has become apparent that both residential wood combustion (RWC) and 
road dust are important aoui:cea of ambient pa-cticles, with their -celative 
impact depending on meterological conditions. (RWC e111iss ions are 
predominantly smaller than 2.5 ~ in diameter and road dust is predominantly 
larger than 2.5 .u in diameter). Other sources of particles in the Missoula 
airshed include wood-products industry point sources and vehicular exhaust. 

A number of studies have been conducted to assess the sources of 
airborne particles in Missoula. The results of the studies have concluded 
that RWC is the major source of respirable particles and road dust is the 
major source of coarser particles. (See for example reference 1.) However. 
even previous chemical mass balance (am) studies have failed to adequately 
quantify the relative contributions of particulate sources due to a limited 
number of samples, non-representative source profiles. or inadequate 
analytical data. 

A key factor in performing CMB source apportionment is repreaentative 
source profilea containing data for the chemical species that occur at 
highest concentrations in the sources. The sa111pling strategy. 
instrumentation. and analytical techniques used to obtain source data for 
the Missoula airshed are discussed here. The chemical compositions of a 
number of eources which have been completed to date are also presented. 
Selection of ambi(lllt samples for detailed analysis is currently in progress. 

SOURCE SAMPLING 

Several diffel:ent aou-cce sampling techniques were used. Samples for 
RWC were obtained in the plume. typically one meter from the chimney top to 
permit organic compounds to condense. A specially-desianed sampler with 
dual inlets was used. One inlet was fitted with a Tefloti filter for 
inorganic analysis and one itilet was fitted with a quartz filter for ca:r:bon 
analysis. No effort was IUlde to sise categorize the emissions, as the 111ean 
mass distribution of RWC emiHions is well lesa than 2.5 Jl• Homea in 
Missoula were selected at random for a&111pling. Each awe sample was a 
composite of three to five wood-burning appliances. S.-aples from a hog fuel 
boiler. diesel trucks. and a diesel train were also collectad with this 
sampler. 

Road dust samples were collected with a •acuum-cleaner-like device from 
three paved streets in the vicinity of the ambient monitoring 11ite. One 
street was classified as reaidential, one aa a collector. and one as a main 
arterial. Samples before and after application of winter sanding material 
were collected• The samples were dried at uo0 c for 24 hours, sieved to 
less than 38 .u and resuspended onto 'both Teflon ancl quertz filtera. A 
dichotomous sampler fitted with a inlet was uaed for collection of thePM10
resuspended dust, which permitted aubaequent analyaia on two a:Lze fraction• 
(<2.S .u and 2.5-10 .u). A grab sample of the city sanding material was also 
dried, sieved, and resuspended in the same fashion. 

Vehicular exhaust is being sampled (currently in progress) with a 
mobile dilution sampler. (J!'or a description o.f dilution sampling see 
refe"tence i.) The vehicula-r exhaust b being collected onto Teflon and 
quartz filters after it is mixed {cooled and diluted) with filtered ambient 
air. The motor vehicles are being aelected baaed on the typical make-up of 
vehicle types in the Miasoula area. Samples are being collected while the 
vehiclea are being driven in a normal fashion through residential and 
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commercial areas. As with the RWC samples. no attempt has been 1118de to 
size categorize the emissions. &s the predominant mass of vehicular 
particulate emissions is less than 2.5.u. 

A wood chip (particle board) dryer/sander duet bui:ner was sampled by 
placing two dichotomous samplers CPM10 inlets) into the plume about l meter 
from the exhaust ports. Teflon filters were placed in one sampler. quartz 
filters in the other. Since this source was a combination of physical and 
combustion processes, i.e., sander dust bu:rner exhaust is used to remove 
moisture from wood particles, the size distribution of the emissions could 
not be aBBumed to be predominantly in the fine or coarse range, and hence 
dichotomous, rather than single filter. samplers were required. 

ANALYTICAL TECHNIQUES 

X-ray fluoreecence spectroaietric (XRF) analysis was conducted for 27 
element• on the Teflon filters with a Kevex Corporation Modal 700/8000 X-ray 
Fluorescence Analyzer. A Cahn 25 electromicrobalance wa• used to determine 
particulate mass. carbon analyses were performed by the thermal/optical 
technique on the quartz filters. Water soluble metals are being analyz•d 
(in progress) by inductively coupled argon plasma -pectroacopy (ICAP} on the 
Teflon filters after completion of the XRF analysis, 

SOURCE PROFILES 

The RWC profile (Figure 1) represents the mean velue1 from eight filter 
sets collected from a total of 35 homes. A variety of woodstoves and 
fireplaces are included in this composite. The most c0111D1.only burned woods 
were Dou,glaa fir.. lodgepole pine~ larch. and ponderosa pine. If the 
homeowner bad burned household trash within an hour previous to the sampling 
visit no sample was taken. The mean 811lbient temperature was -6°C during the 
sampling. While Figure 1 il.luetrates the overwhelming importance of 
quantifying the organic carbon (OC) and ele11ental cnbon (BC) of RWC source 
samples and of the fine fraction of ambient aerosole in areas where a RWC 
impact is euapected, the elemental composition of awe emission• too low to 
be seen in Figure l is important as well for QIB modeling. The key RWC 
ele~enta in decreaaing weight percent in the C0111posite fingerprint are; K 
(0.35%): Cl (0.1~); S (0.14%)J and Ca {0.13%), 

The street dun profile is. a11 mentioned. a composite of three city 
atnets in the vicinity of the ambient monitoring •ite. The aamplH were 
collected prior to the time winter aandina wH started. figure 2 
illuatrate• the chemical composition of the coarae (2.S-10..u) fraction. The 
principal features of both the fine and coane road clue~ fingerprinu are 
the presence of organic and alelll8ntal carbon and the praaeni:a of the 
geological apecie• of Al. Si, J.(, Ca, Ti. re. and carbonate carbon (CC). In 
general. the chemical compoaiti.~n of th• fine and coarH fractiou ar• 
relatively similar. except that& (1) There :IA tlOre than twice as 111uch 
organic and elemental carbon in the fin• f:raction& and (2} Meaaur&ble 
carbonate carbon waa found in the coarse fraction, while none YH found in 
the fine fraction. The composition of the city sanding material was very 
similar to the ro-4 dust. with the exc.-ption that the elemental and oraanic 
carbon content• were much lower. Thia suggest• either that much of the road 
dust originated froa the paved atreeta ... derived from the previous year'• 
aanding. or that the chemical coaapo.:1.ti~ of the· local •treat;. dust is 
similar for a seological reaaon to that of the •anding. AD .inc~e&sed 
organic and elemental <'.<mtent VO\l.ld be •p~t.ed, with time. du to v.•bicular 
mthauat, tire wear. asphalt, and v•gtit&t£v• fragments. lt ahoutd b• noted 
that the currant sourc:e of sanding material is bifhl.y-weatbend · tertiuy 
4aposita with a high fine contct (12.9 percent lH• t~ 78 .-) which if 
predomi.naatly clay and ba8 a low durability _index (34). 

693 


http:coaapo.:1.ti


Figures 3 and 4 illustrate the chemical profiles of two small wood
products point sources in the Missoula airshed. The chemical composition of 
emissions from a hog fuel boiler burning pulverized ponderosa pine with a 
cyclone emission control unit is illustrated in Figure 3. The composite 
fingerprint is the average composition of three samples. The key features 
of the fingerprint are the high elemental carbon content and relatively high 
organic carbon, potassium. and calcium contents. Figure 4 shows the 
chemical composition of the fine fraction of emissions from a particle board 
dryer which utilizes the exhaust from a sander dust burner for a heat 
source. The system is fitted with several cyclones. The composite 
fingerprint illustrated in Figure 4 is the average of two samples collected 
from two different cyclone exhaust porta. The key features of its 
fingerprint are the high chlorine (chloride) content and the relatively high 
organic carbon. sulfur. potassium, and calcium contents. The chemical 
composition of both the fine and coarse fractions are quite similar. except 
the coarse fraction has more than twice as much organic carbon. 

Two types of vehicular exhaust fingerprints are being developed. These 
are for heavy diesel trucks (a diesel train was also sampled) and for 
gasoline cars and light trucks. A composite fingerprint for diesel trucks 
has been developed. The three principal chemical species are organic carbon 
(88%). elemental carbon (8%). and sulfur (0. 7%}. All other elements were 
found to be at levels of less than one tenth of one percent. The gasoline 
car and light truck sampling is currently in progress. 

AMBIENT SAMPLING 

The ambient monitoring site was Rose Lawn Park. which is in a 
residential area near a commercial district. Dual dichotomous samplers were 
operated simultaneously for 24 hours once every 6 days during the winter. 
Teflon filters were used with one sampler and quartz filters with the other. 
Based on the particulate mass concentrations determined from these filters 
and meteorological records, a subset of filters will be selected for 
detailed chemical analyses. The same chemical species as were measured on 
the source sample will be measured on the ambient sample to optimize CMB 
modeling calculations. 

CONCLUSIONS 

The chemical profiles which are being developed for principal 
particulate sources in the Missoula. Montana, airshed are distinctively 
different enough to permit quantitative CMB source apportionment modeling to 
be conducted. Chemical species were selected for analysis based on their 
usefulness in distinguishing the impact of major sources characteristic of 
Missoula, These include 27 elements meaJured by XRF: carbon species 
analysis; and analysis of water soluble metals (viz. Na and K), which is in 
progress. Unlike many CMB modeling studies, equal resources were dedicated 
to measuring the chemical composition of both source and ambient samples in 
tile airshed. 
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EXECUTIVE SUMMARY 

As the Northeast Cooper·ative Woodstove Study in New York 
and Vermont nears the conclusion of its second heating season, 
interim data and findings from the first heating season have 
been analyzed and reported. The purpose of this paper is to 
summarize the data and findings from the first heating season 
and describe methodological changes undertaken in the study 
during the second heating season, completed in April 19~7. The 
major objective of the Northeast Woodstove Study is to 
determine the effectiveness of catalytic and low emissions 
stove technologies in reducing wood use, creosote and 
particulate emissions. Measurements were taken in 66 homes for 
gross wood use and creosote accumulation and 32 homes for 
particulate emissions and directly measured wood use. These 
date and findings are preliminary and for use in indicating 
potential directions of, and changes to, the study; the 
contents of this paper are preliminary and not intended for 
dissemination. 

While catalytic and low emission stove technologies reduce 
particulate emissions from 75J to 90$ compared to conventional 
stoves in laboratory teats, results from our first year in the 
field performance are not nearly as impressive. In the first 
year of the study, particulate emissions in catalytic stoves 
averaged 24.3 grams per hour, or about 35J lower than 
conventional stoves. Oregon certified non-oatalytio stoves, 
based on very limited data, averaged emissions levels about 50$ 
lower than conventional stoves. The sample of only three 
stoves in this group very much reduces the significance of this 
finding. The performance of add on/retrofit dev1ces revealed 
no significant difference than that of conventional stoves. 

Catalytic and low emission stove technologies appear to 
reduce creosote accumulation by approximately a factor of 2 in 
comparison to conventional airtight stoves. Average creosote 
depositions in chimneys serving catalytic stoves were .51 kg 
creosote per thousand heating degree days. 

Wood use in catalytic stoves averaged about 25J lower than 
in conventional stoves. This finding is consistent with 
laboratory efficiency tests for these technology groups. The 
performance of add-on retrofit atoves in wood use was not 
significantly better than conventional stoves. Thirty-five 
catalysts were investigated in the first year study •. Of these, 
6 physically deteriorated, while another 6 oatalytio devices 
experienced operational and other problems. Laboratory testing 
of 3 catalysts which failed in the field revealed disparate 
evidence about the extent to which catalyst combustor, stove 
technology, and/or operator behavior contributed moat to the 
failures. 
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I. Bagkgrpund 

The Coalition of Northeaatern Governors (CONEG) oontraoted 
OMNI Environmental Services, Inc. to conduct a two-heating 
season study of residential woodburning stoves. Thia study 
addresses the performance and efreotivenesa or stoves e~uipped 
with catalytic oombuatora relative to other woodburning 
appl ianoes. A total of 6b homes were examined in the study; 33 
in the Glens Falls area of New York State, and 33 in the · 
Waterbury, Vermont area. Project sponsors include: 

o 	 U.S. Department or Energy; 
o 	 U.S. Environmental Protection Agenoy (EPA); 
o 	 New York State Energy Research and Development Authority 

(NYSEROA); 
o 	 Twelve stove and appliance manufacturers; 
o 	 Vermont Agency of Environmental Conservation (VAEC); and 
o 	 New York Department ot Environmental Conservation (NIDEC). 

A variety or performance parameters were examined in the atudy: 
o 	 Emissions oharaoteriatioa of catalytic and non-catalytic 

stoves; 
o 	 Wood use oharacteristios of oatalytio and non-oatalytio 

stoves; 
o 	 Creosote formation in flues serving catalytic and non

catalytic atovea; 

A variety or integrated catalytic eto.vu, ad<1.-on/retror1t 
dev1oes and low emiss1on non-catalytic stoves were provided by 
Participating manufacturers to the study tor installation in 
the study homes. Study participants were volunteers seleoted 
from lists provided by tbe VAEC and NIDEC. Sixty-six homes 
Participated in the atudy. A group or 32 bomes, divided 
•Qually between the two study areas, was designed aa Group I. 
These homes were equipped with computerized data records and 
emisaion samplers. Four additional homes in this group were 
available as backups. A group or 2~ homes, designated Group 
II, was monitored ror wood use and maintained user 101 books. 
Group III homes, totalling aix, bad exiating catalytic stoves, 
and were measured tor wood uae and emissions tor a 1-wtek 
Period. All the .study homes bad pre-, mid- and poet-season 
woodpile volume, species, and moisture measurements. Creosote 
~eighings were conducted on aweepinga from the flue• ot all 
1tudy homes. 

Moat Group I homes had new stoves inatalled at the 
beginning ot the study, whioh were to remain in place tor the 
duration or the project. Several existing stoves were lett in 
Place to serve aa baseline atove1. Moat Group II bomee will ~· 
Provided with new stoves tor the aeoond heating season or the 
Project, having used their existing conventional stove• tor the 
tlrst season. Group III homes were exiatin1 oatalytio 1tove1, 
and no change ot 1tove technology is to be conducted. 
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The 1985-86 heating season had the following stove 
technologies by study group: 

Catalytio Add-On/Ratrotit Low Emioaiona Conveptional 

Group I 14 12 3 	 7 

Group II 3 0 0 	 21 

Group III 6 0 0 	 0 

Total 23 12 3 	 28 

The stove teohnology categories were composed ot several 
ditterent stove models, as identified below: 

Stove Stove 
Technology Model 
Type 	 C9mmtnt1Iuu 

Catalytic 4 	 Four manutaoturers provided new stoves 
tor the study. Group III homes 
represented three additional models. 
Catalyst stoves are defined as having the 
oombustor aa an integral part ot the new 
stove. 

Add-On 3 	 Add-on devices are det1ned as unita which 
can be added to virtually any stove at 
the flue collar. 

Retrofit 2 	 Retrofit deviaea are deaigned to fit one 
stove model or design type, and typically 
are close-coupled to the stove. 

Low Emission 2 	 Low emission stoves are defined tor this 
study as models which have been certified 
under the Oregon DEQ program. A third 
stove was to be included in the study, 
but manufacturer withdrew unexpectedly in 
November, 1985, reducing the number ot 
low emission atovea in the atudy. 

Conventional variety 	 Existing stoves in atuay homes, 
representing a range ot deeigna. 
Generally categorized as typical ot 
conventional wood.stove technology. 
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II. lg Ui DIHDt 

Two major objectives or the study involved defining wood 
use and stove pertormanoe under typical home and activity
conditions. In addressing theae objectives tvo instruments 
were developed: the Data LOQ•r ayatem and tbe Automated 
Woodstove Emission Sampler (AWES). 

A. Data LOG'r System 

Tbe Data LOQ'r ia a programmable micro
prooeaaor/oontroller with the capability or receiving,
processing, and recording digital and analog signals. Aa uaed 
in this study, it oan accommodate over 30 days ot data between 
aervioing. The Data LOQ•r waa programmed to record and atore 
the tollowing information: 

o 	 Starting date, time, and unit (Data LOQ•r) aerial 
number; 

o 	 Daily date and time; 
o 	 Flue and catalyst temperatures every 5 to 10 minutes; 
o 	 Room temperature, outdoor temperature, and unit 

temperatures recorded, and atored in 15-minute 
interval a; 

o 	 Record tbe alternate home heating ayatem atatus Con ·or 
ott); 

o 	 Wood weight• and ooalbed condition reoorded on tueling
the stove; 

o 	 Record oxyaen meaaurement• when AVES aamplins; and 
o 	 Record powerline atatu• every 5 minutea. 

The Data LOQ•r waa aleo programmed to oontrol the AWES 
sampler, turning the AWES •ampler on and ott in tbe proper 
aequenoe. 

Wood weight• were meaaured on an eleotronio aoal• with an 
attaobed woodbaaket. Soal• readings were recorded by ha•ing a 
study partioipant uae an attached keypad in a preaorib~d 
aequeaoe. tlue temperature, oatalyat teaperature {where
applicable), ambient rooa temperature, and auxlll•rY heatln1 
ayatem onlott oonditlona were recorded at 5·10 minute 
interval a. Figure 1 -'•hove a diasr•• of the J>ata LOG' r and 
woodbaeket eoal• equipment. 

B, AVIS 0111uiler1 

The AWES Sampler 1• an automated •••Pl•r wbioh allows the 
determination ot total particle and/or •••i-volatile •mieeion 
rat••· It oonaiata ot a eampl• prob• vh,oh le inaerted into 
tbe 1tove or ohimneJ, tollowed b-J • heated tilter, an oraanio 
absorbent CXAl>•2 reein), ail ioa gel, • tlow•regulatina orit1o•, 
and a pump. Som• •••J>l•r• are equipped wlth oz11en ••n•or 
cell• to record ox11en oonoentration in th• flue &••· ligure 2 
ahowa a aobematio ot th• AWBS aupler. Tbe auplera uaed in 

*Figure 1 not included in thie publication. 
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this study were designed to operate intermittently without 
servicing tor 1 week, 1 minute on, 29 minutes off. The 
resulting sample represents an integration or stove emissions 
during the sampling period. Simultaneous samples were obtained 
at up to two or four potential locations: before the catalyst, 
after the catalyst, at the flue oollar, and at the chimney 
exit. Data from samplers at the flue collar and after catalyst 
locations were compiled for this report for the purpose or 
comparing stove technologies. 

