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Preface

The 1993 United States Environmental Protection Agency/Air and Waste Management
Association International Symposium, Measurement of Toxic and Related Air Pollutants was
held in Durham, North Carolina on May 3-7, 1993. This annual symposium is sponsored by the
United States Environmental Protection Agency (USEPA), Atmospheric Research and Exposure
Assessment Laboratory of Research Triangle Park, NC, and the Air and Waste Management
Association (A&WMA) of Pittsburgh, PA.

The four day technical program consisted of 190 oral papers presented in twenty four
separate sessions plus a poster session with twenty papers. Individual sessions concentrated on
recent advances in the measurement and monitoring of toxic and related air pollutants in the
ambient atmosphere, in the indoor air of homes and highly confined spaces, and in emissions
from stationary and mobile sources.

Course offered in conjunction with the symposium were taught by leaders in the field of air
pollution monitoring and focused on basic sampling and analytical methodology. Exhibits were
on display from sixty instrument and consulting services. The keynote address was presented by
Allen Klmek, Director of Air Management of the Department of Environmental Health and
Natural Resources of the state of North Carolina.

Measurement and monitoring research efforts are designed to anticipate potential
environmental problems. Research supports regulatory actions by developing an in-depth
understanding of the nature of processes that impact compliance with regulations and evaluates
the effectiveness of health and environmental protection through the monitoring of long-term
trends. EPA’s Atmospheric Research and Exposure Assessment Laboratory is responsible for
research and development of new methods, techniques and systems for detection, identification
and characterization of pollutants in emission sources and in indoor and ambient environments.
The Laboratory has the responsibility of implementation of a national quality assurance program
for air pollutant measurement systems, and supplying technical support to Agency regulatory
programs on local, regional, and global scale.

The A&WMA provides a neutral forum where environmental professionals share technical
information about air pollution measurement and control. This year (1993) was the 13th
consecutive year of the symposium and the 8th year of its co-sponsorship with the A&WMA.

Bruce W. Gay Jr. (USEPA)
R.K.M. Jayanty (RTT)
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Evaluation of Radon Movement Through Soil and Foundation Substructures

by: Marc Y. Menetrez and
Ronald B. Mosley
U.S. EPA
Air and Energy Engineering Research Laboratory
Research Triangle Park, NC 27711

Richard Snoddy,

Krish Ratanaphruks, and

Samuel A. Brubaker, Jr.

Acurex Environmental Corp.

P.O. Box 13109

Research Triangle Park, NC 27709

ABSTRACT

To study convective and diffusive soil gas movement through soil and foundation substructures, a chamber (2
x 2 x4 m long) filled with soil having an elevated radium content will be described. The chamber is filled with
a soil of known characteristics such as radium and radon concentrations, packing density, and moisture retention
properties. A depressurized perforated tube located in the center of the soil chamber will draw radon-laden air
or a tracer gas through the soil and simulated building foundations under varying moisture conditions. Pressure
contours and radon concentrations will be measured using an array of pressure sensors and radon extraction
probes distributed within a two dimensional cross section extending the length of the chamber. Tracer gas
transport rates from 23 probe sites to the center tube will also be measured. Data generated will be used to
compute the soil permeability as a function of moisture in order to better understand radon transport in soils.
The project will yield valuable information about how radon moves through soil and enters homes and will
consolidate our understanding of other areas of research such as radon blocking and pressure and temperature
driving forces. The scope of this paper is to describe the chamber, materials, instrumentation, and
measurement methods utilized in this project.

INTRODUCTION

System Description

To evaluate the movement of radon through soil and foundation substructures, a pilot scale chamber was
designed to study the influences of several parameters (1, 2). To better understand the influence of certain
entry routes on indoor radon and to design more effective countermeasures, a better understanding of the
transport mechanisms is required. Mathematical models describing radon transport and entry have been
developed; however, validation of the models is necessary through the simulation of transport processes under
controlled conditions (3). To simulate conditions for the movement of radon gas through soil, a research
chamber has been constructed containing 16 m” of soil with high levels of naturally occurring radium (averaging
6 pCi Ra?%/g soil) which is able to generate elevated levels of radon (approaching 2000 pCi Rn*¥1). Pressure-
driven flow conditions will be monitored along a two dimensional plane intersecting the central length of the
chamber (see Figure 1). Pressure differential, radon concentration levels, and air drawn through the soil from
the surface will be measured. To simulate the flow of soil gas in the chamber a vacuum is created inside a
perforated pipe line (suction tube), located across the center of the chamber, and another pipe located across
the end at mid-depth of the chamber. These will provide the driving force for the convective flow of gas in
the soil. The data generated, analysis, and interpretation of results are not addressed and will be covered
separately.



Chamber

The chamber is built from carbon steel sheet, 1.27 cm thick. The rectangular box measures approximately 4
x 2 x 2 m (LxWxH), with eight buttresses supporting the structure. The inside surface of the chamber and
measurement probes are coated with latex paint as a corrosion inhibitor. The chamber sides are bolted (with
1.25 cm bolts), and joints are sealed with silicon, allowing it to hold approximately 33,000 kg of soil and water
without leakage of water. Water used in the soil packing process and for its influence on radon emanation and
gas transport, is adjusted by adding or draining. Three drain openings at the base are connected to three sight
tubes and valves to allow for the adjustment of the water level inside the chamber. A spray bar sprinkler unit
mounted above the chamber can also be activated if an increase in soil moisture is desired. Soil moisture is
measured by use of a Troxler Sentry 200-AP moisture sensor which is described below.

Soil

The soil used in the chamber was obtained from a phosphate mining area of Florida, and transported to the
research facility at the Research Triangle Park, North Carolina. Eight samples were analyzed for radium
content by the University of Florida, yielding an average of 4.85 pCi Ra™/g. Eleven samples were also
analyzed by North Carolina State University, to determine soil properties, such as bulk density (averaging 1.636
g/cm’), saturated hydraulic conductivity (an average K = 31.698), and the soil content of components
(averaging sand 97.38 percent, silt 0.96 percent, and clay 1.66 percent). Moisture retention properties were
determined by equal weights of dry soil being packed at various densities and saturated by flooding, the
deviation in bulk density exhibited by soil samples was minimal (less than 3 percent), indicating that the sandy
soil would attain a similar density after saturation by flooding. The ability of this soil to attain near maximum
density after saturation allowed for the chamber.to be packed with careful attention given to areas surrounding
the sampling probes, to eliminate air pockets.

Soil Bed Construction for the Chamber

In excess of 20,000 kg of soil was used to fill the soil chamber, in incremental layers of 0.5 m, by the
following procedure. First the soil was passed through a 1.9 cm metal screen to isolate debris and other foreign
objects. The soil was evenly spread along the surface, and water was added to the sand until the water level
was approximately 3 to 4 cm above the soil and allowed to settle for 2 days. The water was drained, soil
density was measured (using the Troxler Nuclear Density Gauge, described below), and the next layer was
added. Attention was given to ensure that the buried probes did not retain air volumes between the probe
surface and the soil. Voids around probes could provide gases with a conduit for movement, which would
cause inaccurate measurements of flow through the soil bed.

Soil Moisture and Density

A nuclear density gauge was used to measure soil density during the soil bed preparation. An average of the
measurements yielded a soil density of 1682 kg/m®. Each layer of soil loaded into the chamber was measured
after flooding and draining: typically density values varied by plus or minus 5 percent. The moisture content
of the soil material was measured using a Troxler Sentry 200-AP responding to changes in the dielectric
constant of the material. The instrument utilizes a cylindrical probe that is lowered into a vertical access tube
made from polyvinyl chloride (PVC) pipe (5.8 cm ID). By lowering the probe to varying depths, along this
access tube, a vertical moisture profile of the soil bed can be established for the four locations of the access
tubes in the soil chamber. An example of the moisture profile with soil depth in the chamber, as measured in
four vertical PVC probes, is shown in Figure 2.

Instrumentation

The sand filled chamber was instrumented with 23 sampling probes, which can continuously measure
temperature and pressure and actively extract samples of soil gas by rec.:irculating gas flow. During active
recirculation and temperature measurement, the soil gas flows out _of the tip of the prob? and is drawn into the
collar section. For pressure measurement, the pressure sensor Is cc.mnected to the tip of the probe. Two
suction tubes are buried approximately 1 m down in the sal_ﬂd (vem_cally central) and are used to provide
depressurization to drive air flow through the soil. One suction tube is at the center of the box (horizontally



central) and one is at the end of the box. These tubes are divided into three sections: left, right, and center.
Each section is attached to a valved vacuum pump, to provide the driving force for soil gas flow, and a
pressure-sensing line. The same constant negative pressure is maintained in all three sections to isolate the
center section from influences of edge effects arising from the finite dimensions of the chamber.

All three sections of the suction tube are automatically controlled to maintain the preset pressure by use of a
mass flow controller for each section, and valved lines to correct for pressure imbalances. A separate pressure
sensing system provides a safety valve to shut off the pressure source to prevent damage to the pressure
transmitters in the event of over pressurization. The barometric pressure of the facility housing the chamber
is measured with a Rosemont barometric pressure sensor, and sensors to indicate door openings of the test
facility are used for two doors leading to the chamber laboratory. The sensitivity of the differential pressure
cells used in all measurement probes requires a detailed accounting of all potential pressure influences.
Barometric pressure and temporary pressure fluctuation (such as doors opening and closing) have been shown
to influence chamber probe pressure measurements, and are considered when interpreting results.