III. Creoaote Measyrements 

A. Methodolggy 

Documentation of creosote accumulation in study home flues 
was conducted by measuring the net amount or material removed 
trom eaoh chimney by sweeping. Chimneys were swept at the 
beginning, middle, and end of the 1985-86 study by professional 
chimney sweeps. Creosote dislodged by the sweeping was 
collected by the chimney sweeps. The first sweeping was to 
establish "clean" conditions, while creosote oolleoted in the 
second and third sweepings waa weighed. The mass of creosote 
collected was then normalized by heating degree days (HDD) 
occurring during the creosote accumulation period between 
sweepings. Creosote samples from the mid-season sweeping for 
all study home chimneys have been sent to the Solar Energy 
Research Institute {SERI) tor chemical analysis. 

The heating load, in HDD, during the study period was 
calculated for each home. Heating degree days were summed for 
the period between creosote sweepings, yielding the heating 
load tor the specific period for each home. Data were used 
trom the Waterbury and Glens Falls weather recording stations 
maintained by the Northeast Regional Climate Center. Glens 
Falls data were used for New York homes and Waterbury data were 
used tor Vermont homes. 

8. Results 

Creosote measurement data were compiled tor individual 
homes and by stove technology grouping. Results are summarized 
in Table 1. Data are reported in kilograms or creosote (total 
mass ot material removed from the chimney by sweeping) and are 
normalized by HDD. Frequency distributors or normalized 
creosote aooumulations are shown by stove technology grouping 
in Figures 3 through 6. * 

Both catalytic and low emisaion stoves showed similar 
results. Mean creosote accumulations of 0.51 and 0.55 kg/1000 
HDD were obtained from the catalytic and low emission 
installations, respectively. The catalytic value excludes 
atudy homes V05, whioh was discovered to have an improperly 
seated oombuator, which allowed combustion gases to bypaaa the 
oombuator. The combustor had apparently been jarred out or 

*Figures 3-6 not included in this publication. 
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position during stove installation. The creosote accumulation 
value for VOS (with improperly seated combustor) was 2.77 
kg/1000 HDD, which is nearly three times higher than the next 
highest value from a catalytic stove. 

Catalytic stove values showed a minimum of 0.19 and a 
maximum of 0.93 kg/1000 HDD (exclusive ot VOS data), with a 
standard deviation of 0.24• Low emission stove values showed a 
minimum of 0.16 and a maximum of 1 .33 kg/1000 HDD 1 with a 
standard deviation of 0.51. 

Conventional stoves appear to have lower average rates ot 
creosote accumulation than the add-on/retrofit devices. Mean 
values of 1.07 and 1.26 kg/1000 HDD were recorded tor the 
conventional and add-on/retrofit groups, with standard 
deviations of o.68 and 0.94, respectively. The conventional 
stove groups had a minimum value of 0.06 and a maximum of 2.91 
kg/1000 HDD. The add-on/retrofit group had a minimum value of 
0.37 and a maximum of 3.60 kg/1000 HDD. 

The high degree of variability in creosote accumulation 
data (as demonstrated by the high standard ot deviation values) 
ia due to a variety ot factors, including stove operation 
practices, burn rates, and flue height, size and construction 
(inside vs. outside wall, solar exposure, etc.). It should 
also be noted that creosote is primarily condensed organio 
material, which may be revolatilized by high tlue gas 
temperatures. Creosote mass in the chimney can theretore vary 
on a continual basis. These values are intended only to serve 
as a general indication ot creosote accumulation by the various 
stove technology groups. 

IV. Segpnd tear Teatiog 

The second year ot testing will provide aignitioantly new 
and more valuable data for the study. Twenty-tour bousihold1 
switched to a ditterent atove tecbnology--oonventional to 
catalytic or low emissions or vice veraa. By this 1witch most 
ot the "noise" created by operator behavior will be eliminated 
as a variable. Second, the project addr••••d eatety 
oonsiderations by allowing additional chimney awee~ing and 
making renovations to chimneys whiob might have been hazardous. 
Third, tbe contractor rearranged the sampler location•. 
Automated Woodatove Emiaaiona Samplers w•r• removed trom 
chimney topa and replaced at the tlue oollar or above tbe add
on catalyats, depending upon stove teobnoloay. Finally, dual 
samplers at several locations provided greater oontidence in 
the precision of the AWES data, while still allowing direot 
comparison in pertormance to ditterent stove teohnologiea. 

CONCLUSION 

In August, CONEG will release the tinal report or the tull 
two-year study. At this printing, COIBG, EPA, and NtSBRDA are 
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considering a third year study. The objective of another year 
or teating are several in number. 

The sponsors wish to investigate further the durability 
and degradation of catalyats over time. Not only are the 
sponsors interested in abaolute longevity or the catalysts, but 
also in the reasons for the degradation. To what extent are 
the combustors themselves, their interaction with stove 
technologies, and operator behavior responsible for this 
degradation? The implications for the EPA enforcement actions 
and consumer behaviors will be significant over the next 
several years. 

Tbe field study will also investigate the impaot of 
operator training on catalytic stove performance, providing an 
operator manual and face-to-face training. Quality training 
may have a significant impaot on field performance, closing a 
considerable gap between laboratory and field testing on 
emissions levels in particular. 

For the first time, sponsors are considering an 
investigation of indoor air emissions. Aneotodal evidence 
suggesting that low emission non-catalytic and catalytic stovea 
generate as much or more indoor air particulates and POMa 
prompt aponsor interest in measuring indoor air emissions. 
Chimney conditions and their interface with atove technologies 
may also undergo study in this indoor air investigation. Air 
changes per hour will also receive attention to enable a study 
of tbe impact or bouae tightness upon indoor air •m1aaiona and 
stove performance. 

The atudy sponsors are also interested in testing tbe 
relationship between burn rates and emissions. To do so, 
multiple AWES could be installed in up to tour homes to meaaure 
atove emissions under different operating regimeat one AWES 
collects during high combuator temperature periods; another 
during low combustor temperatures. A third AWES could record 
when the bypass lever is open or oloaed. To improve oatalyat 
efficiency calculations, tbe sponsors are considering the 
installation of a aeoond oxygen eenaor to an AWES pair, thus 
permitting calculation of maas concentration, emiaeiona rates 
and emiaa1on factors before and after tbe oombustor. 

As EPA moves to implement the New Source Performance 
Standard, tbeae and related queationa will have a major impact 
on the consumer and stove manufacturers. The research 
community can make a substantial impact on issues affecting the 
evo~ution in stove design and oonaumer operation or oleaner
burning wood appliances. 
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THE ENVIRONMENTAL PROTECTION AGENCY'S ACCREDITATION 
PROGRAM FOR WOOD HEATER TESTING LABORATORlES 

Peter R. West11n, J.E. Mccarley, George w. Walsh 
Emission Measurement Branch 
Office of Air Quality Plann1ng and Standards 
U.S. En vi r.onmenta1 Protect 1 on Agency
Research Triangle Park, North Carolfna 

In the proposed regulations for certifying new residential wood 
heaters, the U.S. Environmental Protection Agency (EPA) is planning to 
accredit emission testing laboratories. The laboratory accred~tat1on 
involves both the EPA and the National Voluntary Laboratory Accred1tat1on 
Program (NVLAP), National Bureau of Standards. The NVLAP accreditation 
requires the laboratory to complete a technical app11cat1on which 
describes the testing facility, personnel, and training procedures. An 
inspection of the laboratory by technical personnel 1s also required. 

The EPA accreditation requires the laboratory to complete a number 
of adm1n1strative items and to complete a demonstrat1on of proficiency 
using the emission testing procedures def1ned fn the regulation. EPA 
will review the capabilities of the laboratory personnel to follow the 
test methods and to prepare an accurate and complete report of the 
procedures and results. 

Laboratory accredUat1on 1s a new function for .EPA and has resulted 
1n a number of new tasks. These tasks include adm1n1ster1ng
applications, scheduling 1nspect1on visits, establishing proficiency 
demonstration requirements, and rev1ew1ng test reports and results for 
laboratory evaluation purposes. These tasks are designed to provide
standardization and consistency between testfng laboratories 1n 
conducting wood heater certf ffcatfon tests. 

707 




INTRCDUCTI OM 

On february 18, 1987, the Environmental Protection Agency {EPA)
proposed performance standards and rules for new resfdent1al wood 
heaters. According to the rules, wood heaters sold after July 1, 1990, 
must be cert1fiedi that 1s, prototype wood heat~rs represent1ng a model 
11ne 1111st demonstrate specific em1ss1on control capabilities over a range 
of operations. Only accredfted testing laboratories who have 
demonstrated minimum admintstrat1ve and technical capab111ties may
perform the certification emission testing of wood heater$. 

The purpose of thfs paper ts to outline EPA's role 1n the 1aboratory 
accred1tat1on program and to d1scuss the experiences EPA has encountered 
f n implementing the program. 

THE REGULATORY REQUIREMENTS 

The proposed regulation lists specific reqyfrements for laboratory 
accreditation. The list includes application to £PA 1 satisfaction of 
some administrative qualifications. and demonstration of testing
proficiency. The Emission Measurement Branch (EMB) of the Office of Air 
Quality Planning and Standards is designated to implement the 
accreditation program and provide the detailed procedures for completion 
of these requirements. 

Atesting laboratory seeking accreditation must send a letter of 
1ntent to the EHB fn Research Triangle Park. North Carolina. Upon
receipt of the letter. ENB will issue an outline of the specff1c 
administrative and technical steps to be completed by the testing 
laboratory. 

The ff rst step 1s to be accredfted by the ~ational Voluntary
Laboratory Accreditatfon Program {NVLAP), a program sponsored by the 
National Burea~ of Standards 1 Oepartmerit of Conrnerce. The KVLAP 
accreditation Involves complet1ng a detailed application form. The 
laboratory must describe the testing facility, the qualtf1cat1ons of the 
personnel. the organization for certification testing, and the quality 
assurance procedures. A technical expert representing NVLAP wil\ conduct 
an on~site v1stt to review the facility and determine 1ts compliance with 
the requirements of the regulatfon. The NVLAP usually charges a fee for 
conducting the accreditation evaluation. 

The proP<Jsed regulaticn allows laboratories accredited by the State 
of Oregon by January 1, l988 (gtandfat~ered labotat~r1es} to app1y for 
EPA accred1tatlon and fore90 the NVLAP accreditation. 

The second step 1n the accred•tat1on process 1s to demonstrate 
proficiency with the test proc~dures used 1n cert1fy1ng wood heaters. 
The prof1c1ency test demonstration requirements have been developed by
EMB, and these are being -01str1buted to laboratories seeking 
accreditation. An EMB technical expert will observe the laboratory 1 s 
techntques dur~ng the proftc1ency demonstration an~ 6eterm1ne whether tne 
specf fied procedures are followed. 

708 




Step three 1n the accred1tat1on process 1s to wr1te a complete 
report of the prof1c1ency demonstrat1on test and submtt thts report to 
EMB for review. The test report format is specified in the test 
procedures. An EMB technical person w111 rev1~ the test report for 
completeness and accuracy and will determine whether the spec1f1ed 
procedures and calculations have been followed. 

An evaluation of proficiency based on a comparison of emission test 
results with some known results 1s not part of the prof1ciency
demonstrat1on at th1s t1me. However, the emission data contained in the 
proficiency report are compared, 1n general, wfth results from other 
laborator1es in order that dramatic errors can be identified. Requ1r1ng
a laboratory to retest fs a possfbf lfty. A more stat1st1ca11y based 
data review w111 be explored as more data on the pred1ctabi11ty of wood 
heater performance are developed. 

The fourth step 1n the accred1tation process 1s an EMS review of the 
results of the on-site evaluat1on, the report rev1ew, and the 
reconnendat1ons of the EMB technical experts involved in the laboratory 
evaluation. If the laboratory's procedures and report are found to be 
acceptable, EMB will issue a notice or cert1f1cate of accred1tat1on to 
the laboratory. Accredited laboratories then may conduct certification 
tests of wood heaters accord1ng to the regulations and as long as the 
procedures and personnel at the laboratory remain the same as during the 
accred1tat1on evaluation. The accred1tat1on notice includes exp1rat1on 
dates that indicate when the accre.d1tation evaluation shall be repeated. 

The proposed regulatfon fncludes a requfrement for accredited 
laboratories to participate In an annual demonstration of prof1c1ency. 
The EMB proficiency test requf rements specify when this demonstrat1on 
must be completed each year and descr1be ot~er details of the 
demonstration procedures that may change from year to year. 

EPA'S ACCREDITATION PROGRAM EXPERIENCES 

NVLAP Accred1tat1on 

Accred1tat1on of laboratories measuring the em1ss1ons from wood 
heaters f s not an area wit~ which NVLAP has had a great deal of 
experience; NVLAP has accredited laboratories who determine safety 
specf ffcatfons for wood heaters, but has not accredited l1borator1es who 
conduct comprehens1ve em1ss1on testing. The EPA has worked w1th MYLAP 1n 
developing cr1terfa for evaluattng enrfsston testtng cap1bjl1t1es w1th1n 
the U$Ul1 NVLAP approach. 

Admin1strat1ve compl1eat1ons have developed in comb1n1ng the tasks 
of the two accrediting groups, NVLAP and EPA, and fn establishing
responsfb111tfes for the vartous functtons. In addition, tt has become 
apparent that the best qual1f1ed persons available for the evaluation Gt 
laboratory capab1l1t1es and of the proftc1ency test results are EPA 
em1ss1on testing personnel w1th1n EMB or emhsion testing contractors 
famtlfar wfth £PA test procedures. Because the budget of neither of the 
two accrediting groups is suff1c1ent to contract all of the accredltat1on 
functfont, the burden of the accred1tat1on efforts has fallen upon the 
EMB emission testing staff. At this time, EMB 1s conducting.the 
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accredftat1on program without NVLAP 1 s assistance, and a section of the 
preamble to the proposed regulation asks for comments on continuing 
in this fashion. 

Test Proficiency Oemonstration 

The EPA accreditation group has prepared an out\ine describ1ng the 
requirements for demonstrating proficiency with the wood heater Test 
Methods 5G, SH and 28. Seven elements are identified and defined. These 
are: 

1. Definition of a Testing Laboratory. The testing organization
and facilities fncluding the key personnel, the testing shop. the 
analysis area, and the testing equipment. The testing laboratory may
include capacity for more than one wood heater test at a time provided 
the availability of key personne1 and equipment reflects this capability. 

2. The Demonstration Test. An emission test of a wood heater 
selected by EPA and obtained independently by the testing laboratory.
There shall be a minimum of eight test runs, two tn each of four burn 
rate categories. The testing laboratory shall follow Method 28 and 
either Method 5G or 5H {or both) and operate two particulate sampling
trains simultaneously. The testing laboratory shall use the same 
samp11ng method as w111 be used for certification testing. 

3. Selected Wood Heater. The Catalytic Fir, AK·lB, manufactured 
by Sweet H"ome Stove Works-:-r;i"c. The criteria for selection includes 
current Oregon certification, relatively small firebox volume (for
shorter-.run times), catalyst equipped, and a burn rate range that spans
that specified in the method. 

The wood heater selected for the proficiency demonstration may be 
different 1n succeeding years. NotifJcation of the selected wood heater 
and any other changes to the demonstration procedures w111 be issued by 
EMB by October 31 of each year, and the annual proficiency demonstration 
must be completed by_ April 15 of the following year. 

4. Notification and Observations. Notification to EMB at least 
30 days prior to the start of the proficiency demonstration. An £PA 
observer may be present during part or all of the demonstration. 

5. Reporting Requirements. Acomplete test report of the 
proficiency demonstration as specified in Me~hod 28. Results of the 
duplicate train values are reported in a separate table. The report
should address the criteria for deleting or including test run results as 
specified in the methods, but no data collected during the proficiency 
demonstration shall be deleted. 

6. Partfcfpatfon and Delivery Dates. Required for all testing
laboratorles, including the Oregon grandfathered fac111t1es,· for the 
in1t1a1 proficiency demonstration as described. The report of the 
1n1t1a1 proficiency demonstration r~sults for the grandfathered testing
laboratories 1s due Aprtl 15. 1987. Other testing laboratories shall 
complete the proficiency demonstration and the reporting before an 
accreditation certificate 1s issued by EMB. 
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7. EPA Response. Review of the test report for compliance with 
the requirements 1n the test methods. A wr1tten evaluation w111 be 
issued by EMB within 30 days of receipt of the report. Acertificate of 
accreditation will be issued upon satisfactory completion of the 
accreditation requirements. 

The four grandfathered testing laboratories and others who have 
indicated an interest in pursuing the EPA accreditation have recetved 
these directions. A number of laboratories have_ completed the testing 
portion of the demonstration. 

One purpose of the EPA review is to provide guidance to the testing 
laboratories in achieving consistency and some standardization 1n the 
calculation and presentation of test results. The EMB technfcal 
personnel use a comprehensive check list in revfewfng the reports. This 
check list covers the completeness of the descrtptfons of the test 
facility, the wood heater, the test procedures, and the su11111ary of the 
results. The reviewer checks the calculations and results in detail 
using the raw data provided in each report. The reviewer notes 
discrepancies and brings these to the attention of the testing 
1aboratory. ln some severe cases. a testing laboratory may be asked to 
submit a revised test report. 

Another purpose of the test data review is to satisfy a section of 
the proposed regulation that requires EPA to evaluate the precision of 
repeatability of wood heater emission test data. By January 1. 1990, 
EPA is to document the statistical parameters to be used tn rev1ew1ng
both accred1tat1on test data and wood heater certtf1cation test data; or, 
EPA will determine that the data available at that time are 1nsuff1c1ent 
to establish such repeatability values. 

Review of Proficf ency Test Results 

The proficiency test program provides EPA with a unique opportunfty 
to compare results c~llected with the cert1ffcatfon procedures as 
conducted by different laboratories under cond1t1ons simulating actual 
certification tests. The EMB has only begun collecting the emission test 
data from the testfng laborator1es and 1s not yet prepared to conduct 
statistical evaluations of the test results. The EMB will likely conduct 
a rfgorous stat1st1ca1 evaluation of duplicate train results as well as 
comparison of results between laborator1es. Establishment of acceptance 
criteria for laboratory test results will enhance the efforts towards 
standard1utton of wood heater certiftcat1on testing. 

SUMMARY 

The proposed wood heater regulation has imposed on the EPA a new 
respons1b111ty of testing laboratory accreditation. The EMB of the EPA 
has undertaken th1s task which includes adm1n1stering app11cat1ons,
scheduling inspection visits, establishing proficiency test demonstration 
requirements, and reviewing the test reports and results. The EPA w111 
also review the prof'fciency test data fn order to establish acceptance 
cr1ter1a for the results. lhese tasks are designed to provide 
standardization and consistency between the test1ng laboratories in 
conducting the wood heater cert1f1cat1on tests. 
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ABSTRACT 


Implementation of the EPA Air Toxics Strategy during the next five 
years will provide several activities which will benefit from the Data 
Quality Objectives (DQO) process. The DQO proce11 is an approach to 
designing environmental data collection programs that incorporates consid
eration of the use of the data in decision-making, the quality of the 
data needed for the decision, and the available time and resource• for 
the data collection. Accordingly, data collection programs will more 
likely meet the needs of deei1ion makers in a coat effective manner when 
the DQO process ia uaed. 

The current Air Toxics Strategy call• for an increased State and 
local role in data collection and in regulation, and an increased Federal 
role in technical as1iatance. Thia paper will describe important elements 
of the DQO process and will identify 1everal areaa of the Air Toxics 
program where the DQO proce1s may be applied. ror one selected area, the 
paper will addre•• how to apply the DQO proceaa and will diacuaa the 
benefits to be derived by following thia proceaa. 
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INTR.ODUCTION 

Environmental data play a critical role in 111any EPA decisions. In 
view of the i•portance to the Agency of such data, the proceaa u1ed to 
design data collection systems ahould place heavy emphasi• on defining 
the regulatory (or programmatic) objective• (Why are the data needed?), 
the deciaion to be made from the data (Bow will the data be uaed?), and 
the poasible conaequencea of the deciaion being incorrect (What i• the 
riak of making a mistake?). A design proce11 that fails to explore theae 
i11ues and focuees only on collecting the "best data pouible" can retult 
in potentially eeriou• prob1.,.,, particularly if thoae who define the 
••beat data pouible" base their definition on the characteri1tic1 of the 
data themaelvea and do not conaider the proaram decision to be made. ?he 
"beat data pouible" do not alwaya yield the dat.a needed to make the 
required program deciaion. 

The Quality A1aurance Management Staff (QAMS), in response to a 
requirement e1tabliahed by the Deputy Administrator ia Kay 1984, has 
propoaed an approach to environmental data collection program de1ign 
ba1ed on the development of Data Quality Objective• (DQ01). This proce•• 
provides a logical, objective • and quantitative framework for finding an 
appropriate balance between the time and resource• available to collect 
the data and the quality of the data needed to 11U1ke the deci1ion. 

The DQO proeeaa ia currently being applied to eeveral new Agency 
data collection progr8111a who1e re1ult1 will iapact i•portant regulatory 
dechiona. One of the major eavironm.antal iaauee be.ing addrened by EPA, 
and one to which the DQO proceea may be particularly helpful, ia the Air 
Toxiea program. 

In June 1985, EPA announced a strategy for the control of toxic air 
pollutant 8111i••iona from routine and accidental relea•••• The routine 
relea1ea component of the Air Toxic• Strategy focuaea on the joint efforta 
of Federal, State, and local program• to deal with air toxiCI problesu. 
The atrate1y builds upon exiatina progr..- developed under the C1eao Air 
Act, auamented by expanded regulatory deci1ion .akiag by the State• and 
the use of other Federal authoritie• •• appropriate. The aatur• of the 
air toxic• problem ie coinplex and, aa 1ucb, the problem ha• been addre•••d 
through eeveral com.prehenaive progr......,tic apprQach••• These prosram.• 
include: 

* J'ederal bFSlatory Proar• for Air Toxice 

• Righ-aiak point iource• Program 

* Hilb Urban aiak Progr&111 

• BnbaQCement of State and.Local Air Toxic• Pro&T... 

• Bnforc.,..nt and CoapliaDCe Proar... for Air toxict 

Some approach•• will utilise exi1tin1 ct.ta b•••• to identif7 
air toxic• concerne; however, there will be need• for additional, 1pe
cialised date collection by IPA, the Btatea, and local autboritiee. A1 
will be dhcuHed later, new environmental data collection prosram• 
initiated under the Alr Toxic• Progr.. will be •ore co1t-effective to . 
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Agency and other decision makers when the programs are designed according 
to the DQO process. 

Overview of DQOs and the DQO Process 

Data Quality Objectives are statements of the level of uncertainty 
that a decision maker is willing to accept in results derived from envir
onmental data, when the results are intended for use in a regulatory or 
programmatic decision, such as, deciding that a new regulation is needed, 
setting or revising a standard, or determining compliance. In order to 
be complete, these quantitative DQOs should be accompanied by clear state
ments of: 

* 	 the decision to be made; 

* 	 why environmental data are needed and how they will 

be used; 


* 	 time and resource constraints on the data collection; 

* 	 descriptions of the environmental data to be collected; 

* 	 specifications regarding the domain or universe of the 

decision; and 


* 	 the calculations or analyses that must be performed 

on the data to yield information in the foTtD needed 

for the decision. 


These statements suggest that a stepwise process may be defined for each 
decision and data collection activity that incorporate each of the items 
above. Moreover, this process integrates logically with other, traditional 
quality assurance program elements. 

Role of DQOs in the QA Program 

The development of DQOs should be the first step in initiating any 
significant environmental data collection program. The DQO process helps 
to define the purposes for which environmental data will be used and sets 
guidelines for designing a data collection program that will meet the 
Agency's progra11111atic or regulatory objective•. Once DQO• have been 
developed and the design of the data collection activity has been com
pleted, DQOs are used to define quality assurance (QA) and quality con
trol (QC) programs that are specifically tailored to the data collection 
program being initiated, From the DQO, a Quality Assurance Project Plan 
(QAPjP) is prepared which detail• the QC criteria for the data collection, 
establishes data custody and analysis procedures, and provide• for routine 
examination of the activity through audits and reviews. Thus, considera
tion of how. the information will be used in the decision-making proee1s ia 
an important element of the QA management system that assurea the quality 
of the data obtained will be sufficient to support the Agency decision. 
More importantly, ~erhaps, the DQO and the QAPjP derived from the DQO 
provide a measure or standard against which progress in the data collec
tion activity may be evaluated, 
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The DQO Proceu 

The DQO proceas consist• of three atages with several 1tepe in each 
stage. The first two stages result in proposed DQO• with accompanying 
specifications and constraints for designing the data collection program. 
In the third stage, potential de1ign1 for the data collection program are 
evaluated. Stage III results in the •election of a deaign that ia compat
ible with the constraint• of the program and should enable the program to 
satisfy the goals of the OQO, The process is intended to be iterative 
among the stage•; that is, if the proposed constraints from Staie I, the 
proposed DQOs from Stage 11, and the design alternatives analyzed in 
Stage 111 are found to be incompatible, the proce•• may be repeated until 
the problems have been reaolved, 

A critical element of the DQO proceaa is the genuine involve
ment and participation of decision makers. DQOs are developed through a 
top-down approach. The initial input and perspective of the deci1ion 
maker is es1ential to the aucce11ful development of DQOa. The role of 
the decision maker may vary to some degree among programs from providing 
input or direction throughout the program to reacting to or concurring 
with options presented by key senior 1taff. Through their personcl in
volvement, however, decision makers can ensure that the DQO proce•• i• 
used to properly de1ign all significant data collection efforts. The 
decision maker can beet articulate how the data are to be used and define 
any constraints on the data collection that are imposed by the nature of 
the decision to be made. 

STAGE I: Define the Decision. 

Stage I h the responsibility of the d•cis'ion ID4lker. The decision 
maker atates an initial perception of what decision muat be made. what 
information ia needed, why and when it ia needed, bow it will be used, 
and what the consequencea will be if information of adequate quality ie 
not available. Initial e1ti111&tea of the time and resources that can be 
reasonably be made available for the data collection activity are .al10 
presented. 

STAG! II: Clarify the Infor&ation Needed 

Thia 1ta1e b primarily the reeponaibility of the Hnior proar• 
staff with guidanc• and overaight from the ct.el•ion maker and input from 
the technical staff, The product of the Staae I proce11 le carefully 
examined and diecu&eed with .the deciaion ..ker to ensure that the 1enior 
program staff understand a1 111&ny of the nuance• of th• pTogram a• poaeible. 
Next, the eenior proaram staff ditcu1aee each atpect of the problem, 
factoring into the proceaa any neceaaa1'y con1ideration1 of technical or 
policy i11ue&. With the concurrence of the deci1i.()n 11aker 1 1pecific 
guidance for designing the data collection program are generated. The 
results of Stage II include proposed 1tatement1 of the type and quality 
of environemtnal data required to support the dec:bion, alon1 with other 
technical constraint• on the data collection activity that will help to 
converge the aearch for an acceptable design in Staga III. Theae re1ulta 
are the propoeed DQOa. 

It ia thia 1ta1e of the DQO proc••• that is generally overlooked. 
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STAGE III: Design the Data Collection program 

Stage Ill is primarily the responsibility of the technical staff, 
but both the 1enior program staff and the decision maker are involved to 
ensure that the outputs from Stages I and II are understood by all partic
ipants in the process. The objective of Stage Ill is to develop data 
collection plans that will meet the criteria and coo1trainta establiehed 
in Stages l and II. All viable option• should be conaidered and presented 
to the decision maker for a final selection of the data collection program 
design. The decision maker must ulti~ately determine the beat balance 
between tbe time and resources available to collect the data and the level 
of uncertainty expected in the final results. 

The DQO provides manasement with an effective tool for improving the 
credibility and defeneibility of regulatory or policy decisions baaed on 
environmental data collected. The usefulness of 1uch a management tool 
can be eeen through application of DQOs to one of the Agency's more 
complex environmental problems 1 the routine release of toxic air pollutants 
into the air. 

Air Toxics Data Collection Activities 

The Air Toxics Strategy propoaee a significant change from traditional 
approaches to air pollution regulations. While the sainstay to date baa 
been the National Emission Standards for Hazardous Air Pollutant• (RESBAP) 
prograa, the current 1trategy focuses on a joint regulatory role by the 
Federal Government, States and local agencies. The State and local roles 
will be augmented by focused technical guidance and financial assistance 
from EPA. Thia approach also depends more on the use of existing and 
emerging data baaee compiled under other authorities, such as Rew Source 
Performance Standards (NSPS) and the Superfund Amendment and Reauthori•
ation Aet (SAIA). The federal role will include the identification of 
local situations of aufficiently high cancer risk that State or local 
regulatory action is warranted. Io addition, the problem of toxic air 
pollutants in urban areaa poses several complicated questions. Additional 
environmental data are needed to help determine the contribution to the 
Hurban •oup" of mobile sources ver1u1 1tationary 1ource1. If riak a•••••
ment and other factors indicate that 1n urban air toxics problem clearly 
exi1t•t then the decision on what to mitigate will depend on bow well the 
contributing source• to the urban problem can be identified and quantified. 

While a n11111ber of data collection progr&m1 address different aspect• 
of the air toxics problem, all of them may be improved by application of 
the DQO process. As an example to illustrate h01f DQO• may be applied to 
air toxics data collection activitie1, the Toxic• Urban Monitoring Program 
will be examined according to the step• of the process outlined previously. 

DQO Exantple: The Toxi~ Urban Monitoring Program 

The Toxic Urban Monitoring Program ia one of 1eveTal effort• 
to compile data on the nature of air toxic1'in urban area1. Some data 
are available from earlier monitoring effort• (e.1., SLAMS/NAHS) in 
which the sample• collected for one purpo1e were analyzed •• well for 
toxic chemicals. In addition, current programs, 1uch aa the Toxic Air 
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Monitoring System (TAM8) network, are helpful, even though the •cope• of 
such programs do not totally address the need• of the urban program. The 
Toxic Urban Monitoring Program ia intended to examine the 30 largest 
urban areas in the country to provide additional data on the cancer risks 
associated with the urban environment. In addition, this prosram will 
supply additional date on the relative contributions of mobile and sta
tionary sources to the urban mix. Through application of the DQO process 
to this program, it ia posaible to define the is•ues that should be 
considered ao that Agency decision makers may have greater confidence in 
the results of the monitoring program and the deciaion to be made. 

STAGE I: Define the Decision 

For the purpo•es of this example, it must be recognized that the 
expertise of the Air Office decision ma.kera will not be duplicated. ?he 
diacu1sion that follows is intended ONLY to demon•trate the PllOCBSS •nd 
STRUCTURE of DQOa •• they can be applied to the Toxic Urban Monitoring 
Program. The actual de&ign of the de•ired monitoring program remains with 
the Air pro1ram office. 

In thi• particular eX811lple, a possible decision may be ba1ed on the 
general objective• of the Toxic Urban Monitoring Progr.ai. for example, 
the Federal decision might be stated ae whether or not to mitigate the 
mobile source contribution) depebding upon the relative contribution• of 
mobile veraua stationary aource1. The atep• in the DQO proce1a and a few 
of the iaauee and que1tion1 which may be asked durin1 Stage I baeed on this 
poaaible decision include the following: 

(1) 	 Detcribe the decision. Are we really concerned about mobile 
sourcea? Which mobile &ourcea? What age or engine t111e ahould 
we focus on? 

(2) 	 Deacribe the infonnation needed. What data are needed? 
Do we need to monitor 1ource illlli••ion• or cmbient concantra
tion17 Do we data from •treet level or building roof level 
or both? During what time period (i.e., ••••on, time of day, 
etc.) muat data be c1>1lected? 

(3) 	 Define the u.. of the enviromaental data. How will the 
monitoring data be uaed? Do ve vatit the data to uae for 
evaluatin& chance• to current regulator7 proaraam that •hould 
be con•idered. ,AJ"e- thel'e inpute to the decbicm othe.- than 
environmental 110oi.torin1 dau? If u, bow important. are they 
to the decision vi•-•-vis the 1101titoria1 data? 

(4) 	 Define the coneequencea of aakin.s au it\C,rrect deciaioa baaed 
inadequate environmental data. Under what circumatancea could 
an incorrect dechioa be made? What are the implication• of 
114king an incorrect deci•ion? What happen• lf we decide to 
mitigate mobile •ource1 wheli the envirOQmental data have 
incorTectly indicated that a problem exiat1 (i.e., a fal•e 
poeitbe)f What happens if we decide not to 11iti1at1 mobile 
1ource1 when the monitoriaa data incorrectly indicated that 
a problem doe• not exist (i.e., a falae negative)? 
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(5) 	 Identify the resources and resources available, What resources 
are available to carry out the monitoring program? Given the 
available resources, does it make sense to make measurements 
in all 30 urban areas? If not, which urban areas have the 
priority? 

STAGE II: Clarification of the Information Needed 

The information produced by the decision maker should now pass to 
the senior program staff. The Stage I outputs should, as a minimum, 
include state~ents of the decision to be made, the information needed for 
the decision, why the data are needed, how the data will be used, and the 
constraints on time and resources. The senior program staff will do a 
more rigorous analysis of the information provided by the decision maker, 
even though the decision maker continues to have input to the process. 
The DQO steps involved and the issues that may be raised are as follows: 

(1) 	 Break down the decision into decision elements. For every 
decision, there are multiple factors or elements tha~ inf lu
ence the decision. Which of the elements to mitigate mobile 
aources depend on what environmental data? Which elements do 
not? 

(2) 	 Specify the environmental data needed. For each decision 
eletllent dependent on environm.ental data, what specific data 
are needed? Which of the many poasible data elements should 
be measured? What frequency of sampling is required? What 
lab analyses are required? 

(3) 	 Define the domain of the decision; that is, the portion of the 
environment, delineated by spatial and temporal boundaries, 
frODl which samples will be collected and to ~hich the decision 
will apply. Should one focus on the industrial aectoTs of the 
urban area or focus on where the majority of the population 
spends moat of its day? Should the indoor contribution• be 
estimated? What spatial coverage of the urban area is neces
sary? What mix of mobile sources and stationary sources 
is needed to differentiate the ambient contributors? What 
temporal coverage is needed to distinguish between primary and 
secondary formation of species? 

(4) 	 Define the result to be deri~ed from the environmental data. 
Should the results be a weekly averaga concentration? Should 
the results demonstrate whether the apecific analytea of con
cern are influenced by meteorology? What statistics are 
needed to summarize the data? 

(5) 	 DeteT111ine the desired performance, How certain of reality 
does tbe result have to be for the data to be usable for 
distinguishing mobile from stationary contributions. 

(6) 	 Detenaine.the need for NEW enviromnental data. Are there any 
exi1ting data that have the desired characteristica1 

(7) State the proposed DQOs. What is the level of false positives 
and false negatives that is acceptable to the data uaer? 
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To answer these questions requires an iterative process. Thia DQO 
process should enable the decision maker, the senior program staff, and 
the technical staff to think through the data collection requirements. 

STAGE III: Design the Data Collection Program 

The proposed DQOa produced by Stage II provide the necessary guidance 
to the technical staff so they can deeign the appropriate data collection 
and analyais schemes. Any of these schemes should provide the needed 
environmental data in a manner consistent with the acceptable uncertainty 
in the decision to be made. But, because of possible gaps in the measure
ment methodology or of resource constraints, the data user may decide not 
to choose one of the suggested schemes and may have to relax some of the 
data quality requirements in order to achieve the desired product. These 
iterations are desired and expected. The DQO process is designed to 
encourage such necessary iterations. 

At the conclusion of Stage III, a final design of the data collection 
plan for the 30 urban areas in the Toxic Urban Monitoring Progr411l will 
emerge. The design will identify in quantitaive terms such items as the 
number of sampling locations needed, where the locations need to be 
sited, the pollutants to measure, the average time for sample collection, 
the analyses required, the QC parameters associated with sample collection 
and sample analysis, etc. Through such a design, EPA, the States, and 
the local agencies should have a comprehensive and effective environmental 
data base for assessing urban risk. Moreover. the program will provide the 
necessary quality and level of confidence to support the mitigation 
decisions that may arise. · 

Benefits of the DQO Procesa 

Benefits of the DQO procesa to the etaff and to the senior 
manager• may be suDDDarized as follows: 

* For the staff, they have a: 

clear etat81Dent from the data user on what the ueer neede, 

clear statement of the time and reeource constraints, and 

clear definition of the data quality needed by the data 
user. 