The data collection system automatically records all pressure and temperature data from the 23 probes; the
suction tube temperature; left, right, and center pressures; barometric pressure; the flow through the mass flow
controllers; and the status (open/closed) of the front door to ihe test facility. It is necessary to monitor the
operation of the outside door because the pressure disturbances are registered by the pressure sensors. Each
of the 23 probes placed in the soil chamber is designed either to provide a point pressure measurement or to
sample the soil gas (e.g., for radon concentration) with minimum interference to soil gas flow pathways leading
to the suction tube. The spatial locations of the 23 probes are diagramed in Figure 3.

Chamber Operation

A vacuum pump pulls the soil gas from a large porous brass filter element near the end of the probe (diagramed
in Figure 4). A manually operated, four-way valve is used to either a) recirculate the soil gas directly back
into the box (to purge the lines) or b) direct the flow through a desiccating cylinder and scintillation cell (Lucas
Cell) before being returned to the box. The upper and lower plenum dividers in the desiccating canister have
been removed and the entire volume filled with desiccant (indicating anhydrous calcium sulfate) to reduce free
volume in the system. After recirculating soil gas for a minimum of 20 minutes, at a flow rate of 0.5 I/min,
soil gas flow is passed through the Lucas Cells for 4 min. Cells are then detached from the probe recirculation
system and analyzed for radon gas according to "Protocol For The Determination Of Indoor Radon
Concentration By Grab Sampling” (4). A series of experiments which were performed as part of this project
were successful in optimizing the radon gas sample collection technique. However, a discussion of these
experiments is beyond the scope of this paper.

An electrically operated, three-way valve isolates the differential pressure cell from the high pressure in the
flow circuit to prevent damage to the cell. During operation, a J-type thermocouple monitors the flow
temperature and is accurate to 0.25 °C. Differential pressure is measured with a Modus pressure transmitter.
This capacitance type cell has an output range of 0 to 50 Pa with the accuracy of 1 percent of the range, and
is selected to accommodate an expected differential pressure in the range of 15 Pa generated in the soil
chamber.

EXPERIMENTAL PLAN

Experiments have begun to measure changes in pressure, radon concentration, and temperature, when
convective driving forces are applied. A vacuum of approximately 80 Pa is applied to the centrally located
suction tube, and a flow rate of approximately 8 1/min is applied. Pressure and temperature are recorded over
time from the moment of the initiation of the pressure. Within seconds the pressure change is recorded
throughout the bed, from the probes closest to the suction tube to probes nearly 2 m from the suction tube along
the central longitudal plane. Radon gas grab samples are collected from each of the 23 probe locations, at a
rate of approximately 14 samples in an 8 hour period (1 working day). Changes in radon concentrations take



10 to 20 days to reach a stable level. Tracer gas (SF,) times-of-flight are measured between the probes and
the suction tube. The probe is used as the introduction point by injecting 10 ml of 100 percent SFg by syringe,
and analyzing the suction tube exhaust gases. The results characterize soil gas movement along the two-
dimensional vertical plane dissecting the length of the soil chamber.

The chamber contains a second suction tube located near the end wall, to study the same effects described above
on pressure and flow for distances up to 4 m between the suction tube and the most distance measurement
probe. A simulated foundation substructure and stem wall (containing measured openings in joints) can also
be incorporated into the chamber to study their influences on entry rates under defined conditions. The study
of soil gas movement through greater distances of soil and possible obstructions to flow (such as foundation
joints) is not part of the initial work, but is expected to be dealt with, and will be further discussed at that time.

SUMMARY

A chamber was designed and constructed and experiments designed to characterize the movement of radon
through soil and foundation substructures. Convective and diffusive flow conditions will be monitored along
a two-dimensional vertical plane through the center of the chamber. Pressure, radon concentration, and
temperature in the soil as well as tracer gas times-of-flight are measured. Mathematical models describing
transport and entry have been developed; however, validation of the models is necessary. The project will yield
valuable information about how radon moves through soil and enters homes. This paper describes the chamber,
materials, instramentation, and measurement methods utilized in this project. Data are currently being collected
for analysis and interpretation and will be addressed elsewhere (5, 6).
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ABSTRACT

Initial measurements of soil permeability to the flow of air in
EPA's so0il chamber yield relatively good agreement between two
methods. One method uses a set of 23 point probes located in a
vertical plane of the chamber. These measurements are similar to the
standard practice of measuring in situ soil permeabilities. The
other method uses an arrangement designed to ensure ideal geometric
flow patterns. It is argued that the latter measurement yields a
better approximation of the effective bulk permeability that
determines the advective flow through distributed entry paths into
buildings such as cracks between floor slabs and walls. Measured
moisture profiles in the soil are also discussed. The permeability
measurements are compared to the predictions of a widely used
empirical model.
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-INTRODUCTION

Numerous field studies (1-4) have attempted to correlate
measurements or estimates of radon concentration in the soil with
measured radon concentration in the indoor air of buildings. So far,
no one has provided a correlation with sufficient predictive strength
to serve as a useful tool in projecting the severity of a potential
indoor radon problem for a building yet to be constructed on a
particular site. This lack of a strong correlation has usually been
attributed to uncertainties in the properties of the soil at a given
site and the uncertainties associated with the building structure and
its entry paths.

However, researchers are beginning to question whether the
fundamental assumptions and measurement techniques used to analyze
the radon entry problem are adequate for certain types of soils.
Researchers at Lawrence Berkeley Laboratory (5-8) have reported
several instances in which conventional models underpredict both the
entry rate of radon into structures and pressure fields in the
surrounding soil. One proposed reason for these under-predictions is
that the point probe measurement technique used to determine the
permeability of soil-to-air flow may not adequately measure the
appropriate soil property. The implication would be that the point
probe does not necessarily measure the effective bulk permeability
needed to describe flow that is distributed over extended entry
routes.

In this paper, measurements of permeability obtained from a
number of point probes will be compared with results from a system
specifically designed to eliminate non-ideal effects on the flow
field.

SO0IL CHAMBER

EPA's soil chamber was built to study the production and
transport of soil-gas contaminants such as radon, pesticides, and
landfill gases. The chamber is constructed inside a building in
which the environmental conditions can be controlled. The chamber
contains 16 m® of sandy loam from a phosphate mining area of Florida.
The sandy soil was chosen largely to allow a uniform and isotropic
prism of soil 2 m high, 2 m wide, and 4 m long. The chamber is
designed to simulate full scale phenomena on the dimensions of a
building, but only in two dimensions. A highly porous metal tube
0.05 m in diameter passes horizontally through the center of the
prism. This tube can be used to simulate ideal flow toward a
building feature such as a crack. The effects of the finite width (2
m) is compensated by the use of guard ends on the tube. The details
of the chamber and its instrumentation are presented elsewhere
(9,10). The key point is that the chamber is designed to sustain
ideal flow between a large plane (the soil surfgce) and a long
parallel cylinder. The bulk permeability of the uniform soil can be
measured under these ideal flow conditions.
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SOIL MOISTURE

Soil moisture is measured using a Troxler Sentry 200-AP moisture
monitor. The measurements are performed with a sensor inside a
hollow polyvinyl chloride (PVC) tube installed vertically in the
soil. The sensor measures the percent water by volume in the soil to
an accuracy of 0.2% by measuring the effective capacitance of the
soil under an applied electromagnetic field. Moisture profiles are
generated by moving the sensor vertically inside the tube.
Measurements are taken 0.15 m apart. There are four moisture
measurement tubes in the soil chamber. Three tubes are in line on
one side of the chamber at distances of 0.3, 1, and 1.5 m from the
end of the chamber. The fourth tube is at 1.8 m on the other side of
the chamber.

Moisture profiles, expressed as a percent of saturation for the
four tubes, are illustrated in Figure 1. These profiles were all
measured on the same day, but are hardly distinguishable from
numerous sets of profiles measured periodically over 3 months.
Moisture is hardly detectable in the top 0.2 m of soil. It then
increases rapidly to about 15% and remains relatively constant to a
depth of about 1.2 m where it begins to increase rapidly with
increasing depth. The moisture reaches saturation near a depth of
1.75 m where the water level is located.

The permeability of the soil to air has been correlated to soil
moisture by Rogers and Nielson (11). This relationship is
illustrated by the solid curve in Figure 2. The permeability is
relatively independent of depth (moisture) until the moisture reaches
about 25% of saturation at which point the permeability decreases
very rapidly with increasing moisture. The permeability decreases by
2 orders-of-magnitude by the time the soil reaches 80% saturation.

PERMEABILITY MEASUREMENTS

This paper compares measurements of permeability using point
probes with the effective bulk value measured with the system
designed to eliminate non-ideal geometrical factors. However, the
effects of varying moisture on the measured permeability is always of
concern. Fortunately, for the present case, most of the flow occurs
in the region of nearly constant permeability since the collecting
cylinder is located 1 m deep.

The individual symbols in Figure 2 represent measurements by
individual point probes located in the central portion of the chamber
near the location of the second moisture measurement tube. The solid
line corresponds to the Roger's model for which the parameters were
chosen to yield agreement with the bulk permeability in the region
where permeability is constant. The dashed curve represents the same
model adjusted to agree with the average value measured by the point
probes in the region of constant permeability (near the surface).
Qualitatively, the shape of the measured permeability curve resembles
the model calculations. Note that the point probes indicate that the
permeability decreases somewhat faster with increasing moisture



content than the Roger's model. Figure 3 compares the average
measurement of all 23 probes with the Roger's model. The average
values appear to emulate the model calculations somewhat more than
the selected data of Figure 2, probably because of the reduced
scatter. A measurement with an individual probe consists of 11 sets
of pressure and flow values. The slope obtained from a linear
regression of these values yields the measured permeability. The
average standard error of the regression for all 23 probes was 2.65%.
The maximum standard error for an individual probe was 4.4%. The 23
probe measurements are grouped at five depths represented by the
square symbols in Figure 3. The two model calculations represented
by the curves are the same as in Figure 2. The curve through the
measurement points is provided to guide the eye, but has no
implication as to shape or functional form. As before, the point
probe measurements suggest that permeability decreases significantly
at lower moisture levels than is indicated by the Roger's model.

Figure 4 shows the flow/pressure relationship from which the
bulk permeability is computed. From equations 6 and 10 in reference
(12)

x=B [0.764+1n(4h%/b?) 18lope
4nL

where k (m?) is the permeability, p (1.8x10° kg m' s') is the
dynamic viscosity of the soil gas, h (1 m) is the depth of the
cylinder in the soil, b (0.0254 m) is the radius of the tube, L
(0.666 m) is the length of the cylinder, and slope (1.60x10° m' s kg’
"y is the slope of the curve in Figure 4. The above equation yields
a permeability of 3.25x10""" m’. The average permeability measured by
the point probes in the upper part of the soil is 2.76x10°'"' m2. This
value differs from the bulk value obtained from the slope of the
curve in Figure 4 by only 15%.

DISCUSSION AND CONCLUSIONS

The interpretation of a measurement from a point probe requires
some consideration. The term point probe is used merely to imply
that the probe is small thus approximating a measurement at a point.
The question, however, is to what extent does the measurement depend
upon the exact geometry of the probe. The probes used in the current
measurements were not true cylinders, but were actually truncated
cones made of fritted brass. The slope of the sides of the cones was
about 12 degrees. The analysis of the data treated the probes as
cylinders with an effective diameter to yield the same surface area
as the actual probe. Consistent with the common practice in field
measurements, the geometrical factor associated with the probe
assumed that the probe was gquite long in contrast to the reality that
its 1length is comparable to its diameter. This apparent
inconsistency in‘analyzing the probe data gives rise to potential
questions as to whether the close agreement (15% difference) with the
bulk permeability may be somewhat fortuitous. The answer to this
question may become clearer as future data are analyzed.
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ABSTRACT

This project is examining how radon concentration and indoor air quality levels are affected by
building ventilation dynamics and building air system conditions, including mixing and leakage rates of
typical residential, commercial, and public structures and heating, ventilating, and air-conditioning system
components. The ventilation dynamics inherent to a building to dilute radon and indoor air pollution and
overcome soil gas entry forces are being analyzed with the Florida Solar Energy Center computer model and
diagnostic and mitigation protocols developed. Two research sites have had newly developed data collection
stations and a weather station installed. Measurements of radon and carbon dioxide concentrations,
temperature, humidity, and pressure within building zones and subslab areas, and outdoor air intake flow
rates are being collected. The outdoor air intake will be adjusted from levels of no outdoor air to those
recommended by the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
as a modification of pressurization and dilution of indoor air conditions. Tracer gas active measurement
injection and detection points were placed in all zones. Data from instruments are downloaded by computer
modem connection to allow for prompt evaluation and analysis.

INTRODUCTION

The objective of this project is to continue to develop, validate, and provide guidance for radon
diagnostic procedures and mitigation strategies applicable to a variety of large buildings commonly found
in Florida. To accomplish this, it was necessary to perform detailed field investigations and parametric
studies in a varjety of large buildings with elevated radon levels. The detailed investigations evaluate the
nature of radon occurrence, building entry mechanisms, the effects of heating, ventilating, and air-
conditioning (HVAC) system configuration and operation on radon entry, transport, and dilution, and the
significance of HVAC configuration, occupancy patterns, building height, air passageways between floors,
and other building construction features.

The majority of radon research in large buildings to date has focused on developing radon diagnostic
and mitigation techniques for school buildings. Experience in other types of large buildings has been mostly
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limited to new construction, rather than existing buildings. However, there are a number of similarities
between school buildings and other similar sized buildings (i.e., construction methods, HVAC systems,
building operation, and maintenance procedures). For this reason it is logical to believe that diagnostic and
mitigation techniques developed by the U.S. EPA for schools can be used as the basis for developing
diagnostic and mitigation techniques for other large buildings.

In accomplishing the project objectives the following activities have been included: 1) identification
of candidate buildings, 2) selection of a representative sub-set of buildings for diagnostics and mitigation
research, 3) developing standard radon diagnostic protocols applicable to large buildings, 4) conducting
diagnostic measurements and research in selected buildings and 5) identifying building mitigation strategies
based on the diagnostic measurements. Of these, only objectives 1, 2, and 4 have been accomplished at this
point and are addressed in this paper.

HVAC SYSTEMS

HVAC systems have two distinct primary functions: 1) the provision and maintenance of specific
environmental conditions and 2) occupant or space ventilation for the provision and maintenance of
acceptable indoor air quality (1, 2, 3, 4). Typically the specified environmental conditions are generally for
occupant comfort, but can provide specific environmental conditions for a process or a product. In all cases
the HVAC system must provide the occupant or process with the proper conditions (dry bulb temperature,
relative humidity, air movement, etc.)(5).

The dominating feature of ventilation is the controlled introduction and removal of outdoor air (OA).
Research indicates that the required amount of OA is dependent on the rate of contaminant generation and
the maximum acceptable contaminant level. Understanding this is important to HVAC system designers
since confusion can lead to designs that are energy wasteful (too much OA) or that provide poor indoor air
quality (too little OA). For these two basic functions, there exist a wide variety of design situations. These
include commercial and manufacturing applications, general office space, educational and institutional
facilities, and special purpose space such as laboratories and clean rooms (6, 7, 8, 9, 10, 11 and 12).

INSTRUMENTATION

This project is examining how radon concentration and indoor air quality levels are affected by
building ventilation dynamics and building air system conditions, including mixing and leakage rates of
typical residential, commercial, and public structures and HVAC components. The ventilation dynamics
inherent to a building to dilute radon and indoor air pollution and overcome soil gas entry forces are being
analyzed in an effort to develop diagnostic and mitigation protocols.

Large buildings, being complex in character, raise imposing demands on data needs. The significant
demands of this project to measure many data parameters over time made it necessary to develop a new data
collection station system. Measurements of radon and carbon dioxide concentrations, temperature, humidity,
and pressure within indoor building zones, and subslab areas and outdoor air intake flow rates are being
collected. The OA intake will be adjusted from levels of no OA to recommended ASHRAE levels (3) as
a modification of pressurization and dilution of the indoor air conditions. T}'acer gas was measured in all
zones of both buildings studied. Weather station information is recorded continuously. Real time data from
instruments are downloaded by computer modem connection to allow for prompt evaluation and analysis and
minimize on-site time demands.

Measurements have been completed on one large building in Florida, and are nearing completion on
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asecond. The Financial Center North Building (FCN), located in Deerfield Beach, had seven data stations
installed to measure radon, and carbon dioxide concentrations, temperature, humidity, differential pressure
between indoor multiple zones, and subslab areas and the outdoor air pressure. In addition, OA intake flow
rates and supply fan and exhaust fan discharge time of use were recorded. The OA intake was adjusted from
zero to ASHRAE recommended levels of 20 f®/min/person’. PFT passive tracer gas emitters were placed
in all rooms, and detector sets were placed in all zones for each OA intake level. Shoirt term EPERM
detectors were also used as integrated samplers for each outdoor air intake level.

Polk County Life and Learning Center (LLC) had five data stations and a weather station installed
and made operational. All stations recorded the same type of data as that collected at FCN, and to improve
data collection technique downioaded by phone modem.

For both buildings a certified test and balance (TAB) company was responsible for generating a list
of system deficiencies (punch list) to be acted on by the building owner/operator, installing a flow control
damper on the OA intake and balancing the HVAC system, and calibrating the damper. After all punch list
items were corrected, the balance was adjusted and tracer gas was measured. Prior to each OA adjustment,
EPERM measurements will be completed, and subslab grab radon will be measured. Tracer gas was
measured in all zones to calculate interzonal mixing (four gases), and to calculate shell leakage and air
exchange rate.