* For the manager or decision maker, he hae: 

thought throu1h whether or not he needs new envirollmental 
data to support hie decision, 

bought into the effort and ia accountable, 

a clear understanding of what he ia likely to get and 
when, and 

a clear under1tanding of the limitations of the data he 
ie likely to get. 
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Summary 

DQOs are statements of the quality of data needed to support a 
specific decision or action. The DQO process is an interactive process 
that depends upon the active involvement of the decision maker, associ
ated data users, and the technical design staff. DQOs will provide a 
useful aid to managers faced with making important policy and regulatory 
decisions by improving the confidence with which those decisions can be 
made when they are data dependent. 

The current Air Toxics Strategy involves the use of new data collec
tion activities as well as existing data bases to define the nature of 
the air toxics problem. This example of the application of DQOs to 
designing the necessary environmental data collection program for the 
Toxic Urban Monitoring Program provides a framework to assure that the 
proper data quality can be obtained. 

The concept of Data Quality Objectives is a fundamental one. No 
data should be collected unless there is a rationale for doing so. This 
should be the first step in any environmental data collection program, 
and, it is for this reason that DQOs have become a central part of the 
overall QA program in EPA. Without DQOs, the rest of the Agency's QA 
program has no logical, quantitative basis. 
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SOME NEGLECTED ASPECTS OP 
ENVIRONMENTAL QUALITY ASSURANCE 

Raymond c. Rbodas 
Quality Assurance Specialist 
Performance Evaluation Branch 
Quality Assurance Division 
Environmental Monitoring Syste'llS Laboratory 
United States Bnviron11ental Protection Agency 
Research Triangle Park, North Carolina 27711 

Progress has been made during the last decade in implementing quality 
assurance in the Environmental Protection Agency. However, because there 
are many aspects or elements of a total quality a.aurance system, it ie, 
perhaps, understandable that some of the ele'llenta have in recent years been 
overemphasized at the expense of equally or'more important elements. 

Considerable efforts have been expended in !•proving the quality of 
chemical analytical operations in the laboratory. HoweverJ not enough 
effort has been put into increasing the quality of the field samplins. 
When considerins that the entire measurement eyatem include& the sampling 
and sample handling (if any) aa well aa the chellical aaalya1a. the propor
tion of variability or uncertainty in the final result that 11 attributable 
to the sampling phaee of the ee48urement •Y•tem ia D.1cb greater than that 
for the cheJllical analysis. More effort n.eedi. to be placed on nducing the 
effects of sampling variables. 

Considerable effort• are being ~pe~ed in e1tabliahin1 10&1• or . 
objective• for data quality before a project or program begins and in the 
aeeessaent of data quality during the project or progra111io More effort 
ahould be placed in co11partns the actual achieved quality with the goals 
and in detenalnins the cause of &iS'llificant differences. Further, simply 
setting goals and a11e1aing data quallty does nothing to improve the 
quality. Much aaore effort needs to be Jp•nt in deteraU.aing the 111ajor com
ponents of variance ot the total meaaurement 1yatem and in taking corrective 
actions to improve data quality. 
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Progress has been made during the last decade in implementing quality 
assurance (QA) for environmental measurements. Because there are many as
pects or elements of a QA system, it is, perhaps, understandable that some 
of the elements have in recent years been overemphasized at the expense of 
other equally or more important elements. 

The 23 elements of QA are briefly discussed in the "QA Handbook for 
Air Pollution Measurement Systems, Volume I, Principles," EPA 600/9-76-005. 
These elements are also categorized and discussed under four major applica
tion areas -- Management, Measurement, Systems, and Statistics -- in the 
Air Pollution Training Institute course, "QA for Air Pollution Measurement 
Systems." The neglected aspects of QA are discussed below by considering 
15 myths or misconceptions which seem to be prevalent today as they fall 
under the four major application areas. 

Systems 

Myth I. quality Control (QC) is Achieved by Performing QC Checks. To 
achieve control of a measurement process, periodic QC checks must be per
formed. However, the mere performance of the checks will do nothing to 
control or improve the process, unless the results are evaluated in timely 
fashion and corrective action taken when indicated. 

Myth 2. Performance Audits are QA, QA is Performance Audits. There 
are those who tend to define QA as primarily the conducting of Performance 
Audits -- the submittal of carefully prepared and characterized materials 
traceable as directly as possible to the National Bureau of Standards or 
other recognized primary standard. Thus, the performance audit is an 
external check on the accuracy of the measurement system being audited. 
And if the auditee produces acceptable results, it implies that the routine 
data from the auditees' measurement system is good. 

Certainly the conducting of performance audits is a valuable aspect of 
QA. and if the results are good, they indicate that the auditee is capable 
of producing good results. However, such results should not be considered 
as sufficient to indicate the correctness of routinely obtained data. 
Knowing the identity of the audit samples. the auditee may take extraordi
nary care in their analysis. 

To assure that the auditee does in fact produce correct routine data 
requires much more than the performance audit data 1 e.g. 1 it can require a 
complete quality system audit. review of procedures and documentation, 
review of routine QC data, etc. To do QA adequately requires that the 
personnel involved with the QA responsibilities be thoroughly knowledgeable 
of the total QC System. In other words, one cannot perform an acceptable 
function in QA without knowing QC. 

Myth 3. Corrective Action is a QA Activity. An important part of a 
QA system is that of corrective action. This does not mean that the actual 
conductipg of an investigation into the causes of the quality problem and 
implementing any corrective action is solely QA activities. It is a QA 
responsibility to assure that a corrective action system is established and 
is implemented. Certainly, full-time QA persons may identify quality 
problems. may arutlyze data to investigate possible causes. and may recom
mend corrective actions. However, others may also identify quality prob
lems, others may more appropriately investigate quality problems, and more 
likely than not, others should take the corrective actions, 
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Myth 4. The Preparation of SOP's is a QA Activity. QA personnel 
should be concerned that adequate standard operating procedures (SOP's) be 
prepared for all routine operations of the total measurement system. How
ever, it is not a QA/QC activity to prepare such SOP's. SOP 1 s naturally 
should be prepared by those who actually perform the operations, or by 
others thoroughly familiar with all the details of the operations. QA 
personnel should be concerned that a system for the preparation and control 
of documented SOP's exists, that the SOP's are clearly written, and ade
quately reviewed and approved and that there be a defined system for revis
ing and updating the SOP's. 

Myth s. An Observation or Analytical Result That Comes from a Com.puter 
Data Base is Known Absolutely and Without Error. All too often data gets 
into a computer data base without being fully validated, and the data, 
replete to seven decimal points, are given to a statistician for statistical 
analysis. It should go without saying that the analysis, and conclusions 
drawn from the analysis, can be no better than the data. It is possible 
that invalid conclusions will be drawn and that incorrect actions or deci
sions will be made. 

Statistics 

Myth 6. QA is Statistics, Statistics is gA. Some consider statisti
cal QC as synonomous with QA. Statistical QC or statistical process control 
has recently been given some emphasis by W. Edwards Dellling, the American 
who effectively introduced the concept and principles to the Japanese soon 
after World War II. Although the application of statistical QC and 1D&ny 
other statistical techniques are an important part of· a total QA program, 
there are also many at least equally important but nonatatistical elements 
of QA. . 

Myth 7. The Performance of QA Assessment Checks Assures the Attain
ment of Precision and Accuracy Goals. It is good to have precision and 
accuracy goals, and it is good to perform assessment checks for precision 
and accuracy. But the mere performance of the checks does not cause the 
goals to be achieved. These checks tell you where you are; but they don't 
necessarily get you where you want to be. To improve the precision or 
accuracy requires corrective action. Even then you may not achieve the 
goals because they have been set unrealistically tight considering the 
inherent capability of the total measurement method. For the project 
involved, the users of the data must be satisfied with the experienced 
quality. In the future, either the method must be improved, or 1110re rea
listic goals must be set. 

Myth 8. You Always Sample 10%. QA Project Plans are filled with 
requirements that 10% of the samples be QC samples. The selection of any 
such percentage is a cop-out for thinking about what number or percentage 
of QC samples of various types should be used. In general, the percentages 
of sa111plea to be used for QC purposes sh,ould not be decided on a set per
centage basis or even on a statistical aampling basis, but rather upon the 
operational variables involved. These operation.al variables lllight include 
how frequently the 111easure111.ent system is calibrated, how many samples are 
included in an analytical run, the number and type of. analytical inetruments 
being used, the number of analytea being analyzed, whether all the samples 
of a given batch are being analyzed on the same day or different daye, etc. 
In short, the frequency of QC samples should have some basis in what in 
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QC parlance is called "rational subgroups," i.e., subgroups of samples that 
have been taken or are being analyzed under very similar, or homogeneous, 
conditions. 

Myth 9. QC Charts are Useful Only for After-the-Fact Data Analysis. 
Because of the lengthy time required for some of the more complex and 
sophisticated chemical analyses, the analyses of real world samples and the 
corresponding QC samples are not available in a timely manner to effect any 
real-time QC. Consequently, much QC data are only available long after the 
samples have been taken. It is true that some worthwhile data analysis can 
be made long after-the-fact to document quantitatively the QC results of 
the past. However, except for possible use of the data for long-term 
control purposes, the real purpose of maintaining control charts to effect 
real-titDe control is defeated. Some innovative ideas are needed to control 
such measurement systems, such as more emphasis in controlling key opera
tional variables of the measurement process, or by making some type of 
simulation check. 

Further, the calculations of control limits for blocks or batches of 
data, including outliers or out-of-control data1 and applying the limits 
after-the-fact to the same set of data is invalid. The probabilities which 
normally would be incurred no longer exist. Naturally, lf limits are calcu
lated and applied as described above, most of the data points, even those 
which should really be indicated as out-of-control, will fall within the 
computed limits. 

Measurement 

Myth 10. An Equivalent Method is Automatically a &eliable Method. 
The ambient equivalency regulations and procedures are excellent mechanisms 
to assure that a measurement method has been demonstrated to be capable of · 
achieving specified accuracy and precision. However, they do not assure 
continued operational success in field performance for extended periods of 
tinte. Much more evaluation of the reliability of the sampling/analysis 
operations in field operations needs to be done to determine failure 
(malfunction) rates, to identify the major component(&) that fail, and to 
determine the major causes of failure. 

Management 

Myth 11. qA/QC Appliea Only to the Chemical Laboratocy. There has 
been a continuing emphasis on establishing and mainta1nill&' an extenaive QC 
system on the laboratory chemical analysis part of the total measurement 
system. In fact, some feel that the sampling activities are not a part of 
the measurement system and that QC applies only after the samples reach the 
laboratory. The chemical laboratory may very well be in excellent control. 
Koweve~, the end result depends as much or 1110re so on variables in the 
sampling pat't of tWe total measurement ayete'l'll. 

M th 12. A Doesn't A 1 to Mea1urement Method Develo ment. Some 
have said t at QA doean t apply to methods evelopmentt to research, or to 
sampling/meaeureiaent equipment and material procurement efforts. 

In reality, basic QA/QC principles can be applied to any identified 
process having an Identifiable product. Basic QA/QC principles are univer
sal in their applications. 
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Myth 13. Specifying QA Objectives Aa•uree the Attainment of the 
Objectives. Simply specifying QA objectives for precision, accuracy, and 
completeness will not make it happen. The objectives must be realistically 
attainable under the conditions under which the entire measurement system 
is operating. The entire measurement system may include sample container 
and equipment preparation, sampling, sample handling and preservation, 
analysis, computatiorua, and data archival~not just simply the laboratory 
analysis part of the measurement system. QA objectives cannot be baeed 
solely on the laboratory analysis or even on collaborative studies of 
measurement methods. 

M1th 14. Having a QA Project Plan Aesures the ExecuUon of QA Activ
i tiea Outlined Therein. EPA require& the approval of a QA project plan 
prior to the collection of samples for projects involving the collection of 
environmental data. This is good, but independent and indepth system 
audits should be conducted to assure compliance to the requirements of the 
plan. There has been at least one case where a major EPA contractor as a 
part of a contract for a project prepared a very adequate QA Project Plan, 
but did not perform in accordance with the plan. When challenged with this 
fact, unfortunately after the project was completed, the contractor stated 
that the contract only required them to prepare the QA Project Plan; it did 
not specifically state that they were contractually bound to comply with 
the plan! And so it went. 

Myth 15. Having a QA Pol1cy1 a gA Organization, and QA Coordinator& 
and Officers Means an Effective QA System Exists. It is good for an 
organization to have a QA policy, to have working group• and personnel 
labeled aa QA. But the policy, the organization, and the personnel will be 
ineffective in their QA endeavors unless all management levels from the top 
down does more than support QA efforta with only lip service, Further, all 
management levels should have aome knowledge and training in QA principles 
and practicee. 

All persons working in QA should have completed SOiie formal trai.nins 
in stathtical QC and other QA coureea such aa quality auditing, QA for 
computer software, eyateu reliability, proceH capability studies, accep
tance sampling, design of expari..nta, procurement QA, quality engineering, 
regression analyaia, etc. 

Much more planning and lmple11entation of QA training ii Deeded in the 
environmental organizations. Thh training ahould include all of the 23 
element• covered briafly in the Principle• Volu.. of the QA U.ndbook, aa 
well aa related adminiatntive areas 1ucb a1 t:htf prepuatfon of QA project 
plane and SOP's, the development of contract1U1l requirements for quality 
and monitoring of QA of contracted project•. 

Ideally, person• with a QA title and reapoa.lib-Uit1H should have had 
many years of active experience in QA/QC work. They· abould have completed 
college-level couraet in sUtiatical QC 'and delirably in other related 
statistic• course& &11 well. Or elae they should have coapleted other 
readily available courses in QA and st•tlltical QC and furtbared their 
knowledge in all aepects of QA through disciplined •elf•atudy and reading. 
Because of the relative QewGell of the field of QA or total QC, very f.w 
univerlitlea have yet dneloped c01Dplete curricula toward the granting of 
degrees ln the field, Persons with assigned QA titles atld respon1ibilltiew 
should be aggreHive in their efforts to become more knowledgeable ia the 
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field. EPA needs to support much more QA training. particularly for those 
having QA title& and -responsibilities. 

Summary and Recollllllt!ndations 

There should be a very concerted effort in environmental monitoring 
organizations to provide training at all levels for these performing QA and 
related work. With respect to organization. persons performing QA work 
should be those who have the most knowledge, experience, and interest in 
QA. 

Further, except in very small organizational units, QA officers and QA 
coordinators should be dedicated full-time workers in QA without supervi
sory responsibilities and should report on a staff level as high in the 
organization as possible. More systems audits should be conducted of 
internal projects as well as contracted projects. The audit team should be 
headed by the QA officer or coordinator and assisted by the most QA and 
technically knowledgeable persons from various parts of the organization. 
More emphasis needs to be given to the QA requirements of contracts for 
procureiaent of sampling and analysis equipment and materials as well as 
contracts for conducting research and monitoring projects. Quality incen
tive contracts should be implemented wherever appropriate. Data validation 
techniques need to be further developed and implemented to assure the 
validity of data prior to statistical analyses or other uses. Corrective 
action efforts need to be strengthened to achieve improvement in data 
quality. Without corrective action, setting of data quality objectives, 
conducting of performance and systems audits, and assessments of precision 
and accuracy are only reco~d-keeping efforts which do nothing to improve 
data quality. 

The possible application of statistical analyses for QA is unlimited. 
More ruggedness tests or other statistically designed studies should be 
done for measurement methods development, including field operation vari 
ables. Components of variation studies of the entire measurement system, 
including field sampling, should be performed to identify the major sources 
of variability so that efforts to improve the meaaurement system may be 
directed to those areas with greatest possible benefit. Continued appli 
cation of statistics in areas such as control charts, process capability 
studies, limits of uncertainty, etc., are needed. 

More attention needs to be given to the reliability evaluation of 
reference and equivalent methods. Evaluations could be made of laboratory
type operations or better from real-world field operations. 

The total QA efforts needs to be more progressive or active rather 
than pauive. It should be a challenging program with some healthy "bite". 
Problem areas should be clearly identified and vigorously attacked. Lastly, 
a successful QA program requires painstaking devotion and attention to 
detail by all those who may have an impact on data quality. 

Disclaimers 

The opinions and judgments of this paper do not necessarily reflect 
those of EPA management. Except where EPA is specifically mentioned, the 
observations of this paper relate to Environmental QA in general. 
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QUALITY ASSURANCE FOR PRECIPITATION COLLECTION 
AND MEASUREMENT: THE EPA STATE-OPERATED NETWORK 

w. Cary Eaton 
Research Tr1angle Institute 
Research Triangle Park, North Carolina 

Berne I. Bennett 
Quality Assurance Division 
u. s. Env1ronmenta1 Protection Agency
Environmental Monitor1ng Systems Laboratory
Research Triangle Park, North Caro11na 

Networks that collect and quantify the const1tuents of prec1pftat1on 
in the United States have increased in number and s1ze fn recent years. 
Several networks have regional or national coverage and sample on a daily 
or weekly bash. A number of states (presently, 11) participate fn the 
EPA-sponsored State-Operated Prec1pf tatfon Network that collects weekly
samples. As networks have grown, so have the development and application
of qualfty assurance considerations to ensure that accurate, precise, 
complete, and representative data are obtained. 

The need for and benefits of on-sfte quality assurance audits and 
technical assistance are discussed. Qua11ty assurance protocols for system
and performance audits of wet deposft1on co11ect1on sites are reviewed. 
The protocols address site character1stf csi tra1n1ng, prec1p1tat1on
collectfon and measurement equipment, samp e retrieval and handling, sys~m
aud1ts, and the use of simulated prec1p1tat1on test solutfons. . · 

Results from quality assurance studies of the 27-s1te State-·operated 
Network are g1ven to illustrate the use of quality assurance protocols. 
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INTRODUCTION 


Wet deposition collection networks in the United States have grown fn 
number and sfze fn the last decade in response to the need for data to 
determine the extent and nature of acfdf c precipf tat1on. As the networks 
have grown, so has the development of protocols and procedures for external 
quality assurance. Beneffts of quality assurance studies of networks are 
these: provide assurance that established protocols for sitfng, sample
collectfon, and analysis are being followed; fdent1fy non-complying
equipment to be fixed and operators who need further traf nf ng: provide a 
means of documenting the data base with respect to accuracy, precision, 
completeness, and representativeness: allow the data quality of several 
networks to be compared in a systematic way. 