Both buildings had a total of five OA conditions (0, 5, 10, 15, and 20 ft’/min/person) tested for
approximately 1 week each. Each week of testing will involve all three fan exhaust conditions( off, on and
intermittent use), during which tracer gas will be measured. If air balancing is required with each OA
condition, at the initiation of that condition the TAB will make these adjustments as soon as possible after
the OA level is changed. During tracer gas testing all thermostat temperatures will be set within the comfort
zone, and all doors will be closed to maintain supply air balance (it is anticipated that testing performed
during weekdays cannot control door use due to normal facility usage). Data will be downloaded at least
weekly and feedback on the success of measurement procedures to test all possible HVAC dynamic
mechanisms will be communicated continuously.

FINDINGS

The FCN building is a three-story office building that measures 46,000 f®™". The HVAC system is
of the unitary system category having 23 separate air handlers (AHs), two OA intakes and contains office
areas on three floors. The systems are fairly typical of speculative office space and along with the provision
of outdoor air, make this facility particularly attractive for the Large Building Study.

The only building site in which data collection has concluded to date is FCN. Data from LLC are
being gathered and are not available for discussion. The current extent of the data analysis is limited to a
qualitative discussion of carbon dioxide levels and a quantitative comparison of radon levels and building
HVAC activity (see Figure 1), with radon correlated inversely to outdoor air levels.

The FCN building had initially exhibited radon levels of approximately 10 pCi/l, during U.S.
Government Services Administration screening measurements, which are above the EPA recommended limit
of 4 pCi/l. In early 1992, Radon Environmental Testing Corporation was requested to provide radon
measurement and mitigation service to the building management. Passive sealing of slab cracks and
penetrations was provided as well as increasing the level of OA by instailing supply fans which now inject

) 1 fé/m = 0.000472 m*/s. (") 1 fi2 = 0.0929 m?.
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OA to the AH. This reduced radon levels to below the 4 pCi/l limit and generally subjectively improved
indoor air quality (IAQ). By intentionally reducing the OA intake, an increase in radon concentrations was
exhibited to a peak level above 4 pCi/l throughout the building. Distinct average levels of radon can be
identified from the data for a consistent level of OA intake. A clear comparison of radon levels versus
outdoor air intake flow rate is evident in the Figure 1 of integrated EPERM data. The average radon level
measured with no OA (2.98 pCi/l) was over twice that measured with an OA intake of 13.6 fi*/min/person
(1.27 pCi/l). Continuous measurement data including IAQ data is not available at this time.

The LLC is a single story building fairly typical of some of the radon work already undertaken in
other school buildings. Tt has an area of 18,000 fi* and has as its HVAC system an all-air system.
Specifically it is a modified central station variable-air-volume (VAV) system. The system controls the
indoor environment by utilizing VAV boxes; however, its configuration cannot allow it to be classified as
a pure VAV system, although it is referred to as such.

Results of measurements at LLC indicate that radon reductions correlate with HVAC on time use.
During week days, on time use of the HVAC system exhibits a lowering of radon concentrations, with the
highest concentrations coinciding with the HYAC system turning on in the morning. Radon concentrations
consistently decrease during the day, and the lowest concentrations of radon are recorded at the time of
system shutdown. Figure 2 displays an example of a graph of daily radon concentrations peaking near 30
pCi/l versus the OA (16.6 ft*/min/person) rate of flow (as a step function) for LLC having 150 occupants.
During the 12 hours of HVAC system inactivity, radon concentrations steadily increase to the high point (5
to 6 AM). The rate of decrease in radon concentrations is dependent on the rate of OA intake, with greatest
reductions rates correlated to greater rates of OA intake.

DISCUSSION

In both buildings radon results show an inverse correlation between OA intake levels and radon
concentrations. This relationship is visible at every stage of air intake, indicating the greater the level of
OA intake the less concentrations of radon result. The LLC exhibited the highest radon levels at the time
when the AH turned on. A decrease in radon was consistent during the AH on time, and the lowest
concentrations were measured at the time of AH shutdown (see Figure 2).

Tracer gas measurements indicate that zonal mixing, infiltration and overall pressure were dominated
by HVAC control. Thermostat controls were placed on continuous fan operation. However, each of the
23 thermostat control boxes has unrestricted access and many were often found to be reset to cycle the AHs
on/off for temperature control. This could create zones with active AHs which dominate adjacent areas.
Unitary HVAC systems (such as FCN) present unique subjects for investigation.

RESEARCH CONCLUSIONS

The FCN building showed a decrease in radon concentrations with increasing amounts of OA. The
LLC exhibited a daily lowering of radon concentrations with increasing OA levels. Both buildings are being
evaluated and field measurements are continuing on LLC.

The size and relative simplicity of the LLC made it a perfect candidate to begin development of the
HVAC system diagnostic procedures. Particularly with regard to t.h.e fmilim central station HVAC system.
Evaluating the system, understanding the design intent, reestablishing air balance, and providing pressure
can be controlled with this building and system.



Large buildings are not easily characterized since they are composed of many complex systems. The
two buildings selected represent a start at increasing our understanding of these complex systems, and
attempting to further current knowledge. Evaluation of the research results continues by use of the Florida
Solar Energy Center Large Building Computer Model. Complete study findings are expected to be available
by July 1993.

This research project was partly funded by the State of Florida, Department of Community Affairs.
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An Analytical Solution to Describe the Pressure/Flow
Relationship in EPA's Soil-gas Chamber

by: Ronald B. Mosley
U.S. Environmental Protection agency
Air and Energy Engineering Research Laboratory
Research Triangle Park, NC 27711

ABSTRACT

In order to better understand the production and transport of radon
and other potential indoor air pollutants such as pesticides, bacteria,
and landfill gases in soil, EPA has constructed a 16 m® soil-filled
chamber instrumented to measure such parameters as pressure differences,
air flow rates, and contaminant concentrations. An analytical model
has been developed to describe the relationship between pressure
differential and flow rate. This paper applies the classic method of
images to simulate the boundary conditions imposed by the finite
dimensions of the chamber. The resulting influence on constant pressure
contours and the streamlines are shown.

INTRODUCTION

A number of indoor air pollutants, including pesticides, bacteria,
landfill gases, and radon, originate in the soil surrounding a building.
In order to better understand the processes by which these pollutants
enter the building as well as the most appropriate methods for
preventing their entry, a study of the transport mechanisms in soil was
initiated. Numerous efforts to correlate measured indoor radon levels
with radon values measured in the surrounding soil led to the conclusion
that better experimental control of the parameters that influence the
rate of radon entry would be required in order to develop and test
models to predict indoor radon levels. Experimental control of these
parameters is best accomplished in a laboratory environment.
Consequently, a soil-gas chamber for studying radon movement in soil was
designed.

While it has been widely purported (1~8) that pressure driven flow
is the primary process by which radon and other soil-gas borne
pollutants enter buildings, it is becoming more apparent (9-10) that
diffusion may make an important contribution to indoor radon when the
resulting indoor levels are in the modest range (less than 200 Bg m?®).
While the diffusive mechanisms would be expected to differ somewhat for
the different pollutants, the advective processes would affect most of
the pollutants in a similar manner. This paper will concentrate on the
advective transport processes, specifically on the pressure/flow
relationships.

This paper has been reviewed in accordance with the U.s.
Environmental Protection Agency's peer and administrative review
policies and approved for presentation and publication.
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A previous analytical model was developed (11) to describe the flow
of soil gas into a cylindrical tube buried in the soil. Flow into thisg
tube can be representative of either flow of soil gas into a drain tile
surrounding the foundation of a building or flow directly through a
perimeter crack between the floor slab and the wall. In reference (11),
an analytical solution was developed for an infinitely long porous tube
buried in the soil parallel to an infinite plane (the surface of the

soil).
DEVELOPMENT OF THE EQUATIONS

Due to the practical limit on its dimensions, the laboratory
chamber, designed to study soil transport characteristics, can not
adequately simulate the infinite dimensions assumed by the analytical
solution. The laboratory chamber is 2 m in height and 2 m x 4 n in
area. The details of this chamber are described elsewhere (12, 13). In
order to modify the analytical solution to match the boundary conditions
of the finite box of soil, the classic method of images is employed.
The method works because the linearity of Laplace's equation allows
superposition of several solutions that can cooperatively satisfy the
appropriate boundary conditions. The solutions that are applicable
arise from a series of virtual images of the original solution whose
origins lie outside the domain of interest. The method is very much
analogous to using images of point electrical charges to simulate the
interaction between a point charge and a grounded conducting surface
such as a plane.

The equations governing transport under steady state conditions can
be written in the form:

Vip o, (1)
=-k9p , (2)

B
D,V’C—% #erG-1c=0 , (3)

where V is the gradient operator, P is the pressure difference
responsible for the flow, V is the superficial velocity, k is the
permeability of the soil to air movement, p is the dynamic viscosity of
the soil gas, D, is the effective diffusion coefficient of radon in the
soil, C is the activity concentration of radon, € is the porosity of the
soil, G is the generation rate of radon activity, and A is the radon
decay constant. For simplicity in solving these equations, the soil
properties of permeability, porosity, and generation rate are taken to
be uniform and isotropic.

Since the pressures differences involved are a thousand times
smaller than atmospheric pressure, the flow will be considered
incompressible. Equation (1) can be solved to Yield the pressure
distribution within the soil. Equation (2) then yields the velocity
distribution throughout the soil. Solution of equation (3) provides the
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concentration of radon at any location within the soil. Equation (3) is
provided here primarily for completeness. Its solution will not be
discussed in this paper.

The solution of equation (1) developed in reference (11) can be
represented by

(4

P(x,y) =P, 1n| Z 1 yw/h D)\ )y | Beyh? D7
x*+(y—~/B*-b%)? h-/h?p?

where P, is the pressure in the cylinder, h is the depth of the cylinder
below the surface of the so0il, and b is the radius of the cylinder.
When air flow is restricted to entering only through the finite area of
soil surface defined by the impenetrable walls of a chamber, the
solution becomes

P(x, 5) =P/ 1o| X+ r+/BFBR) Jn_m]
x3+(y- /—h'—bz) 2

+p' Y 1o (821+2) 1+ (y+/B B 2 (s)
k=1 (4hi+x)2+(y—~+/h3-b3)2
> ln[ (4h1-x) 2+ (y+/BT—57) 2
1= (4hi-x)*+(y—/h*-b*)?
where
-1
i_p2 hud —1)Ji+
pl=p,|1n| BB | oy (DT rayg| (6)
n-/mi-pi] = 324
{(27) being the Riemann zeta function. For the laboratory apparatus,
P/z0.9P,. The two infinite series in equation (5) arise because an

infinite number of images are required on each side of the chamber in
order to provide the required symmetry to satisfy the boundary condition
that no flow penetrates the chamber walls. Since this nearly
incompressible flow has been treated as potential flow, the stream
function can be expressed as

¥(x,y)=2p tan-l(!!__ yh*-b? )_tan-l( y—/h'-p? )}
X

x

i 4| y+/h?-b? | _ -1| ¥-yh*-b?
+2P E tan ( YT TE Ml Ry Y P (7)
Y4 i [tan—l{ y+@)-tan“( }"\/W)}

=t 4hi-x 4hi-x

where psi [¢(x,y) ] is the stream function. The x and y components of
velocity may be obtained by differentiating either equation (6) or (7)
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BkP’ /bz_bz ( xy .
B [x*+(Y+/h?-b?)?] [x*+(y-/h*-b?) 2]

v (x,y)=

+2‘: (4hi+x)y (8)
= [(ahi+x)?+(y+/h*-b?)2] [(4Bi+x)?+(y—yh2-D?)3]
— (4hi-x)y

1'2=; [(4hi-x)3+ ky+¢h’—b3) ]l t(abhi-x)?+(y-yh3-b?)3]

and
VA ) = ~akP/R3-b? x3+h3-p3 -y
7 B [x?+(y+/B?-b?) ?] [x2+(y-/B?-B?) 2]

E (4hi+x)2+h2-b?-y2
=1 [(abhi+x)2+(y+/AT-b%)?] [(4B1+x)*+(¥Y—/BZ-b7) 2]
E (4hi-x)2+h*-b2—y2

i1 [(4hi-x)3+(y+/B*"b%)?] [ (4hl-x) 3+ (y—/B3-B3) 3]

+ (9)

+

Note that the infinite sums are also reflected in both the strean
function and the velocity expressions. Equation (9) can be integrated
over the surface of the soil where y = 0 to yield the total flow rate
through the system

/
- 41:1'11:? (10)

e

By measuring Q and P,, this equation and equation (6) provide an easy
method of measuring the bulk permeability of the soil in the laboratory
chamber.

DISCUSSION AND CONCLUSIONS

Figure 1 shows constant pressure contours for the central vertical
plane along the length of the soil chamber. The cylinder is located at

the center of the vertical y-axis. In the absence of the boundaries
formed by the sides of the chamber, the constant pressure curves were
circles centered on the vertical axis (11). Note the considerable

deviation from circles induced by the finite dimensions of the chamber.
This effect occurs because the boundary conditions require that no
horizontal flow results at the impermeable surfaces. Figqure 2
illustrates the streamlines. Streamlines which previously extended
toward infinity in circular arcs now flow vertically near the sides of
the chamber (indicating that the boundary conditions are satisfied).
Despite the very considerable modifications in the isobars and the
streamlines, however, the total flow rate is diminished by about only
10% from its value in an infinite block of uniform soil. In both
Figures (1) and (2), only half of the chamber is shown. To the extent
that the soil is uniform and isotropic, the flow pattern is completely
symmetrical about the vertical y-axis. The other half of the chamber to
the left would be represented by the mirror image of the curves shown.
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Uncertainties Of Using Short-Term Air Quality Concentrations
To Estimate Annual Average Concentrations

Norman A. Huey
U.S. EPA Region 8
999 18th Street
Denver, Colorado 80202-2466
and
George J. Schewe
Environmental Quality Management, Inc.
1310 Kemper Meadow Drive, Suite 100
Cincinnati Ohio 45240

ABSTRACT

EPA "Guideline" modeling procedures! allow the use of multiplying
factors to convert 1l-hour maximum concentration estimates to averaging
times of 3, 8 and 24 hours. These factors as well as a factor to
convert annual averages’ are intended for inclusion into the T-SCREEN
model®. In an effort to better understand the uncertainties in these
conversions and in concentrations estimations using non-representative
meteorological data, the Air/Superfund program funded a sensitivity
study® to determine the range of effect that meteorological data might
have on model estimations of 1-hour, 3-hour, 8-hour, 24-hour and annual
average concentrations. Superfund type area and point sources were
modeled using the Industrial Source Complex Short Term (ISC2) model with
input from twenty seven widely spread National Weather Service (NWS)
stations.

This paper presents the findings of the study as they relate to air
stripping of contaminated water. SCREEN’ model 1-hour estimates and
converted 3-hour, 8-hour, 24-hour, and annual average values are
compared to the ISC2 model results.

Understanding the range of wuncertainties of the estimated
concentrations is necessary to insure proper interpretation of such
estimates in decision making.

INTRODUCTION

Because it is easier to estimate or monitor short term ambient air
concentrations, short term average concentrations are often used to
estimate long term average concentrations. The SCREEN model was
developed to estimate maximum 1-hour concentrations as a function of
source-receptor distance and meteorological variability. In order to
estimate maximum concentrations with longer averaging times, conversion
factors!? were developed (see Table 1).

Table 1. One hour conversion factors.

Averaging Time Multiplying Factor

3 hour 0.9 (+-0.1)
g 0.7 (+-0.1)
24 " 0.4 (+-0.1)
1 year 0.08 (+-0.2)
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In order to have widespread applicability and a factor of safety,
these factors must produce conservative estimates of the expected
impacts. Ultraconservative screening Air Pathway Analyses (APAs) may
lead to unnecessary in-dept APAs and are not adequate for decision
making in the early phases of the Superfund process. Not knowing how
conservative the SCREEN model estimations might be, the Air/Superfund
Program decided to do meteorological sensitivity studies in order to
obtain an estimation of the amount of conservatism in APAs basged on
gscreening methods.

STUDY APPROACH

Superfund type area and point sources were modeled using the
Industrial Source Complex Short Term (ISC2) model with meteorological
data from twenty-seven widely spread National Weather Service (NWS)
stations.

Superfund sources are generally low level sources and impacts of
interest are generally close to the source. BAll modeling for this study
was performed with the ISC2 model for ground level receptors assuming
flat terrain and using rural dispersion coefficients. This paper
presents the sensitivity study findings as they relate to air stripping
of contaminated water.

Tables 2 list the air stripper source input data which were used in
the model.

Table 2. Model inputs for the air stripper.

stack height =10 m stripper height. 9 m
stack diameter = 0.62 m stripper diameter 3.6m
stack temperature = 293 °K emission rate 1 g/s

gtack velocity 8 m/s

Table 3 contains the ISC2 model output from the Denver NWS
meteorological data set for the air stripper assuming an emission rate
of 1 gram per second. The average annual impact in ug/m’ for any
receptor can be calculated by multiplying the corresponding factor by
the pollutant emission rate in grams per second. For example, the
ambient concentration resulting from an emission rate of 0.2 g/s at the
receptor with polar coordinates of 10° and 50 meters is 0.5 ug/m3 (2.5
x 0.2).

Maximum concentration factors for each receptor distance,
disregarding receptor direction, are listed at the bottom of the table.
These values are typically the values that gcreening methods attempt to
estimate.

Table 4 containg the maximum annual impact value from each of the
twenty seven meteorological data sets in descending order of magnitude.
The highest values are listed at the top of the table and the lowest are
listed at the bottom of the table. SCREEN model estimates are listed at
the bottom of the table. There is good agreement between the SCREEN
estimates and the ISC highest maximum estimates (San Juan) for receptor
distances between 100 to 200 meters. When compared to the ISC2 lowest
maximum estimates (Atlantic city), the SCREEN estimates are higher by a
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factor of 4 to 24.

The model data outputs for each of the other averaging times and
each meteorological data set were searched for the highest maximum

concentration factors and for the lowest maximum concentration factors.
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SCREEN model was run and the one hour concentration values were
converted to longer concentration averaglng times using the conversion
factors. These values are shown in Table 5 and compared to the ISC2
results for the same concentration averaging times. The ratios of
SCREEN to ISC2 concentrations are also shown in Table 5.