The 27-s1te EPA State-Operated Network, (SON) has been f n place sf nce 
1982. This paper describes quality assurance procedures established for 
th1s network and gives results from v1s1ts to the sites fn 1985 and 1986. 
Recomrnendatfons for improvement are also given. The procedures are similar 
to those developed and applfed earl fer by two other networks - the Utility 
Acid Precfpftation Study Program, (UAPSP), that collect on a da1ly basis 
(1) and the National Atmospheric Depos1tfon Program/National Trends 
Network, (NADP/NTN), that collects weekly samples {~). 

QUALITY ASSURANCE PROCEDURES 

S1tfng Criteria Checks 

Each site's installation and nearby surroundf ngs are compared to 
criteria given 1n urban- or reg1onally-s1ted station checklists designed
expressly for the State-Operated Network. Important criteria connon to 
either type station are: (a) type and height of nearby groundcover: (b)
distance of collector from obstructions: (c} distance of the collector from 
sources of contaminatfon and pollution; (d) proximity of human or animal 
activities to the collector: (e) nearby land and water features. 

System Audits 

Durfng the visit the fo11ow1ng system audit topics are reviewed: (a)
sample collection equipment and procedures (Including plastic bag bucket 
liners used 1n the SON network); (b) s1te laboratory facilities and 
cleanliness; (c) analysis procedures; {d) conmunication and recordkeep1ng:
(e) quality control tests and corrective action procedures. Technical 
assistance 1s provided whenever an operator is uncertain of procedures or 
when equipment f s In need of maintenance or calibration. 
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Perfonnance Aud1ts 

The accuracy of response of each site's collection and measurement 
devices are tested during the v1s1t. The aud1t techn1ques and tolerances 
for the SON network are described 1n Table I. 

RESULTS 

S1t1ng Cr1ter1a Checks 

At least one var1at1on from the designated s1t1ng criteria was found 
for most of the SON s1tes. Many were m1nor and should have negl1g1ble
effect on the physical and chem1ca1 data base. The most important s1t1ng
exceptions were these: 

Collector/rain gauge ob1truct1ons. Several collectors and gauges were 
near enough to trees, towers, or other equipment such that the object 
projected onto the collector at greater than a 45 degree angle. Because 
the sample catch and chem1stry may be affected, 1t was recommended that the 
samplers be slightly repositioned or that the obstructions be removed. 

Prox1m1tv to sources; Several sites had sources nearby although the 
cr1ter1a for separation was m1n1mally sat1sf1ed. Examples are: asphalt
plant: an1mal stockade; and salt water. It was recomended that data users 
be made aware of these facts and that the sf te be moved or the source 
removed if poss1ble. 

CoJlector/r~1n 9'MA' po1~S1on1na. Ideally the collector and ra1n 
gauge or1 f1ces s oul e at t e same hetght above ground. ( "'1 'm) and be 
separated by at leest 5 but no 110re than 30 •· Several s1tes had ttle. '· 
collector and gauge posftfoned w1thfn 1 m of each other in the horftontal; 
others were separated by several meters 1n,th• vertical dtmension. St was 
recomnended that the ra,n gauges be repos1t1cmed.and inoperative gauges be 
repa1 red or replaced. · 

System Audits 

System checks were .made of the prec1p1tatton co11ector, the rain gauge
sample co11ect1on procedures, and the f 1 e ld 1 aboratory. Retults an noted 
below. 

' 
5re~1p1t~t1on colJ~clpr. Eleven of 27 collectors were h1gher above 

groun t an t e prescr e t meter. This exception was due to placement on 



platforms or roofs to avoid snowpack, for security, and to avofd 
obstruct1ons. The effect 1s thought to be m1ntmal. Ten collectors were 
installed with the wet bucket fac1ng ~ or E rather than the prescribed W. 
If rainstorms approach predominantly from the Sor SW, the collector ftself 
may Influence the collection process. Eight collectors lack the event 
marker capability. Knowfng when and for how long the collector fs open is 
an important quality control constderatfon. All but two sites had properly
seating bucket covers. A dry.side bucket was mf ss1ng at one site; another 
sfte had a deteriorated 11ner. Proper seatfng is necessary to keep out 
dust. 

Rain gauge. Var1at1ons from the desired distance from the collector 
and hefght with respect to the collector were noted at about half of the 
sites. Sfx sites do not have recording rain gauges: several sites had 
malfunctioning t1ppfng bucket gauges. 

Sample collection procedures. Proper sample collection procedures 
were followed in virtually all instances. It was noted that not a11 
operators visua1ly check the sample for contamination before returning ft 
to the field laboratory. It was reco11111ended this be done; otherwise 
contaminants may dissolve and not be noted later. 

Ff eld laboratory. The field laboratories had adequate space, were 
c1ean, and temperature-controlled. Operators and analysts were trained and 
fa~ilfar with thefr dutfes. Varfatfons fn measurement technique were noted 
and discussed. It was recommended that smaller sample a11quots be used,
that the network's centra1 laboratory have f1rst pr1or1ty for samples, and 
that samples be shfpped within three days of collection. 

Performance Audits 

Perfonnance evaluat1ons were made of: the rain gauge; the 
prec1pttat1on collector: and the pH meter, conductivity cel1, and solution 
balance. Results are given in Table II and discussed briefly be7ow. 

Rain gauge. All thirteen weighing-type recording rain gauges agreed
w1th1n 0.1 Inch of the designated audit value over the range O to 5 
1nches. E1ght of thirteen gauges were out of tolerance above 5 1nehes. 
However, th1s 1s a seldom-used range as the gauge bucket 1s usually emptied
before thfs depth is reached. Most of the gauges were recalibrated to meet 
spec1fications. 

Conductivf ty meter. Meters at three of twenty field laboratories 
varied by more than 4 uS/cm from the designated value. Resu.lts were qu1te
aceeptable othent1se. The qua11ty of de1on1zed water 1n use at the s1tes 
also met specff1cat1ons. 
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pH meter. Only two of twenty-one ff eld laboratories had pH results 
that varied by more than 0.1 pH unit from the designated value. The 
average absolute variation was 0.054 pH unit. 

Mass. Sixteen of the 19 balances checked agree withf n 1 g of the 
designated value at a load1ng of 1646 g, The worst case would be a 10 g
varf ation corresponding to 1.2 percent at an 823 g loadfng or 0.3 percent 
at a 3292 g loading. 

CONCLUSIONS 

The EPA-sponsored State-Operated Network fs a weekly precfpf tatfon 
collectfon network of 27 sites located primarily fn the eastern and 
southeastern United States. State agenc1es have prov1ded personnel to 
service the sites and laboratories, to analyze the samples, and submit them 
to a central laboratory for analysis, The s1te supervisors, operators, and 
analysts were found to be famf liar w1th thef r duties, handled the 
precfpftatfon samples carefully, analyzed the samples accurately fn most 
cases, and seemed genuinely int~rested f n the network and the data. 

Anumber of the sites should be 1mproved upon 1n terms of s1tf ng and 
maintenance of sample collection and analysis equipment. Emphasis should 
be placed on proper placement and operatfon of precfpftatfon collectors, 
1nsta11at1on and proper operation of ra1n. gauges, and standard1zat1on of 
field laboratory technf ques. 

REFERENCES 

1. w. c. Eaton, K. A. Daum, E. D. Estes, and F. Sm1th, •Qualfty Assurance 
Results for the Ut111ty Acid Prec1p1tatfon Study Program (UAPSP), 1982 
to 1984,• Transactions: Quality Assurance fn Afr Pollutfon 
Measurements, APCA Pub11cat1on TR-3, Pittsburgh, PA (1985), pp. 488
499. 

2. o. s. Bigelow, •Quality Assurance Report: NADP/NTN Depos1t1on
Monftorfng. Field Operations, July 1978 through December 1983." 
National Atmospheric Depos1t1on Program, Coordinator's Off1ce, NREL,
Colorado State Un1vers1ty, Fort Collins, CO, (August 1986). 

731 




TABLE I. AUDIT TECHNIQUES ANO TOLERANCE LIMITS FOR SON NETWORK COLLECTION AND MEASUREMENT METHODS 


Measurement Device and 
~uait Ofiservable 

1. Record1ng Rain Gauge 
- Accuracy of precipitation

depth on gauge 

2. Precipitation Collector 
- Lid liner-bucket-ri• seal 

- Sensor activation and 
heating 

t;l 
~ 

3. Conductivity Meter 
- Accuracy of response to 

si...lated precipitation 
samples 

- Deionized water quality 

4. pH Meter 
- Accuracy of response to 

si11Ulated precipitation
snples 

5. Mass by Solution Balance 
- Accuracy of response to 

calibrated weights 

Audit Technique or Test 

- Use calibration weights 
sfmulatfng prec1pitat1on. 

- Oetenn1ne lid drop d1stance 
(bucket in - bucket out). 

- Observe open/close cycle. 
Determine t~rature with 
thennistor 5 •in. after 
activation. 

- Have operator deten1ine 
conductivity of simulated 
sample. 

- Have operator determine. 

- Have operator determine 
pH of simulated precipita
tion snple. 

- Have operator deten111ne 
11ass of weights 1n 
the range 800 g to 3300 g. 

Expected Results 

- Agreement within + 0.10 inch of 
audit weight. 

- Distance )3 nm. 

- Ani>ient t~rature, prior
to activation. Te~erature 
of 50-7<f C attained after 
activation. 

- Agreement within ,:!: 4 us/cm. 

- Conductivity (IOuS/cm. 

- Agreement within + 0.1 pH
unit of established value. 

- Agreement within ~ 5 g of 
stated mass. 



TABLE II. PERFORMANCE AUDIT RESULTS: EPA STATE-OPERATED NElVORk, 1985-1986 

Measurement Dev1ce Aud1ted 

1. 	 Rain Gauge 
- depth 

2 .. Prec1pttat1on Cellector 
- lid 11ner/bucket 

r1• seal 

- sensor act1vat1on 
and heating 

....... 
w 
w 

3. 	 Conduct1v1ty Meter 
- accuracy of response 

- de1on1zed water 
qual1ty 

4. 	 pH Meter 
- accuracy.of response 

5. 	 Solution Bal,anc•Mlss 
- accuracy of resi>onse 

NUlllber 

Audlted 


13 

16 

27 

20 

14 

21 

19 

Range of ResE!!nse; 
Average Response 

All within + 0.1 inch 

froa O to 5-1nches. 


Range 7 to 33 •;
avg. 13.6 m. 

A11 	 respond and open
collectq,r. Ralfge 23 - 1000 C; 
avg. 55 c. 

0.3 to 5.80 uS/cm; (a) 

avg. J.63 ~ 1.76 US/ca. 


0.35 to 3.80 uS/a1; 

avg. 1.75 uS/e11. 


D.01 to 0.18 pH unit; (a) 
avg. 0.054 ~ 0.04 pH unit. 

16 of 19 agree within 

~ 1 g at 1646 g loading. 


Coments 

-Out-of-tolerance readings occured 
on 8 of 13 but only at 6 inches 
or greater depth, a seldCH1-used 
range. 

All 	 met 3 .. criterion of 
acceptab1l 1 ty. 

Eight heated at all times. 
Six did not heat. Twenty-
one 	heat; of these 10 0
attain t~erature (50 c¥ 
three ) 7 C. 

EPA 	 perfonaance audit Sill!ple:
value 1s 20 or 24 uS/cm. 

EPA 	performance audit sa.ples; 
designated value fs 4.28 or 
4.39 pH units. 

17 of 19 are accurate w1th1n 
+ 5 g over 823 to 3292 g range. 
All are within+ 10 g agreement. 

(a} Range of differences where difference• I (site value) - (desig1nated value) I· 
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QUALITY ASSURANCE PROGRAM FOR THE NON-OCCUPATIONAL 
PESTICIDE EXPOSURE STUDY (NOPES) 

Miriam Lev-On, Joseph C. Delwiche and George Colovos * 

Environmental Monitoring & Services,Inc. 

Camarillo, California 93010 


David E. Camann, J. P. Hsu and Herb Schattenberg 

Southwest Research Institute 

San Antonio, Texas 78284 


Andrew E. Bond and Hovard Crist 

U.S. EPA, EMSL 
Research Triangle Park, North Carolina 27711 

A field study of non-occupational exposure to pesticides (NOPES) is 
being conducted to estimate the exposu1es of a statistically representa
tive sample of urban population to selected pesticides found in the air, 
drinking water, and food, as well as through dermal contact. The intended 
use of the data co lected through this study is to obtain the cumulative 
frequency distribution of exposures to selected pesticides for each of 
these pathways. The general methodology of the study calls for sampling 
in predesignated homes, followed by laboratory analysis of the collected 
samples. 

The complexity of this study and the difficulties associated with 
population surveys, sample collection, chain-of-custody, and analytical 
speciation of very low level concentrations of 32 target compounds, has 
required careful planning and the development of a detailed quality 
assurance plan. This paper presents the QA activities undertaken during 
the field sampling and analysis phase of the program in the Summer of 
1986 in J cksonville, F]orida. The discussion highlights the data 
validation steps, and results are presented for surrogate end matrix 
spike recoveries, performance evaluation samples and audits. 

*Nov with: Roy F. Weston Company, Stockton, California 
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INTRODUCTION 

The general public is 1mb,jected daily to non-occupational pesticide 
exposure via the air, drinking water, food and direct dermal absorption.
The U.S. Environmental Protection Agency is systematically investigating 
the various aspects of non-occupational pestidde exposures by conducting
fi.,ld studies in Jacksonville, Florida for three seasons and in Spring
field, Hassachusetts for two seasons (1-3). The first phase of the study 
has been conducted in Jacksonville in the summer (June-August) of 1986. 

The main purpose of this Rtudy is to estimate the exposures of a 
statistically representative 111ban population sample to selected pesti 
cides found in the air, drinking water and food, as well aa throuch dermal 
contract. Through this study the cumulative frequency distribution of 
exposures to selected pesticides will be obtained for each of the above 
mentioned pathways. The data from this study will be used tn evaluate 
seasonal changes, temporal changes and interpersonal usage pRtterns within 
any given home which are considered to be the three basic components of 
the variability of exposure. 

The design of an effective QA program that is "built in" to the study 
design is a key element to the success of a complex multidisciplinary
study such as NOPES. The major quality-related elements of this project
include the followings 

* Population Survey Design 

* Field Sampling and Analysis 

* Data Processing 

* Data Evaluation and Analysis 

* Estimation of Exposure Through Multiple Pathways. 

METHODOLOGY 

The methods discussed below pertain only to field sample collection 
and laboratory extraction and analysis. The statistical Hthods used· for 
sample selection and houaehold screening are given elsewhere (1), 

Sampling Design 

The following samples are collected in the participatina bou•eholds 
in accordance with the sampling matdces provided 1.n tbe Detailed Vork 
Plan for NOPES (4), 

1. 	 "Primary" households1 One each indoor, outdoor, and peuonal 
exposure 24-6our air aample will be collected at each hou1e
hold. 

2. 	 "Duplicate" households1 Approximately 11 percent of the "primary 
households will be d11i1nat1d as duplicates at which collocated 
aamples will be collected at both indoor and outdoor location1. 
Collocated personal samples will not be collected due to practi· 
cal consid~rations. 



3. 	 "Triplicate" households: About 40 percent of the "duplicate"
households will be designated as triplicates, and a third con
current sample will be collected at both the indoor and outdoor 
locations, for independent extraction and analysis by the 
Reference Laboratory. 

4. 	 "Replicate" households: About 14 percent of the "primary" 
households will be designated as replicates. A second set of 
(indoor, outdoor and personal) samples will be collected at 
least 5 days after the completion of the first monitoring
period. Also the replicate sample will be collected on a 
different day of the week than the primary sample. 

5. 	 Dermal exposure households: Personal air sampling will be con
ducted during period~ that include the dermal exposure measure
ments performed in about 8 percent of the primary households. 

6. 	 Drinking water: Household faucet water will be collected at 
approximately 8 percent of the primary households. 

Sampling and Analysis Procedures 

A general description of the sampling and analytical procedures used 
in the NOPES project are given in the NOPES Work Plan and QA Plan (4,5).
Data Quality Objectives (000) that have been established for NOPES are 
summarized in Table I. The monitoring effort requires collection and 
analysis of air (on Poly Urethane Foam Plugs), drinking water, and dermal 
exposure (on precleaned gloves) samples. These procedures were tested 
under field conditions during a pesticide exposure pilot study (6), 

The PUF plugs, water samples and gloves collected are analyzed by
first extracting with distilled-in-glass solvents. The extracts are con
centrated and split into two aliquots, one of which is analyzed by GC/ECD
for one set of compounds, while the other is analyzed by GC/HS with iaul
tiple ion detection (MID) for another set of compounds. Compounds which 
are determined by GC/ECD are conftrmed using a second column with differ
ent elution characteristics. 

All samples collected are stored in the field under dry-ice and are 
shipped to the central laboratory within 48 hours. The extraction of all 
samples and the concentration of their corresponding extracts for GC/BCD
and GC/MS/MID analyses are completed no later than 7 day1 from the sample 
collection end date, and the analysis of the extracts is completed no 
la\er than 30 days from the date of extraction. Table II provides a li1t 
of the target pesticides for NOPES together with their Quantitation Limit 
Goals. 

BLEMBNTS OP QA PROGIAM 

Design of an effective QA program and its implementation has been 
recognized by EPA since the study's inception as a key element to the 
success of the study. 

The QA program for NOPES consists of the followin1 function11 QA 
Management, Internal QA/QC Operations, and External QA !valuations. 
The program has been organized to meet BPA's QA requirements and to 
ensure the generation of data of known and documented quality. 
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QA Man91ement. This function is responsible for coordinating the OA 
effort through destgnated QA coordinators of the varioua organizations 
participating in the study. A major effort was devoted to developing a 
detailed Vork Plan and QA Project Plan (QAPP) which serve as working docu
ments and are being revised as appropriate (4,S), This category also inc
ludes such activities as qualitative systems audits of participating orga
nizations providing summaries of problem areas uncovered, and reviewing
data generated in the project. These activities are targeted to provide an 
assessment of data quality and adherence to th• objectives established. 