Table 4. Maximum annual concentration estimations
for each meteorological data set in ug/m’
per year per g/s emisgion rate.

meteorological distance from gource in meters

data set 50 100 150 200 300 400 500 750 00
San Juan 7 29 30 26 18 13 11 8 6
San Francisco 4 18 21 19 13 10 8 5 3
Casper 5 18 20 17 11 8 6 3 2
Salem 3 13 19 18 14 10 8 5 3
Wichita 3 16 1% 18 13 10 8 S 3
Helena 3 14 18 17 13 9 7 4 3
Salt Lake C. 4 12 16 16 12 10 8 5 4
Phoenix 5 13 14 13 10 8 7 5 3
Harrisburg 3 13 14 13 9 6 5 3 2
Spokane 2 11 13 12 8 6 5 3 2
Knoxville 3 10 13 12 10 8 6 4 3
Hartford 2 9 13 13 10 8 6 4 3
Atlanta 3 11 12 11 8 6 S 3 2
La Guardia 3 11 12 11 7 S 4 2 1
Philadelphia 3 10 11 10 8 6 4 3 2
Denver 2 10 11 10 7 6 5 4 3
Houston 2 9 11 10 8 6 5 3 2
Baton Rouge 2 8 11 10 8 6 5 3 2
Chicago 2 9 10 S 7 5 4 2 2
Wilmington 2 9 10 9 6 5 4 3 2
Bismarck 2 9 10 9 6 4 3 2 1
Cleveland 2 8 10 10 9 7 6 4 3
Huntington 2 8 10 10 9 7 6 4 3
Raleigh 2 7 9 9 7 6 5 3 2
Birmingham 2 7 9 8 7 6 5 5 4
Charleston 2 7 9 9 7 5 4 3 2
Atlantic City 2 7 8 7 5 4 3 2 1
SCREEN 26 28 28 29 28 26 25 26 24

RESULTS

Examination of the ratios for the 1-hour averaging time reveal that
for the location with the poorest dispersion the SCREEN model results
agree quite well with the ISC2 results except possibly for an
underestimation of about 20% of the ISC2 result at the point (distance)
of maximum impact. For the 1location with the best dispersion
meteorology, the SCREEN model overestimated the ISC2 result at the 1000
meter distant receptor by about 70%.

Examination of the ratios for the 3-hour averaging time reveal that
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for the location with the poorest dispersion, the SCREEN model results
agree quite well with the ISC2 results. For the location with the best
dispersion, the SCREEN model results overestimate the ISC2 model results

by a factor of 1.4 to 4.0 depending on the receptor distance from the
air stripper.

Table 5. Cpmparison of ISC2 results to SCREEN results
in ug/m® per gram per second emission rate.

------ distance from source in meters------

50 100 150 200 300 400 500 750 1000
maximum 1-HR estimations:

SCREEN 330 350 350 360 340 330 310 320 290
ISC2 highest maxs. 290 320 450 470 460 390 330 300 280
ISC2 lowest maxs. 270 270 310 270 250 210 190 190 170
SCREEN/ISC2 high i.1. 1.1 0.8 0.8 0.7 0.8 0.9 1.1 1.0
SCREEN/ISC2/low 1.2 1.3 1.1 1.3 1.4 1.6 1.6 1.7 1.7
maximum 3-HR estimations:

SCREEN (0.9) 300 320 320 2320 310 300 280 290 280
ISC2 highest maxs. 280 310 310 270 260 240 240 240 230
ISC2 lowest maxs. 150 230 210 190 170 130 110 80 70
SCREEN/ISC2 high i.1 1.0 1.0 1.2 1.2 1.3 1.2 1.2 1.2
SCREEN/ISC2/low 2.0 1.4 1.5 1.7 1.8 2.3 2.5 3.6 4.0
maximum 8-HR estimations:

SCREEN (0.7) 230 250 250 250 240 230 220 220 210
ISC2 highest maxs. 210 250 230 230 200 170 160 150 140
ISC2 lowest maxs. 43 84 77 69 50 42 32 30 24
SCREEN/ISC2 high i.1. 1.0 1.1 1.1 1.2 1.4 1.4 1.5 1.5
SCREEN/ISC2/low 5.3 3.0 3.2 3.6 4.8 5.5 6.9 7.3 8.8
maximum 24-HR estimations:

SCREEN (0.4) 130 140 140 140 140 130 120 130 120
ISC2 highest maxs. 57 110 140 150 130 98 74 49 38
ISC2 lowest maxs. 30 70 77 70 51 40 32 19 15
SCREEN/ISC2 high 2.3 1.3 1.0 0.9 1.1 1.3 1.6 2.7 3.2
SCREEN/ISC2/low 4.3 2.0 1.8 2.0 2.7 3.3 3.8 6.8 8.0
maximum 1-YR estimations:

SCREEN (0.08) 26 28 28 29 28 26 25 26 24
ISC2 highest maxs. 7 29 30 26 18 13 11 8 6
ISC2 lowest maxs. 2 7 8 7 S 4 3 2 1
SCREEN/ISC2 high 3.7 1.0 0.9 1.1 1.6 2.0 2.3 3.3 4.0
SCREEN/ISC2/1low 13 4 4 4 6 7 8 13 24

Examination of the ratios for the 8-hour averaging time reveal that
for the location with the poorest dispersion the SCREEN model results
agree quite well with the ISC2 results for receptors near the point of
maximum impact. For the location with the best dispersion, the SCREEN
model results overestimate the ISC2 model results by a factor of 3.2 to
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8.8 depending on the receptor distance from the air stripper.

Examination of the ratios for the 24-hour averaging time reveal
that for the location with the poorest dispersion, the SCREEN model
results agree quite well with the ISC2 results for receptors near the
point of maximum impact. For the location with the best dispersion the
SCREEN model results overestimate the ISC2 model results by a factor of
1.8 to 8.0 depending on the receptor distance from the air stripper.

Examination of the ratios for the annual averaging time reveal that
for the location with the poorest dispersion the SCREEN model results
agree quite well with the ISC2 results for receptors near the point of
maximum impact. For the location with the best dispersion, the SCREEN
model results overestimate the ISC2 model results by a factor of 3.5 to
24 depending on the receptor distance from the air stripper.

CONCLUSIONS

Data from this study substantiates that in cities with poor
dispersion, the SCREEN model results agree well with the ISC2 model
results at the point of maximum impact.

Data from the study reveals that in cities with good dispersion,
the SCREEN model overestimates ISC2 model results by factors of
approximately 1.1, 1.5, 3, 2, and 4 respectively for concentration
averaging times of 1-hr, 3-hr, 8-hr, 24-hr, and 1-yr at the point of
maximum impact.

Overestimation by the SCREEN model of the ISC2 model results
increases with source-receptor distance and with concentration averaging
time. When 1-yr averaging time concentrations are derived from 1-hr
averaging time values, they may be high by as much as a factor of 24.

Less conservative estimation of air strippers maximum annual
average impacts might be made using factors such as those in Table 4.
Using the San Juan values should result in estimations which are not
conservative beyond a factor of 4. Using the Salt Lake City values
should give estimations within a factor of 2.

The regults of this study are based upon modeling of a typical air
stripper and may not be applicable to other types of emission sources.
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ABSTRACT

Atmospheric dispersion modeling estimates air pollutant concentrations as a function
of receptor location, source type, and meteorological data set. In the early planning stages of
Superfund activities, specific information about receptor location, source type and
meteorological data is usually not known. This study was performed to further develop a tool
by which gross air quality impacts could be made for specific types of Superfund sources®.
By modeling generic typical sources repetitively with widely spread meteorological data sets,
empirical factors representing conservative estimates of maximum downwind concentrations
were obtained. Empirical factors for five averaging times (1-hr, 3-hr, 8-hr, 24-hr, and annual)
were developed from the results of normalized modeling of generic sources. Source impacts
can be estimated for receptors at various distances by multiplying the emission rate by the
appropriate dispersion factor for each source type/receptor distance combination. Area and
point sources typical of Superfund sites were modeled using the ISCST2 Model and
meteorological data from twenty-seven different locations within the United States. Empirical
factors (dispersion coefficients) for predicting concentrations as a function of receptor
distance were derived for an estimation of the maximum 1-hr, 3-hr, 8-hr, 24-hr, and annual
averaging times at various receptor distances.

INTRODUCTION

Dispersion modeling of nine Superfund-type sources was performed to calculate
normalized (unit emissions) concentration estimates versus distance. This modeling was
performed to supplement and extend former U.S. EPA calculations in "Hazardous Waste
TSDF - Fugitive Particulate Matter Air Emissions Guidance Document™ The TSDF modeling
was performed using the ISCLT Model and only annual average concentrations were
estimated. To extend the usability of this type of estimation tool, concentrations were
generated for additional averaging times including 1-hr, 3-hr, 8-hr, and 24-hr. In this analysis
the geometric mean concentration was calculated for the maximum concentrations at all
sites. In addition, the standard geometric deviation was calculated for each set of maximum
concentrations (i.e., at each downwind distance. This combination of statistics and the listing
of the highest and the lowest concentrations are given in the report and can be used to
estimate the potential conservatism in air quality results calculated from the empirical factors.
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ANALYSIS OBJECTIVES

The purpose of this work was to examine the sensitivity of the Industrial Source
Complex (ISC) Model* predictions to location specific meteorological data and to develop
empirical factors which will approximate 1SC model results. An "empirical factor” in this
analysis is a factor which when multiplied by an emission rate results in a conservative
estimate of the ambient air concentration that would have been estimated by running a more
detailed model. The empirical factors were developed from results of normalized modeling of
generic point and area sources. These factors can be used to estimate Superfund type
source impacts for receptors at various distances by multiplying the emission rate by the
appropriate empirical factor. Maximum annual average concentrations are included because
they are necessary for chronic risk assessment analyses and short-term estimates are
included to assess acute impacts.

MODEL PROTOCOL

Model Methodology

The updated version of the short-term Industrial Source Complex Model (ISCST2) was
selected for this analysis. The ISCST2 Model is similar to its earlier version from 1979 to
1991 but has been reprogrammed and has a new format for imputing data in batch mode
using keywords to indicate specific data components. The ISCST2 Model includes all model
options and algorithms of the former versions and was operational on a personal computer
(486/33 with extended RAM memory). The steps taken to generate the curves of normalized
concentration estimates versus downwind distance using ISCST2 were very specific and
straightforward.

Select Sources

Nine sources representing those potentially found at Superfund sites were selected for
modeling. These included six area sources ranging in size from a small 1 m by 1 m area to
a 500 m by 500 m area. Characterization of the area sources was selected te characterize
similar Superfund-type areas of fugitive emissions ranging possibly from a short-term
accidental spill or dumping operation over a small area to a site-wide fugitive emission due to
an open lagoon, unpaved roads, or open trench air stripping. The other three sources were
point sources related to the representation on air strippers and soil vapor extraction
operations. Emissions from a medium size air stripper and two sizes of soil vapor extraction
units were modeled. Structure downwash of effluent was considered by including the
dimensions of the stripper or extraction units themselves. These structures are typically
adjacent to the vent and are the most likely to cause downwash of effluent plumes. The
dimensions of these structures were taken from representative sizes and shapes of air
strippers® and SVE units®.

Meteorological Data

Surface meteorological observations of wind speed, wind direction, temperature,
opaque cloud cover and other surface National Weather Service (NWS) parameters were
obtained for 27 surface sites for the analysis. The year of most recent data was used along
with associated nearby mixing height data.

Receptor Locations

In the ISCST2 Model analysis of each of the nine sources, a receptor grid was used
which covered all downwind directions (every 10 degrees) at a number of downwind
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distances (from six to nine depending on source). The downwind distances were selected to
obtain both a maximum concentration and a profile of concentration versus distance
downwind. Receptor distances for area sources were measured from the center of the area
source.

RESULTS

Table | contains the empirical factors which were derived from this work. The project
report contains additional information which enables the user to understand the amount of
potential conservatism which may be included ir: estimates made with these factors. Table Il
and Figure 1 are examples of the project report graphs which demonstrates the amount of
conservatism which could be in estimates made using these empirical factors.

CONCLUSIONS

The empirical factors can be used to make preliminary estimations of Superfund type
source emission impacts. These determinations will be useful in the Superfund Process prior
to the final design phase when more detailed information about the source becomes
available. Estimations using these factors should be of particular value in the identification of
principal contaminants of concern, in the design of toxic monitoring plans (determination of
needed detection limits), in the selection of remediation alternatives (especially if the
emission control cost might makes the technology less desirable, and in the design of
remediation activities (level of operation). The project report contains information for each
source/concentration averaging time as depicted in Table 2 and Figure 1. This information
can be used to obtain an indication of the potential amount of conservatism in the estimates.
This information will in-turn indicate the probability that more detailed information might be
beneficial before decisions are made on the empirical factor concentration data.
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Table I. Empirical Factors in ug/m® per mg/s emission rate

Small Soil Vapor Extraction Point Source (500 cfm):

averaging
time
1-hour
3-hour
8-hour
24-hour
annual

receptor distance in meters

30 100 150 200 300 400
13 73 50 38 26 20
55 28 18 13 1.0 .80
34 16 10 89 .70 .55
22 10 58 39 29 .23
41 17 10 070 .043 .029

Medium Soil Vapor Extraction Point Source (3000 cfm):

averaging = - receptor distance in meters --—----—
time 50 100 150 200 300 400
1-hour 10 98 .99 84 63 .53
3-hour 58 59 49 44 32 25
8-hour 49 45 36 31 .21 16
24-hour 37 32 30 .26 .17 12
annual .075 .066 .045 .032 .018 .012
Medium Air Stripper Point Source (5000 cfm):
averaging = --—- receptor distance in meters --------
time 50 100 150 200 300 400
1-hour 29 32 45 47 46 .39
3-hour 28 31 31 27 26 .24
8-hour 21 25 23 23 20 .17
24-hour 057 .11 14 15 .13 .10
annual .007 .029 .030 .026 .018 .013
1 x 1 Meter Area Source:
averaging —--- receptor distance in meters --—--—--
time S 10 20 40
1-hour 3200 1400 510 160
3-hour 2500 960 330 100
8-hour 1600 690 230 70
24-hour 690 280 92 28
annual 120 35 10 2.9
50 x 50 Meter Area Source:
averaging - receptor distance in meters ----—----
time 50 100 150 200 300 400
1-hour 91 68 63 58 48 39
3-hour 81 51 37 27 18 15
8-hour 68 34 24 18 12 .95
24-hour 34 20 12 77 46 .36
annual 1.1 40 .21 .13 068 .042
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500 750
1.6 1.1
64 .42
44 .29
18 12
.021 .012
500 750
44 .30
19 13
.12 .080
.083 .044
.009 ..006
500 750
32 .30
24 24
16 .15
.074 .049
.011 .008
100
33
21
14
56
.55
500 750
33 23
1.2 .86
.80 .56
29 .20

1000
.85
.30

.081
.008

1000
23
10
.065
.030
.005

1000
.28
.22

038
006



100 x 100 Meter Area Source:

averaging —- receptor distance in meters -----

time 100 150 200 300 400 500 750 1000
1-hour 34 34 34 32 29 27 21 17
3-hour 23 18 14 12 11 10 .79 .64
8-hour 19 12 96 74 70 64 51 4
24-hour 95 69 56 48 45 42 34 28
annual 29 .17 11 061 .038 .027 .014 .009

150 x 150 Meter Area Source:

averaging ----- receptor distance in meters -----

time 150 200 300 400 500 750 1000 1200
1-hour 23 23 23 22 21 18 16 1.4
3-hour i1 91 8 79 .78 69 .59 .51
8-hour 92 68 56 49 48 43 37 33
24-hour .38 29 24 22 20 .16 .13 12
annual .14 094 .054 .036 .025 .013 .008 .006

300 x 300 Meter Area Source:

averaging ----- receptor distance in meters ----

time 300 400 500 750 1000 1200 1500 2000
1-hour 1.t t1 11 11 10 99 92 .80
3-hour 43 42 42 40 39 38 35 .30
8-hour 27 25 25 24 24 23 22 29
24-hour A3 12 11 11 10 .090 .080 .068
annual .040 .027 .020 .012 .008 .006 .004 .003

500 x 500 Meter Area Source:
(values are in ug/m® per g/s emission rate)

averaging ----- receptor distance in meters -----

time 300 400 500 750 1000 1200 1500 2000
1-hour 680 680 680 670 650 620 600 580
3-hour 250 250 250 240 240 230 230 220
8-hour 150 150 150 150 150 140 140 140

24-hour 89 86 8 84 8 79 75 69
annual 16 10 6.7 50 38 31 25 22
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Table Il. Geometric mean, geometric standard deviation and extreme concentrations
in ug/m® per gram/second emission rate averaged over all 27 sites for a medium soil
vapor extraction system.

Receptor Distance (meters)

50 100 150 200 300 400 500 750 1000
G-Mean 270 240 180 140 92 63 46 27 20
G-STD 12 12 12 12 13 13 13 1.2 1.2
n =27 (total number of sites)
Max-Max 370 320 300 260 170 120 83 44 30
Min-Max 180 180 130 96 62 44 33 20 14
Min-Min 22 23 23 17 10 8 6 3 2
n = 972 (36 x 27 = total number of receptor locations)

Figure 1.  Plot of 24-hour average concentration in ug/m3 per mg/s emission rate as
a function of downwind distance in meters for a medium soil vapor
extraction unit.
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Evaluating the Impact of Subsurface Contaminants
On Indoor Air Quality Using Estimates
From An Advective-Diffusive Transport Model

Wen-Whai Li, Ph.D. and Marybeth Long
ENVIRON Corporation, 210 Carnegie Center, Suite 201, Princeton, New Jersey 08540

ABSTRACT

Subsurface contamination can affect indoor air quality and may adversely impact human health. Chemical vapors emanating
from ground water and soil can enter a building through its foundation. The presence of pesticides and other toxic
chemicals in indoor air has been found to cause risks to human health, The ability to accurately predict indoor air
concentrations of air toxics attributable to subsurface contamination is, therefore, important in determining acceptable levels
of residual soil and ground water concentrations beneath buildings.