Internal QA/QC. This function pertains primarily to routine activi
ties undertaken by each of the study participants to "control" the data 
collection and meaeurement process. Diverse activitie1 such as double 
entry of all manually entered data, specific procedures for eve~ step in 
the sampling and analyai1 effort, and thorough validation, review and 
flagging of reported data are being ueed throughout the study. Table III 
provides a su11U11ary of the various QA/QC samplea that have been built into 
the measurement system. The results of these QA/QC smaples are used for 
the routine assessment of measurement system performance and enable imme
diate corrective action. 

External OA. The activities Jn this function involve independent 
quantl tative asse9911ent of perforlll6nce. Perfotmance audi U include fhld 
audits to evaluate samplers' perfermance and the data collection process,
and laboratory performance evaluation, via blind audit spikes provided by 
EPA and the Reference Laboratory. · 

RESULTS 

Preliminary analytical data in both diskette and hard copy, together 
with copies of field observations and sample collection documentation, are 
submitted to the data 11anager in batches for review and validation. 

The data submitted are evaluated as follo~•• 

* 	S811ple tracking report is gPnerated to identify 1..plin1 problelll8
(duration, flow rat•) and adherence to extraction and analy1i•
holding times. 

* 	Initial calibration linearity and conttnuing calibration drift 
are evaluated for all runs. · 

* 	Matrh: spike recoveries and surrogate :tecovtriH are ev&luat•d, 
baaed on 1U11111&ry report1 1ener1ted fro. the data bf.ae. 

* 	Quantitation reports are co11pared: to actual data reported on th111 
hard copies for a minimum of two ccmpleta qapla• per •xtraction 
batch. · 

* 	Air concentrations obtained for indoor, outdoor and per1onal 
exposure A.re sum•dHd by household and ~O!RP&red for. i~ternal 
consistency. . . .. .. · 

* 	A summary report i1 generated 1howin1 all duplicate and replicat1 
11e1.ureHnts to1ether wl th the percent differnces for all . 
instances and a rans• of difference• ob1erved for •ach of the 
tar1et coapound•· 
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Table IV presents a summary of percent matrix spike and surrogate 
recoveries for the NOPES Jacksonville Summer 86 sampling phase. Octa
chloronaphthale11e i.o:: used RS the surrogate compound and added to each of 
the samples prior to ex:trnction to enable tracking the integrity of the 
entire analytical system. The results fnr 255 PUP samples show a mean 
recovery of 97% with a media11 of 94% and a coefficient of variation (Std
Dev/mean) of 0.15. 

For each extraction batch one pre-cleaned PUF is designated as the 
matrix spike, and matrix spike compounds are added to it prior to extrac
tion. Three of the compounds added are GC/HS target compounds and five are 
targeted for GC/ECD. The mean recoveries obtained vary from a !ow of 52% 
for propoxur (GC/HS) to a high of 108% for gamma-BHC (GC/ECD). Chlorpyri
fos is used as a mattix spike compound for both GC/HS and GC/ECD with mean 
recoveries of 66% and 73%, respectively. It should be noted that the coef
ficients of variation for all matrix spikes are in the range of 0.15-0.35. 
These results provide an indication of the complexity of the measurement 
system, and the variability occurring at the extremely low concentrations 
encountered. 

Table V shows a compilation of the percent difference ranges for 
duplicate collocated measurements, both indoor and outdoor of sampled
households. The results indicate that the overall precision of the 
measurement ~ysiem varies among households, with the largest contributor 
probably being the air concentration levels encountered. This is also 
evidenced by the sparsity of observed collocated concentrations, above 
the quantitation limit, for the outdoor samplers. This limited data set 
provides a semiquantltative measure of precision range and allows the data 
user to assign some confidence limits to the total exposure assessment. 

SUMMARY 

Incorporating effective quality assurance measures as an integral 
part of the NOPES program ensures the usability of the data generated and 
the ability to estimate overall errors propagated in the system. It ap
pears that as environmental monitoring studies are becoming more complex
in both statistical design and measurement methods used, well planned QA 
activities and allocation of proper resources are essential to generation
of data of known and documented quality. · 

The phased (seasonal) sampling design for this study enables trackinr 
system performance closely throughout a sampling phase, followed by intro
ducing improvements in procedures for the subsequent phase, whenever prob
lem areas are uncovered. During the upcoming seasons QA would be improved 
by adding more "real time" internal QA/QC activities, in addition to inc
luding a matrix spike duplicate to enable a.ssessment of analytical preci
sion. Also, more audit samples will be available from EPA and the Referen
ce Laboratory to better define analytical accuracy. 
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TABLE I. DATA QUALITY OBJECTIVES (000) 


Descriptor DQO Method 

Precision 

Accuracy 

Representativeness 

Comparability 

Completeness 

25% Analytical 

35% Overall 

20% Analytical 

40-50% Overall 
Laboratory Recovery 

10% Sampler Flow 

Not Quantitative 

20% 

Uniformity of 
Reporting Units 

90% 

95% 

95% 

Matrix Spike Duplicates 

Collocation of Samplers 

PE Samples for Laboratory 

Matrix Spike Recovery 
Surrogate Recovery 

Mass Plow Controller Audit 

Validation of Samplin1 
Design 

Statistically Representa
tive Population Sample 

Probe Placements Indoor, 
Outdoor, and Personal 

Split Extract• for Inter-
Laboratory Comparison 

ng/m3-air concentration 
ng/L - drinking water 
ng/glove - dermal exposure 

Collection of Targeted 
Samples 

Valid ~xtraction of 
Collected Samples 

Usable Data of Extracted 
Samples 
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TABLE II. OUANTITATION LIMIT GOALS FOR TARGET COMPOUNDS 


Compound 

Chlorpyrifos

Pentachlorophenol

Chlordane 

Orthophenylphenol

Propoxur*

Resmethrin 

Dicofol 

Cap tan 

Carbaryl

T-BBC (Lindane)

Dichlorvos (DDVP)

2,4-D (methyl ester)

Malathion* 

cis-Permethrin 

trana-Permethrin 

Heptachlor

Aldrin 

Dieldrin 

Ronnel 

Diazinon* 

Hethoxychlor

Atrt1dne* 

111t-BHC 

Oxychlordane

Beptachlor epoxide 

Bendiocarb* 

Pol pet 

Chlorothalonil 

Dacthal 

Hex~chlorobenzene 
DDT 
DDEc 

DDDc 


*to be analyzed by GC/MS/MID 

Quantitation Limit Goals 

ng on column8 

0.06 
4.0 
0.8 
0.2 
0.2 
1.0 
1.0 
0.3 
0.5 
0.05 
2.0 
1.0 
0.5 
0.4 
0.4 
0.07 
o.os 
0.08 
0.01 
0.6 
0.1 
o.s 
0.04 
0.06 
0.04 
0.5 
0.2 
0.04 
0.05 
0.03 
0.06 
0.06 
0.06 

11.0 
730.0 
146.0 
18.0 
18.0 
45.0 

180.0 
ss.o 
45.0 
9.1 

360.0 
182.0 
45.0 
73.0 
73.0 
13.0 
9.1 

15.0 
13.0 
ss.o 
18.0 
45.0 
7.3 

11.0 
7.3 

91.0 
36.0 
7.3 
9.1 
5 • .5 

u.o 
11.0 
u.o 

8 most quantitation limit• above are based on Jaclulonville 1U1111er study 
report 

bba.ed on the a11umption that extracts will be concentrated to 10 mL, 
1pli t to tvo 5-mJ. portions, concentrated to 1.0 mL and 0.5 mL for GC and 
GC/MS, respectively, and that 2 ~1 will be injected to either instrument. 
The total volume of air sampled ia a11uaed to be 5.5 cubic meters. 

cnot analyzed for durin1 Sunuaer 86 phase 
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TABLE III. SUMMARY OP QA AND QC SAMPLES PER SAMPLING PERIODS 


Function 

Contamination check of PUP 
batch 

Dynamic blank - Ac'.count for 
field contamination 

Method blank 

Analytical accuracy 
measure 

Analytical precision 
measure 

Overall precision measure 

Linearity cheek 

Quantitation 

Quantitation/calibration 

Monitor response factors 

Recovery measure 

External QA evaluation 

Sample Type 

Unexposed PUP 

Field blanks8 

PUP 
\later 
Glove 

Laboratory blanksb 

Spiked samples 

Duplicate spiked 
samples 

Collocated samples 

GC/ECD evaluation 
standards 

GC/ECD individual 
standards 

GC/MS initial 
calibration 

GC/MS continuing 
calibration 

Surrogate 

Blind spike sample 

Frequency or Number 

10 
2 
1 

1 per batch 
(20-33 samples) 

1 per batch 
(20-33 samples) 

Same as spiked 

11% of households 

At the beginning of 
each 72-hr analysis 
i1eriod 

At the beginning, 
middle and end of 
each 72-hr analysis 
period 

Initially and as 
required 

Every 12-hr 
analysis period 

Each sample matrix 

Up to 15 

8 taken to and returned from field. 

bsolvent blanks per sampling period. 
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TABLE IV. PERCENT MATRIX SPIKE AND SURROGATE RECOVERIES& 

(NOPES Jacksonville Summer 86 Sampling) 

Compound 	 N ~ Median Std. Dev. Ranae 

A. 	 GC/HS 

Propoxur 8 52 54 20 18-80 

Diazinon 8 70 70 19 31-92 

Chlorpyrifos 8 66 68 18 31-87 

B. 	 GC/ECD 

Chlorpyri fos 8 87 84 15 69-113 

Dieldrin 8 89 86 24 46-124 

Heptachlor 8 107 114 24 69-133 

gamma-BHC (Lindane) 7 108 102 33 73-163 

Chlorothalonil 7 62 60 19 39-89 

Hexachlorobenzene 3 96 90 13 86-111 

OCNb 255 97 94 lS 36-169 

8 All recoveries reported are for PUP plugs only 

bOCN was used as a surrogate and added to every sample prior to 
extraction 
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TABLE V. PERCENT DIFFERENCE RANGES FOR COLLOCATED NOPES SAMPLERS8 

(NOPES Jacksonville Summer 86 Sampling) 

Compound 
N 

chlorpyrifos 6 

diazinon 3 

propoxur 3 

dieldrin 2 

ortho-phenylphenol 2 

chlordane 1 

gamma-BHC (Lindane) 1 

bendiocarb 1 

heptachlor 1 

Indoor 
%' Dlff Range 

7-68 

12-73 

13-21 

8-24 

33-57 

5 

10 

5 

3 

Outdoor 
N %Dlf f Range 

1 14 

2 8-18 

8 0nly concentration values above the QAPP designated quantitation
limit have been used in compilation. 
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DEVELOPMENT OF GASEOUS HYDROGEN CHLORIDE STANDARDS 

lobert B. Denys2yn, Ph.D. 
David Plusor 
Kann Maguire 
Scott Specialty Gases 
Route 611 
Plumsteadville, Pennsyl~ania 

Hydrogen Chlcride (HCI) is a very corrosive and reactive gaa. Because 
of the reactivity of HCl, gueous lDixtures are difficult to prepare and 
stability is questionable. 

To develop a stable product at the 100 to 50 ppm level, various tech
nological developments had to occur. a\ cylinder which could maintain the 
Ht:l concentration eonetaatt and an analytical •thod c'pU•l• of quantita
tively maasuring seall changes in concentration had to be developed. P~e
dous work at the 1800 to 500 ppm levels had indicated that the use of 
either JIOlybdenue or manranese steel allO)' cylinder• could 1M uaed for HCl 
applications. A aignif icant amount of develop..nt wea nac••••t'Y to decrease 
the aurface activity of the cylinder. In oi:-der to obti.ift repre•entative 
samples from the cylinders, Hvetal delivety synema wr• tested and a sys
tem constructed of stainl•t• steel 316 wat found to perfor• 1atlafactorily•. 

Tne basic analytical methodoh1y 1e1ected to ual1se Rel ••• io.. 
chromatography. To quantitati'lely Hal)'&• the cyl:f.nder, tripUcate one 
liter samples were aimultaneou9ly collected b .;rat•t containing a diluted 
solution cf sodium hydroxide. nte eoUected •olvsat• were analysed agcintt 
11ultlpolnt calibration curve• to eu1ure tbe •ccuracy of tbe mea1urement. 
Standa:rda were introduced periodically in the .analytical. ache•.• and. at'h.e?' 
11.easu.tennta wre perfo1.'11111ld to ect•ur« the ceeu:r~y ed t:rcc:eabiUty of the 
gaseous atandards. 
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1. 	 Introduction 

Hydrogen chloride (HCl) is one of many pollutants emitted by the 
incineration of both hazardous waste and trash. Several states have 
introduced legislation requirtng the continuous monitoring of HCl 
emissions from trash to steam plants. These requirements have 
prompted the Environmental Protection Agency to evaluate the 
suitability of various continuous monitors and the calibration of 
such monitors. 

To date, the need for quantitative measurements of HCl in any 
process has been lacking. Due to this lack of interest for such 
measurements, little emphasis has been placed on the development of 
reliable gaseous standards. 

In the case of traeh to steam incineration, the HCl concentra
tion of interest is 50 ppm and up. The preparation and quantifica
tion of HCl at these concentration levels is a real challenge. 

In the summer of 1986, Scott Specialty G4ses' Research and 
Development department initiated the development of HCl in inert 
gaseous matrices. Goals of the mixtures were to: 

1. 	 Develop a stable 250, 100, and 50 ppm gaseous standard 

2. 	 Develop a suitable delivery system. 

3. 	 Develop a cost effective analytical method to quantitatively 
analyze HCl. 

4. 	 Develop gaseous mixtures which have traceability to the na
tional measurement system. 

One of the major goals of the project was to develop stable HCl 
gaseous mixtures. It was determined from the onset of this study 
that the product would have a stability of +5%/year, meaning that 
during the course of a year analytical measurenaent would not show a 
change in concentration of more than !_5%. 

II. Experimental Work 

Development of a Suitable Container 

HCl is a very corrosive gas which. in the presence of small 
level11 of moisture, will corrode many metal alloys. Specialty gas 
manufacturers have a variety of cylinder types available to them 
including: aluminum, steel (manganese and molybdenum/chromium), and 
stainless steel. 

Due to the reactivity of HCi' with aluminum, aluminum cylinders 
were immediately eliminated from the potential list, leaving steel 
and stainless steel. Steel cylinden have typically been used to 
store pure HCl, and stainless steel would provide the most corrosion 
resistant container. Since the requirement ls for c,ontinuoua emis
sion aonitors which are typically routinely calibrated, the amount 
of gas required dictate• the need for a container which has a total 
gaseous volume of 100 - 200 SC!. Even though stainless steel con
tainers are available in this volumetric range, it was felt that 
steel containers could be made to perform in this application. A 
major factor was that stainless steel containers are approximately 
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20 times more expensive than steel containers. Steel container& 
which are supplied to the specialty gas industry do have their 
limitations with the major limitation being that the inside is 
coated with a thick metal oxide which is very reactive. 

In order to have any potential success with such a container, 
the thick oxide surface must be removed and the surface modified to 
eliminate gas-to-surface interaction. Scott's Aculifetm V process 
provided such 'modifications of the surface. 'Cylinders treated by 
this process were evaluated with gas mixtures containing 1800 and 
500 ppm of HCl respectively with encouraging results (see Table I). 

Analytical results seemed to indicate a product which remains 
stable for at least six months. The data in Table I does not 
reflect the difficulties incurred while obtaining these measure
ments. Table II is a summary of some of the values obtained when 
performing these analyses. The data in Table II shows two problems: 

1. 	 The first sample collected and analyzed is almost always 
low. 

2. 	 The analyses performed on 8/18 and 8/19 are significantly 
lower than what would be eKpected. 

Even though the results were not perfect. it was felt that the 
Aculife V treated steel cylinders would provide a good starting 
point for work at 250, 100, and so ppm. 

Development of Suitable Delivery System 

The system 1.1sed to generate the data in Table 11 is shown on 
Figure l. The system was constructed of stainless steel components. 
Due to the relatively low results obtained on 8/18/86 and 8/19/86, 
the delivery system was disassembled. Heavy corrosion was observed 
at the CGA gland assembly and regulator. It waa also noted that the 
CGA fitting on the cylinder valve had also developed &ignificant 
corrosion. The corrosion was somewhat surprising in view of the 
rather low HCl concentration. The corrosion is a sign of HCl lost 
as well as a sink for further absorbtion. To eliminate the corro
sion, it was decided that all wetted parts prior to the regulator aa 
well as the metering valve would be stainless steel 316 or superior 
alloys. Other modifications were made to the syste111 resulting in 
the system shown tn Figure 2 which was used for titration work. 

The new system had incorporated a nitrogen purge assembly to 
eliminate moisture in the connection and aasembly prior to th
withdrawal of the HCl mixture. The regulator was also eliminated. 
The regulator had provided a lot of surface area for potential ad
sorption. The eystem in Figure 2 wae eathfactory in H far as HCl 
mi~tures could be delivered to the Greenburgh impingers, but in or
der to analyze 100 and 50 ppm mixtures, 20 - 30 liters of gas were 
required to titrate a 0.01 - 0.0311NaDH solution at a flow rate of 1 
liter per minute. Triplicate samples from one cylinder took I - I.~ 
hours. The use of ion chromatography as a quantification of CI 
provided a mechanism to reduce both the volu•e of solution and gas. 

Therefore, a new system was designed and constructed. 
Schematics of this system are shown in Pi.sure 3, The system, 
theoretically, wae to provide triplicate samples slmu lt ane ou a ly at 
100 ml per minute with a total of 1 liter of gas mixture per sample. 
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Unfortunately, at concentrations of 250 ppm, it was found that even 
with a total flow of 300 ml per minute, the system worked less than 
ideally. Titrimetric analyses of a 250 ppm HCL in nitrogen cylinder 
indicated the presence of approximately 250 ppm while the ion 
chromatographic system showed little or no HCL. The problem was 
narrowed to the following: 

1. 	 The system must be heated and purged with nitrogen prior to 
and after opening to the atmosphere. 

2, 	 A volumetric flow rate through the system of at least 1 - 2 
liters per minute must exist when withdrawing product from 
the cylinder. 

3. 	 The use of all metal seals and electropolished stainless 
steel 316 components provided faster delivery of the gas 
mixture to the collection system. 

In view of the incurred problems, a modified sampling train 
for ion chromatography was designed (see Figure 4). It incorporated 
the following features: 

I. 	Delivery system to cylinder valve interface was best if me
tal seals were used. 

2. 	 Delivery from the cylinder was 1114intained at > l liter per 
minute. 

3~ 	 The total volume of gas collected was measured using a mass 
flow totalizer. 

4. 	 The system was sealed before and after connection to new 
cylinders to minimize the effect of moisture intrusion. 

Development of a Cost Effective Analytical Method to 

Quantitate HCl in Nitrogen Mixtures at the 50 PPM Level 


A standard tltrimetric method was used to initially analyze 
mixtures of HCl at 500 ppm and higher concentrations. The method 
consisted of bubbling the HCl gas mixtures through 200 ml of stand
ardized sodium hydroxide solution ranging from 0.01 - 0.03 M. The 
method was found to be extremely quantitative with a collection ef
ficiency of )99. 9% at a flow rate of l liter per minute. The end 
point of the titration was detected using a phenolpthalein in
dicator. A stock solution of NaOH was stored in polypropylene 
bottles under N2 atmosphere to minimize the absorption of atmos
pheric co2• Major drawbacks of this procedure were: 

I. 	The large volume of standardized solution required in order 
to analyze a few cylinders. 

2. 	 In order to titrate HCl mixtures at the 50 ppm level, rela
tively low concentrations of NaOH solution must be used 
(mil.l!molar). These relatively low concentrations make the 
transfer of such solutions difficult without having the in
fluence of atmospheric C02• 

3, 	 Large volumes of gas mixture mist be used (30 - 40 liters) 
making the analysis time very long. 

748 




4. 	 The end point detection is poor. impairing the precision of 
the method. 

Other solutions which can be used to quantitatively collect HCL 
solutions are: o. 001 M NaOH, o. 001 M NaHCo3, and o. 001 M Na

2
co

3
• 

For the best results from ion chromatography, a solution of 
NaHC03/Na 2co3 is most effective since the elutent used for the 
separation has the same constituents. The chromatographic system 
used for the analyses consisted of: a Dionex 2000 ion 
chromatograph. a Dionex 4270 integrator. and a Dionex autoaampler. 

Cbro111atographic conditions were as follows: 

Column: HP!C AS4A 
Eluent: NazC03/ NaHC03 


Flow rate: 2 ml/min 

Pressure: 960 psia 

Detector Setting: 30 a for less than 100 ppm 


100 s for >250 ppm 

Precision achieved with 50 ppm equivalent Cl- concentration is 
shown in Figure 5. The coefficient of variance for triplicate in
jections showed a value of +0.11%. Response was linear for the 
equivalent of 10 - 50 ppm. Analysis time ranged from 3 - 8 minutes 
depending on the analysis performed (manual or automatic). 

111. Results To Date 

A total of 15 cylinders had been prepared for this work; five 
at each concentration level (2SO. 100. and SO). Titrimetric 
analyses were performed on all the 250 ppm IJCl mixtures and the 
results are shown in Table III. Data indicate• relatively good 
agreement frota cylinder to cylinder. Further analytical work was 
performed on A-7778 over a 1.5 month period and our results, as 
ah~n in Table IV, show a gae mixture which is not changing very 
rapidly over a short period of time (<10% per month). There uema 
to be a bias of 6% between the titrimetric value• and the ion 
chromatographic values. If we take the mean of both methods, the 
concentration in the cylinder can be quantified to 253 ppm +3%. 
This value is in good agreement with the gravimetric value which is 
250 ppm. 

Due to 1ignificant 1&mple lost prior to the impingera, fewer 
analyees have been perforaed on lower concentl'ltion .cylindera. 
Table V summarizee the reaulu obtained to-date on cylinder 4-5087 
which theoretically contains 100 ppm. The bias between the two 
metf\od1 h larger than at 250 ppm (approximately 14%). Ttie mean 
concentration of both methods provide us with a cylinder concentra
tion of 95 ppm. In view of the f4ct that the Pf, •hture in the 
cylinder waa prepared one montb earlier, there is a good pl"obt:bility 
that this mixture will be found stable. 

leaulte associated with a 50 ppm HCl mixture (cylinder A-10439) 
are ahown on Table VI. The bia1 between the two analytical methoda 
increued to 38l. Mean concentration after one month waa 55 ppm~ 
again in relatively good agreement with the theoretical gravimetric 
value of 50 ppm .:!:10%. lt is doubtful that the concentyation would 
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be higher than 50 ppm since the mass of gas mixture and pure gae ts 
large (30 gm) with a sensitivity of +O.Z gm. 

Traceability of the Analyses 

Traceability to the natlonal measurement system is crucial in 
analytical work. In this work, this was accomplished via two 
methods. 

1. 	 Titrating the HCl gas in a NaOH standard solution. The NaDH 
was standardized with potassium hydrogen pthalate, Standard 
Reference Material 84J (Batch 580508). Flow measurements 
were made with a wet test meter with an error of 0.5%. 

2. 	 In the ion chromatographic method, KC! standard liquid mix
tures were prepared using Standard Reference Material 999, 
(Lot 589910) in 17 megohm-cm water. An internal standard (Z 
ppm of KBr certified ACS grade) was also used to keep track 
of any water lost during collection of tl"1e gaseous sample. 
Multipoint calibration curves were generated with both KCl 
and KBr to quantify both Cl - and Br- concentrations. The 
flow measurement devices and rotometers were calibrated 
against the same wet test meter used in the titrimetrlc 
method, 

Propagation of error analysis has not been performed at this 
time but we feel confident that the overall method should he able to 
achieve +1% measurement uncertainty. 

IV. Conclusion 

At 	 this time, the following can be said: 

1. 	 We have evidence that HCl mixtures as low as 50 ppm can be 
prepared accurately. 

2. 	 A purgablet electropolished, heated, stainless steel sam
pling train is necessary to quantitatively analyze HCl mix
tures in the low ppm range. 

3. 	 A flow rate of at least 1-2 liters ta.1st be used through the 
delivery system in order to retrieve quantitative samples 
from the cylinder. 

4. 	 Mixtures at the 250, 100, and 50 ppm level are probably 
stable to better than +10% per year. 
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T"8LE I - Initial Measuretnents of 1800 and 500 PPM HCL In N2 Mlicturas 

Thaoret I ca I Analytical Results CPPMY) 
Cyl lndar # Cone. <ppmv) 8/7/86 8/13/86 8/18/86 8/21/86 9/30/86* 4/2/87*~ 

A-17241 1800 1812 IH4 1736 1'63 1687 1668 1584 

8/8/86 8/14/86 8/19/86 8/20/86 	 9/30/86* 4/2/87•~ 

A-16790 500 ppm 506 492 507 446 475 473 4'0 

*data provided courtesy of Entropy, Research Triangle Park, North Carollna 

TABLE II 1800 an,d 500 PPM Analytical Precision 

Theoretical 
Cllinder II Concentration B/5/86 8/7 /86 8/13/86 8/18/86 8/21/86 

A-17241 1800 ppm 	 1729 1753 1700 1566 1602 
1824 1720 1770 1516 1627 
1850 1730 1607 1666* 
1882 1696* 
1773 1695* 

1812 1734 1736 1563 1687 

8/6/86 8/8/86 8/14/86 8/19/86 8/20/86 

A- 16790 500 ppm 	 501 469 462 367 471. 3 
505 505 513 447* 476.5 
510 494 547 446 476.8 
507 498 

506 492 50 446 475 

*Data used to calculate mean 
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TABLE III 

Czlinder No. 

A-7778 

A-17442 

A-17477 

A-17508 

A-14512 


Titrimetric Analyses of 

Date Analized 

3/13/87 
3/13/87 
3/19/87 
3/19/87 
3/19/87 

All cylinders were prepared on 3/12/87 

TABLE IV 


Titrimetric 
Concentration (ppm) 

I.C. 

Concentration (ppm) 


TABLE V 


Titrimetric 
Concentration (ppm) 

I.e. 

Concentration (ppm) 


TABLE VI 


Titrimetric 
Concentration (ppm) 

I.C. 

Concentration (ppm) 


Analyses of 250 PPM HCl 

3/13/87 3/26/87 

264 257 


250 PPM HCl Mixtures 

Concentration 

264 

264 

262 

263 

256 


in Nitrogen (A-7778) 

3/20/87 3/24/87 3/25/87 4/15/87 4/21/87 

237 247 243 248 250 


Analyses of 100 PPM HCl Cylinder (A-5087) 

4/10/87 4/27/87 

100 102 


4/23/87 4/28/87
88 90.1 

Analyses of 50 PPM HCl in Nitrogen (A-10439) 

3/31/87 4/10/87 4/27/87

64 62 65 


4/28/87 
43 . 49• 

C22m) 

4/27/87 

260 


*modified Titrimetric sampling train followed by I.e. analysis 
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FIGURE 4 • MODIFIED SAMPLING TRAIN(l.C.) 
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ORGANIC COMPOUND MONITORING PROGRAM 
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Research Triangle Park, NC 27709 
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During the summers of 1984, 1985, and 1986, 4773 measurements of 
nonmethane organic compound (NMOC} concentrations in ambient air were made 
with the Cryogenic Preconcentration Direct Flame Ionization Detection (PDFID)
method. The development of a quality assurance program for determining the 
NMOC concentrations with known quality is discussed. 

Analytical precision was measured by repeated measurements of site 
samples. The mean absolute percent difference was 9.8, with a standard 
deviation of 12.2. The average percent difference was -0.354, with a standard 
deviation of 15. 7. Sampling precision was determined from analyses of 
duplicate site samples. Absolute percent differences of the duplicate samples
for 3 years averaged 11.7, with a standard deviation of 16.4. Accuracy, or 
bias, was determined from measurements on dry propane standards referenced to 
National Bureau of Standards (NBS) Standard Reference Material (SRM} 1667b. 
In three years, average bl ases for Radian analytical channels ranged from 
-2.1153 to -0.516% relative to EPA-QAD, with a pooled standard deviation of 
3.951%. 

Data base errors were monitored by a 103 random check of approximately 54 
entries for each sample. The error rate tn 1986 was 0.015%. 

755 




Introduction 

A number of dispersion models have been developed to describe 
quant1tative1y concentrtttons of precursor organic compounds and downwind 
concentrations of ozone 1n ambient air as a function of time. The Empirfca1
Kfnetic Modeling Approach (EKMA) is a model which requires an average total 
nonmethane organic compound (NMOC) concentration from 6 A.M. to 9 A.M. in 
parts per million carbon (ppmC), by volume. An important EKMA application is 

!~h1!!!~~~1 f~~c:e~r:~ ::plcio;at;,o~ a°!i~~c a~~q~~~~~t~n s~a~d;:J~u;~; ;;::e.¥,z 

Radian Corporation has assisted the U.S. Environmental Protection Agency,
participating states, and the District of Columbia in obtaining the NMOC 
concentration data needed to prepare state implementation plans to meet the 
National Ambient Air Quality Standards {NAAQS} for ozone. A total of 4773 
ambient air NMOC concentrations were measured at 44 sttes, representing 22 
states and the District of Columbia during the summers of 1984, 1985, and 
1986. Because the NMOC data were used for regulatory purposes it was 
essential that the measurements result 1n re11ab1e data of known quality. 

The Cryog!nic Preconcentration and Direct Flame Ionization Detection 
(PDFIO} method was developed by the U.S. Envtronmental Protert:ion Agency to 
replace the NMOC 4g!s6chromatograph1c (GC) speciation method. The PDFID 
method was shown • ' to have precision and accuracy comparable to the 
NMDC GC specf ation method, and was less costly to perform. 

Quality assurance (QA) and ~uality control (QC) procedures necessary to 
obtain accurate HMOC data of known quality are the subject of th1s paper. 
Data quality parameters considered to be among the more important were 
accuracy and prec1s1on. Details of the Quality Assurance Project Plan 
(QAPP) unique to the NMOC Monitoring Program are described in the next 
section. There follows QC results of the program to date 1 and a descrfptfon of 
the ongoing review of the QC procedures and acceptance criteria to improve the 
definition of data quality. 

Quality Assurance Project Plan 

Qua11~y Assurance Project Plans (QAPP) were prepared according to EPA 
Guidelines for each year of the NMOC Monitoring Program. Detailed operating 
procedures were developed for the field sampling sites. Radian personnel were 
sent to each site to install and test the sampling equipment, and to train 
site personnel in the sampling procedure and schedule. The sampling schedule 
was projected. Integrated 3~hr {6 A.M. to 9 A.M.) ambient air samples were 
collected daily, Monday through Friday based on a 17·week program (except for 
July 4 and Labor Day}, in electropol1shed stainless steel canisters. All 
samples were ana1yzed by Ra di an Corporat f on at the Perlmeter Park, NC,
laboratory. Canisters were shipped air freight the day of collection and were 
analyzed w1thin two days of collection, except for Friday's samples, Which 
were analyzed the following Monday. 
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A duplicate sample was scheduled for each site once every two weeks. For 
duplicate samples. two canisters were f111ed simultaneously from the same 
ambient air intake line. The duplicate-sample schedule was arranged so that 
the 	number of duplicate samples taken at each site was equal throughout the 
sampling period (June 1 through September 30), and so that approximately the 
same 	 number of duplicate samples was taken each day. 

Canisters sent to each site were initially cleaned 1n the Perimeter Park 
laboratory and sent under vacuum. A Field Sampling Form was enclosed in the 
canister shipment case for each canister. The site operator completed the 
information on the form and returned 1t with the sample. Upon receipt, the 
canister was tagged with an identification number and an analysis sheet was 
prepared which accompanied the sample through analysis. The original
f1eld data sheets and analysis sheets became part of the permanent project
files. 

All calibrations and audit samples used propane standards referenced 
to National Bureau of Standards (NBS) propane, Standard: Referenct Material 
(SRM) 	 No. 1667b., by the U.S. EPA-Quality Assurance Division (QAD) of the 
Environmental Monitoring Systems Laboratory (EMSL) at Research Triangle
Park. NC. All four Radian PDFI~ channels were calibrated with fropane from 
o.ooo to 9.627 parts per million carbon {ppmC) by volume. •zero standard was 
obtained using air, filtered through fr1tted stainless steel filters, dried in 
permeation driers, and cleansed of organic content by passing through a 
catalytic ox1d1zer. 

Each Radian POFID channel was calibrated twice daily, once before any
sample analysis for the day, and again after completion of the sample
analyses. From these data percent calibration drift was calcuhted. 

Four days per week in-house propane quality control samples were prepared
by the project QC Monitor, and analyzed by each Radian PDFID fnstrument. On 
the 	fifth day each week, duplicate local ambient air samples were collected 
by EPA-QAD and analyzed on each Radtan PDFID channel, the EPA.. QAD POFIO 
channel, and the EPA-Atmospheric Sciences Research Laboratory {ASRl) GCFID 
instrument. One of the local ambient air s1111Ples was first analyzed by the 
EPA 	 channels and then by the Radian channels. Than the oth•r local ambient 
air 	sample was analyzed first by the Radian channels and then by the EPA 
channels. · 

Two site samples were cho:sen d1ily at random for an additional analysts 
on a 	Radian channel. Each day the QAPP spectfted the Radian Channels·· · 
e.g .. A-A, 8-D, C-D, D·D, etc.••on which the repeated analyses were to be 
done, so that over the su111111r program 11ch channel pa1 r was engaged: in the 
repeated analyses an equal number of times. 

In 1986, four sets of three audtt propane samples were prepared by
EPA·QAD for analysis on all Radian and £PA channels. Con.centrattons ranged
from 	 0.797 ppmC to 8.980 ppmC. Audit samples wart subllt1tted on 1 random 
schedule by tPA·QAD from June 30 to September 25, 1986. In 1984 and 1985 two 
audit samples were used. · 
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Data were transferred daily after review by the project QA Monitor, from 
data sheets. or log books. to a 20-megabyte magnetic data disk, that contains 
the NMOC data base. A backup data disk was updated daily. Biweekly meetings
with EPA were held to review the data and to investigate any unusual data or 
data trends. Upon completion of the sampling and analysis for the summer, ten 
percent of the data was selected randomly for an audit check. For each NHOC 
datum selected for audit, approximately 54 pieces of data from the original
data sheets were checked for correctness and for data transcription errors. A 
total of 2351 NMOC measurements are in the 1986 data base. Of these, 252 
cases were checked for error. Two errors out of 13,608 entries were found and 
corrected, for an error rate of 0.015%. 

Quality Control Results 

Calibration factor drift results are given in Table I in terms of percent 
drift and absolute percent drift. The morning calibration factor was used as 
the basis for drift because it was the factor used to calculate NMOC 
concentrations for the entire day. The average calibration factors for 1985 
and 1986 are about equal, but are less than in 1984. This result can be 
explained by the fact that the analytical instrument was housed in a better 
temperature-controlled environment in 1985 and 1986 than in 1984. Absolute 
percent differences in 1986 ranged from 0.929 to 1.959% among the Radian 
Channels. 

Precision of the NMOC measurement was determined from repeated analyses 
of site samples. Table II reports precision in terms of percent differences 
and absolute percent differences for each year of the program and for 
three-year pooled values. No trends are evident. The overall average
absolute difference is 9.8%, with a standard deviation of 12.2%. 

Sampling and analysis precision was determined from duplicate samples.
Table III shows the duplicate sample results in terms of percent difference. 
The first run includes both between-duplicate sample variability and wfthin
duplicate variability, or analytical error. The analytical error was obtained 
from repeated analysis of site ambient air samples. Note that the standard 
deviations in terms of percent difference and absolute percent difference are 
about equal for both between-duplicate and within-duplicate variability. 

Accuracy is reported in Table IV in terms of percent bias relative to the 
EPA~QAD POFID instrument. The average bias of the Radian channels ranged from 
+2.76% for 1984 to -1.80% for 1986. No significant differences in bias were 
noted among the Radian channels. Accuracy was monitored throughout the 
program using in-house propane QC samples prepared from propane referenced to 
NBS SRM propane. Table V shows the results for 1984, 1985, and 1986 for 
Radian Channels A, B, C, and D, and gives pooled values for all four Radian 
channels. Significant differences are seen a~a1n between the absolute percent 
difference means for 1984 and 1985 (or 1986}. The in-house samples were 
prepared by the project QC Monitor by diluting the certified propane sample
with cleaned, d~ied air by means of flow controllers. The percent difference 
figures include error caused by the dilution process, and analytical error. 

After analysis was completed the canisters were cleaned up before being 
sent to a site for another sample. The cleanup cycle consisted of first 
pulling a vacuum of 0.67 kPa on the canister, followed by pressurizing the 



canister to 275.8 kPa gauge pressure with cleaned, dried air. This cycle was 
repeated three times during canister cleanup. During cleanup, six canisters 
were cleaned simultaneously on a manifold. After the third pressurization, 
the canisters on the manifold that had the highest NMOC content before cleanup 
was tested for its NMOC content. If the area counts measured less than 
26 (about O. 008 ppmC), the cleanup criterion was met; the canister was 
reconnected to the manifold and evacuated a fourth time; all the canister 
valves were closed and the canisters were ready for shipment. The average
removal of the NMOC content of the canisters was at least 99.891% in 1986. In 
1985, at least 99.898% of the NMOC content was removed. Heating of the 
canister above room temperature was avoided to protect the passivated electro
pol ished interior surface of the canister. 

Ongoing QA Program 

Each year, data quality parameters are reviewed and updated. New 
acceptance criteria are added as needed. The acceptance criteria for the 1987 
NMOC program are given in Table VI and are based on experience gained in the 
1985 and 1986 NMOC Programs. For each measurement listed in the first column, 
a critical acceptance region (CAR) is given 1n the second column. If the 
measurement falls in the CAR, no further quality control action is required.
If the measurement falls outside the CAR, further action, as listed in the 
last column, 1s given. In addition, an ongoing 11st of measurements not 
falling within the CAR is maintained to expedite QA review and reporting. 

In data validation, the measurement taken 1s the percent error in the 
data base. For each NMOC concentration measurement, there is an average of 54 
items recorded on original data sheets that need to be checked on the magnetic
disk data base for accuracy of calculation and data transfer. Any errors that 
are found are corrected. The data base 1s va11dated after a11 NMOC 
measurements have been taken for the summer and data transfers to the magnetic
data disks have been completed. If an error rate equal to or greater than 
0.03% is found in the first 10% of the randomly selected NMOC concentration 
measurements, a validation of an additional 10% of the data base ts required. 
If the error rate is still 0.03% or higher when the additional 10% of the data 
is validated, an additional 10% will need to be validated. 

Tables I through VI are available upon request by contacting
Dr. Robert A. McAllister, Radian Corporation, P.O. Box 13000, Research 
Triangle Park, NC 27709. (919} 541-9100. 
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MONITORING A WIDE RANGE OF 

AIRBORNE ORGANIC CONTAMINANTS 


William R. Betz, 
G.D. Wachob, M.C. firth, 
Supelco, Inc., Supelco Park, 
Bellefonte, PA 16823-0048 

Airborne org nic cont minante at toxic waste sit s and indoor air 
pollution sites typically r nge from highly volatil to nonvolatile 
compounds. Thea compounds are lso typically pr sent at low levels. 
Thus, they must be cone ntrat: d ior eifi:>ctive quaJ itative and 
quantit tivc char ct riz tion of t:h se atmosph r s. Two or more 
adsorbent tubes, w1 Lh di similar adsorpt1on and desorption 
charact rlst:jcs, mu Loft ·n b us~. 

A new multi-bed tube contoinlng thr e Cl as I, 
nonsp cl ic dsorbents ff ctively adsorbs irborn organic compounds 
tinging from volo.tlle ( .g., vinyl chloride) lo nonvolalile (e.g., PCD) 

in a size-exclusion wod . C rbotrap C ( graphitized carbon bl ck, 
surface rea =10 m2/g) adsorbs nonvolatll compounds, Carbotrap (n 
graphitlzed carbon bl ck, ttlOO m2/g) adsorbs ti mJvolatil compounds, 

nd C rbosieve S-IIT (a carbon molecular si ve, uSOO m2/g) adsorbs 
volatile compounds. Ch racteristi s of t:h ·se adsorbents will be 
dis ussed. 

A highly efflcJent th rmal desorb r is used Lo ba list.teal 1y h~at 
the tube and d sorb the tr pped compounds. They ar transferred, via 
gas flow reversal, to a packed or capillary GC column in a discrete 
i nj c ion slug. This 11.ows th column to r focus the sample and 

l1111inat s th n ed for a cryotr P• Desorption fficiencies for a wide 
r ng ot organic cont min ntr. wU l. be de· crib d. Column choic , oven 
temp ratur s, and ot.:h r k y co eiderations for tl! chromatographic 
na l ys s will lso b d er.use d. 

761 




Characterization of both ambient air and indoor air atmospheres has 
become the focus of concern for many air sampling analysts. Evaluation 
of these atmospheres typically entails qualitative and quantitative 
analyses of a wide range of organic contaminants present at "extremely 
low" concentrations. Multi-bed adsorbent tubes, used in thermal 
desorption modes, are very useful for these analyses. Because the 
airborne contaminants exist in many molecular sizes and shapes, and may 
possess one or more functional groups, choosing the appropriate 
adsorbents becomes difficult. By using Class I, nonspecific adsorbents 
(no ions or active groups), an analyst need not be concerned over which 
functional group(s) an adsorbate possesses. 

By definition, a Class I adsorbent is without ions or active 
groups, Only a Class I adsorbent interacts nonspecifically with all 
four types of adsorbate molecules (Table I). Therefore, a multi-bed 
adsorbent tube containing Class I adsorbents adsorbs and subsequently 
releases a wide range of organic compounds possessing different 
functional groups. Furtherwore, an appropriately designed multi-bed 
tube will differentiate between molecules of various sizes by 
size-exclusion. ~hen a molecule enters an adsorbent tube containin& 
Class I adsorbents of progressively larger surface area (Figure 1), the 
tube functions as a small gas chromatographic packed column in which the 
migration rate of each adsorbate is inversely proportional to its 
molecular size, 

Carbotrap™ and Carbotrap C graphitized carbon blacks and 
Carbosieve'" S-111 carbon molecular sieve are classified as Class I 
adsorbents (1), For these adsorbents, surface area ranges from 10 to 
800 m2/gram (Table II). Because these adsorbents interact non
specifically with adsorbates, the entire surface of each material is 
available for adsorbate/adsorbent interaction. Adsorption is a function 
of the surface-surface interactions, or dispersion forces, between the 
adsorbate and adsorbent surfaces. Adsorbates having small molecular 
size, such as vinyl chloride, migrate quickly through the graphitized 
carbon blacks and are adsorbed on the microporous surface of the carbon 
molecular sieve. Larger adsorbates, possessing larger surface areas, 
interact more strongly with available surfaces. Consequently, larger 
adsorbate& adsorb to the surfaces of the graphitized carbon blacks. 
After they are collected from the air sample, all adsorbed compounds can 
be thermally desorbed by using flow-reversal techniques. 

Another key advantage to using a multi-bed adsorbent tube 
containing nonspecific adsorbents is that water adsorption also is a 
function of size-exclusion. Larger adsorbate molecules compete more 
readily for the available adsorbent surface, Specific retention volumes 
(breakthrough volumes) were determined for water and vinyl chloride, 
using Carbosieve S-IlI adsorbent and for water and chlorobenzene, using 
Carbotrap. In each case, the specific retention volume of the organic 
compound is a magnitude of 1000 greater than that of water (Table III). 
The sudaces of these adsorbents (and that of Carbotrap C as well) are 
therefore considered to be hydrophobic. 
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Specific retention volume data are excellent tools with which to 
characterize the adsorptive properties of adsorbents. In this work, 
characterization evaluations were perforued by following procedures 
outlined in EPA Document H600/7-78-054 (2}. These evaluations focused 
on adsorbate/adsorbent interactioos occurring in the low coverage (or 
Henry's Law) region, using established specific retention volumes, 
adsorption coefficients, and equilibrium sorption capacities. Specific 
retention volumes (Table IV) were determined at elevated temperatures. 
The resulting straight line equation was extrapolated, via linear 
regression analysis, to obtain the specific retention volume at ambient 
temperature (Vi 20°C). This value is expressed in milliliters of 
gas per gram of adsorbent, and therefore is useful for determining 
adsorbent bed weights. 

To establish working ran&es for the three Class I adsorbents, the 
specific retention volumes of several key compounds, possessing 
different sizes and functional groups, were determined. Because the 
functional range for Carbotrap overlaps those for Ten~ GC and 
Amberlite® XAD-2 adsorbents, comparative evaluations were perforuied for 
these adsorbents (Table V). Note that adsorbent density, as well as 
unit surface area, plays an important role in determining the total 
available surface area per tube volume (Table Vt line 6). Specific 
retention volumes, summarized in Table Vl, indicate that of the three 
adsorbate& evaluat.ed, carbotrap adsorbent possesses the greatest 
affinity for most of the adsorbate& used. Tenax GC possesses a greater 
affinity for n-pentanoic acid because of dipole-dipole interactions 
between the acid functional group on the adsorbate molecule and 
phenylene oxide groups on the adsorbent's surface. · 

The working range for Carbotrap C adsorbent was establi1hed by 
using the same eight adsorbates, plus adsorbate& haviq larger surface 
areas. Specific retention volumes for carbotrap C adsorbent (Table Vll) 
are smaller than those for Carbotrap (Table VI), reflecting the am&ller 
surface available for interactions with adsorbates. In the mU;lti-bed 
tube, Carbotrap and Carbotrap C adaorbenta will retain tbeae large 
molecules. l'herefore. only slQAller adaorbates were uaed to ch&racteri~e 
the Carbosieve S-III carbon molecular sieve (?able VIII~. The large 
specific retention volume for Yinyl chloride• 1.26 x lO ml/gram, . 
illustrates the adsorbing capacity of this material. 

The excellent trappioa perfomance of the a4aorbeuts in the 
multi-bed tube was cODlplemented by uaing thermal deeol:'tJtion to rapidly 
transfer the adsorbatea to the gaa chromatographic column. The thermal 
desorption unit used is capable of beatiag the adsorbent .tube to tbe 
appropriate temperature in approximately 20 aeco11ds. this r&p!d 
transfer eliminates the need for cryofocusing. For exuaple. the rapid 
removal of the C2 hydrocarbon• at 330°CJ versus the cc:11mo11ly uaed 2oo•c 
desorption temperature, provides more effective tranafer and improved 
resolution of these adsorbates (Figure 2). 

The GC column is also a key factor in the thermal deaorpt~on/gaa 
chromatography analysis. The column must refocus, as well as separate, 
the deaorbed analytes. A 6 ft. x 1/8" stainlesa steel column packed 
with 60/80 mesh Carbopack"' B packina, at a temperature of 35°C, provided 
the beat results for the C2 analysis in Figure 2. 
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Both packed and wide-bore capillary columns were chosen to provide 
effective refocusing and separation of the adsorbates cited in Methods 
T0-1, T0-2, and T0-3 in EPA Document # 600/4-84-041 (3). Two packed 
columns were chosen to evaluate the 24 adsorbate& cited in these three 
methods. A 0.1% sF™-1000 phase coated on 80/100 <:arbopack C was used to 
analyze the nonchlorinated and chlorinated hydrocarbons cited in Method 
T0-1 (Figure J). Airborne concentrations of these collected adsorbates 
ranged from 50 to 100 parts per trillion in a 10 liter air sample. A 
desorption chamber temperature of 330°C and an initial column 
temperature of 35°C provided effective chromatography. A 1% SP-1000 
phase coated on 60/80 mesh carbopack B was used to evaluate the 
adsorbates in Methods T0-2 and T0-3 (Figure 3). This column also was 
effective for evaluating the T0-1 adsorbate&. 

A 60 meter x o. 75 llllll ID SUPELCOWAX 
114 

10 bonded phase capillary 
column (l.O µm phase film thickness) was effective for evaluating the 
T0-1, T0-2, and T0-3 adsorbate& (Figure 4). A desorption chamber 
temperature of 330°C and an initial column temperature of 35°C, the same 
temperatures as used with the packed column, were chosen. The 
adsorbates cited in all three methods were analyzed effectively under 
the same analytical parameters. 

Desorption efficiency for these 24 adsorbates was determined by 
vapor-spiking the adsorbent tube with known quantities of each 
adsorbate. The adsorbate& were injected directly through the thermal 
desorber/gas chromatographic system to establish the control (100%) 
value. Desorption efficiency was determined by comparing peak areas for 
desorbed and directly injected samples. Desorption efficiency was 
determined for both the nonchlorinated and chlorinated adsorbates cited 
in the EPA methodology (Table IX). Recovery data also were determined 
for bromofor111 and acrylonitrile. 

In conclusion, a multi-bed adsorbent tube containing three Class I, 
non-specific adsorbents adsorbs a wide range of airborne organic 
contaminants in a size-exclusion mode. when this tube is interfaced 
with a thermal desorber capable of rapidly transferring adaorbstes to a 
GC column, accurate quantitative and qualitative data are obtained for 
the adsorbates of interest. 
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Table I 

Classification of Molecules and Adsorbents by Capacity 


for Nonspecific and Specific Interaction (1) 


Adsorbent Class 
Class I Class II Class III 

Molecule T e 

(no ions 
or active 

rou s) 

(localized 
positive 
char es) 

(localized 
negative 
char es) 

Group A (e.g., n-alkanes) 
spherically symmetrical 
shells or a-bonds 

nonspecific interactions 
governed mainly by 
dispersion forces 

Group B (e,g., aromatic hydrocarbo
electron density locally 
concentrated on bonds or 
links' n-bonds 

Group C (e.g., organometallic&) 
positive charge localized 
on peripheral links 

ns) 

nonspecific 
interactions 

nonspecific 
and 
specific 
interactions 

Group D (e.g., acid& and bases) 
functional groups with locally 
concentrated electron density 
and positive charge on 
adjacent links 

Table II 

Physical Properties of the Class I, Nonspecific Adsorbenta 


Used in the Multi-bed Tube 


Sufface Area Density 
Adsorbent (m2/graa) (grams/ml) 

Carbotrap C 10 0.72 
carbot rap 100 0.38 
Carbosieve s-111 800 0.61 

Table Ill 

Specific Retention Volumes Show Class I Adsorbents 


Have Hydrophobic Propertiea 


SpecUic Retention Volume 
(ml/gram.)Adsorbent 	 Adaorbate 

Carbosieve S-III 	 water 2.3 x iol 
vinyl chloride i.26 x io6 

Car bot rap 	 water a~o x io2 
chlorobenzene 1.58 x 106 
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Table IV 

Equation for Calculstin8 Specific Retention Volume (2) 


Breakthrough Volume (V~) • 

calculated volume of gas 
ml of gas passing through the system 

• 
grams of adsorbent weight of adsorbent (grams) 

j Fe 

Table V 
Physical Properties of Adsorbents 

Adsorbent 
Property Car bot rap Tenax GC Amberlite XAD-2 

Surface Area (m2/g) 100.0 23.5 364.0 
Particle Size (mesh) 20/40 35/60 20/40 
Density (g/ml) 0,38 0.14 0.38 
Pore Volume (cc/g) 0.053 0.854 
Bed Weight (g) 0.4637 0.1650 0.3966 
Total Surface Area (m2) 46.37 3.878 144.4 

Table VI 
Specific Retention Volumes for Adsorbents 

Adsorbate Car bot rap 
v~ 20°c (ml/ g) 

Tenax GC Amberlite XAD-2 

n-Decane 4.79 x io9 l.56 x 107 3.36 x 107 
Benzylamine 2.23 x io7 3. 57 x 106 l.63 x 107 
Chlorobenzene 1.58 x 106 l. 51 x 105 4.84 x 105 
p-Xylene 4,24 x io7 3.88 x ios 7,95 x 106 
p-Cresol 
n-Pentanoic Acid 

2.06 x 
· 4,31 x 

lo7 
io5 

i.so x io7 
9. 1s x ios 

4.96 x 
1.01 x 

106 
105 

Cyclohexanone 2.04 x 106 1.06 x 106 6.27 x los 
2-Methyl-2-Propanol 6.52 x lcP 6.86 x io2 5.42 x io3 

Table VII 

Specific Retention Volumes for Adsorbates on Carbotrap C 


Adsorbate Vi 20°c (ml/g) 

n-Decane 2.97 x 105 

Benzylamine 5.38 x 104 

Chlorobenzene 5.• 48 x io3 

p-Xylene 3.75 x io4 

p-Cresol 1.27 x 105 

n-Pentanoic Acid 1.71x105 

Cyclohexanone 8.28 x 103 

2-Methyl-2-Propanol 3.17 x 103 
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Table VIII 
Specific Retention Volumes for Adsorbates on carbosieve S-111 

Adsorbate Vi 20°c (ml/ g) 

Chloromethane 1.83 x 104 
Vinyl Chloride 1.26 x 106 

Table IX 

Desorption Efficiency of the Multi-bed Trap 


for Adsorbates Cited in EPA Methodology 


Adsorbate 

Benzene 
1-Heptene 
n-Heptane 
Toluene 
Ethylberu:ene 
m-Xylene 
p-Xylene 
o-Xylene 
Isopropylbenzene (Cumene) 
1.1-Dichloroethylene 
:J-Chloropropene 
Chloroform 
1,2-Dichloroethane 
i.1.1-Trichloroethane 
carbon Tetrachloride 
1,2-Dichloropropane 
Vinyl Chloride 
Dichloromethane 
Chlorobenzene 
Tetrachloroethylene 
Trichloroethylene 
Bromoform 
Acrylonitrile 

Desorption 
Efficiency (%) 

100 
99 
99 
99 

100 
100 

99 
99 
99 

101 
100 
94 

102 
100 
99 

101 
101 

98 
100 

99 
101 
100 
100 
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figure 1 

Multi-bed Adsorbent Tube 


CarbotrapC Carbotrap Carboaleve S-111 
Bed Bed Bed 

Sempllng Flow Deaorptlon 'Flow 

Figure 2 

Comparison of Desorption Temperatures 


Ethylene 

Acetylene/ 
Ethane 
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Ethylene 
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Figure 3 
Thermal Desorption Analyses on a Packed Column 
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Figure 4 
Thermal Desorption Analyses on a Wide Bore Capillary Column 
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642 
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547 
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Conductivity 
727 

Continuous Emission Monitoring 
617, 745 

Continuous Gas Analyzera 
667 
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516 
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35 
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