This paper presents an exact solution to a one-dimensional transport equation for determining the mass flux of
chemicals entering a building from the subsurface. The solution mcorporates advection, diffusion and chemical phase
equilibrium. In addition, the paper presents a screening-level procedure for predicting chemical concentrations in indoor air
resulting from subsurface contamination beneath buildings. The screening-level methodology accounts for the advection and
diffusion mechanisms governing chemical transport in subsurface media, as well as gas/liquid partitioning in soil
Calculations are presented to illustrate exact-solution and screening-level methodology comparisons.
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INTRODUCTION )

Contaminants in the subsurface can infiltrate building substructures, accumulate in indoor air and advets_ely mpact the
health of building inhabitants. It is necessary to quantify the impact of these contaminants on indoor air _quahty,when
performing human health risk assessments, establishing soil and ground water cleanup levels, and evaluating subsurface
remediation alternatives associated with indoor exposure pathways. This paper presents an exact solution to a one-
dimensional fate and transport equation for determining the mass flux of chemicals entering a building from the subsurface.
In addition, the paper presents a simplified screening:-level methodology for estimating the indoor air concentrations of these
chemicals, as well as ple calculations

Much of the current literature addressing subsurface contaminant intrusion into indoor environments focuses on the
transport of radon gas. Nazaroff et al'? investigate radon intrusion into buildings and identify pressure difference, radon
generation rate, and soil permeability as the three muost critical parameters for estimating the radon intrusion rate. Loureiro
et al® present a three-dimensional simulation of radon transport into houses and confirm the conclusion of Nazaroff et al'%,
For radon entry into houses, pressure-driven advection appears to be the controlling transport mechanism in highly
permeable subsurface media. Phase equilibrium and adsorption onto soil particles are not expected to be significant for an
inert radioactive gas.

In an attempt to address the inhalation risk associated with indoor air contaminants, methods used to estimate radon
intrusion into indoor environments via advection have been used to estimate imdoor air concentrations of volatile organic
compounds (VOCs) emitted from subsurface media (Johnson and Ettinger® and Little et al®). Unlike radon transport,
however, VOC transport is influenced by phase equilibrium and adsorption onto soil particles. McCoy and Rolston,’ for
example, demonstrate that hydrophilic and sorptive characteristics tend to retard vapor transport via advection in
unsaturated soil. Thus, using radon gas transport models to describe organic vapor transport may result in inaccurate indoor
air concentration predictions.

This paper presents both refined and screening-level models for predicting the infiltration of chemical vapors into
indoor environments. The refined model describes the mass flux of contaminant entering a building from the subsurface.
This model is based on analytical solutions for subsurface vapor transport’*® incorporating phase equilibrium and
adsorption phenomena. In the screening-level methodology, a nondimensional parameter (the modified Peclet number) is
used to évaluate diffusive and advective transport mechanisms and determine which of these mechanisms governs
contaminant transport. The modified Peclet number describes contaminant movement in terms of advection and diffusion
time scales and vapor-liquid partiticning. Once the dominant transport mechanism is identified, indoor air concentrations
are estimated using simplified transport equations. Example calculations are presented at the end of this paper to illustrate
comparisons of the exact-solution and screening-level methodologies.

SUBSURFACE CONTAMINANT TRANSPORT
The following sections present models for estimating the contaminant flux, the relative significance of advective and
diffusive transport mechanisms, the indoor-outdoor pressure differential, and the indoor air concentration.

The One Dimensional Fate and Transport Model
In a one-dimensional, homogeneous subsurface porous medium, the generalized mass conservation equation states

that:
ac, al,
?’ ‘= +ACp=0 ¢y
where:
C; total chemical concentrations per volume of soil, g/cm®
by net degradation rate, day’;
x = soil depth below the surface, cm;
J, = chemical mass flux, g/cm®s; and
t = time,s.
The chemical mass flux can be expressed as:
aC,
J—Ja+J,_=(—Da£°.+vCG)+(—D,_—"+J,C,) @
’ ax ax
where: g1
De = (;, )D.,; ®

42



wouononou

chemical concentration in soil gas, g/cm? air;

chemical concentration in soil moisture, g/cm® water;

mass fiux in vapor form, g/cm’s;

mass fhux in liquid form, g/cm®s;
chemical mass flux, g/cm®s;

liquid flux, g/cm’-s;

effective air diffusion coefficient, cm?/s;
effective water diffusion coefficient, cm?/s;
air diffusivity, cm?/s;

water diffusivity, cm?/s;

total soil porosity, § = 8, + 8, cm®/em®;
air-filled soil porosity, cm®/cm?®,;

soil depth below the surface, cm; and

vapor flow as described by Darcy’s Law, cm/s.

@

The effective soil gas diffusion coefficient is equivalent to the air diffusivity multiplied by a tortuosity factor, 8,°%/4 to
account for the reduced flow area and increase path length of diffusing gas molecules in soil. Soil air porosity may undergo
substantial changes over time as soil dries out and when moisture is added by rainfall or by watering, In addition, the void
space in soils may be unevenly distributed m multilayered soils. As a result, accurately accounting for soif porosity in an
analytical model is practically impossible. The use of average values of soil porosity may be the most practical approach.

By inserting Equation 2 into Equation 1 and assuming that:

There is no steady water flux beneath the basement (ie., J, = 0);

There is no net degradation loss;
Advection is driven by the mdoor-outdoor pressure difference and the advection velocity is constant throughout
the medium;

The vapor flow is described by Darcy’s Law as:

®)

A three-phase equilibrium exists throughout the medium and the sorption equilibrium follows a linear isotherm;

Equation 1 can be written as:

Ds , By #Cg ®
“\R;, R) a?
% ., 0]
H a
®

R = pK,+8, +0H.

Additional parameters used in the above equations are defined below:

ppEr

oo

permeability of soil to soil gas, cm?

dynamic gas pressure, Pa (1 Pa = 10 g cm-s%);

dynamic viscosity of soil gas, g/cm-sec.

vapor-phase partitioning coefficient, dimensionless;
fiquid-phase partiioni ficient. dimensionloss.



p = sail particle density, g/cm’;

Py dry bulk density of soil, p, = (1-6) p, g/cm,

0n moisture-filled soil porosity, 0 = wp,, an’/cm’;
K, distribution coefficient, cm®/g; and

H = Henrys law constant, dimensionless,

Since chemical vapor diffusion through soil occurs very slowly, it is assumed that subsurface chemical concentrations in
soil gas (Cg) and soil particles (C,) are in local equilibrium. Thus, the soil concentration can be related to the vapor-phase
concentration, by assuming that K, for individual contaminants in mixtures approaches that derived in a two-component
system and that all contaminants dissolved in water act according to Henry's Law in multicomponent systems. Therefore,

H
Ce ra c, )
where:
Co = concentration of chemicals in the soil, g/g;
H = Henry's law constant, dimensionless;
K, = distribution coefficient, cm’/g; and
Cg =  concentration of chemicals in the soil pore spaces, g/em?®,

Using the above parameters, Equation 6 can be solved to estimate concentrations of chemicals in soil, and emission rates
into air for any specific boundary condition.

The initial and boundary conditions used in the current assessment are the same as those used by Hwang et al?
where,

Initial Concentration: Co=HEK), @t=0x>0
==

Boundary Condition : Cg= H/KY)C, @t>0x and
Boundary Condition2: Cg; =0 @t>0,x=0
The solution to Equation 6 using the stated conditions is (c.g., Jury et al”):
x+V V‘t
< x - <
R (10
oot -Ec li-top| Ro| 1| ] 0] Ro) ’
K, 2 2D i | 2 RDy Dyt
. . - k ap . by D
where erfc (n) is the complementary error function of the argument n, v,—-V=—Z.mdD¢-—R—*7,aﬂda“
B G L

other parameters are as defined above.
Under the stated boundary conditions, Equation 10 can be used to estimate the instantaneous mass flux of chemical

vapors infiltrating the basement, J, (0; t):

J‘ (o; 0 = _HIKJCHDG exp (vtﬂRG)z - HIKJCHDGVt 1+ ¢r;f ﬂq s [(h))
/D 4D g 2 RD, 257

where erf (1:1) is the error function of the argument n.

Indoor Air Concentrations
If a building ventilation rate is assumed, the flux calculated using Equation 11 can be used to estimate an indoor air

concentration by applying the following relationship:

J A
C = J1loud
baddoor 0
where:
Cpaowe = chemical concentration in indoor air, g/cm’
7, = chemical mass flux, g/cm?s



Ao area of cracks in building foundation, cm?
Q building ventilation rate, cm®/s.
The Modified Peclet Number

A dimensional analysis is necessary to determine the dominant mcchanism of soil gas infiltration into buildings.
Equation 6 can be nondimensionalized using the following nondimensional variables, commonly used when evaluating inert
soil gas transport in subsurface media (Nazaroff and Sextro®; Johnson and Ettinger®):

Cs. = CJC,;

3 3
=L, —;

& D &

P, - APP,; and

1, = 1(k AP JL,Lyu)

where C, Ly, Ly, AP are the characteristic concentration, diffusion length scale, advection length scale, and pressure
difference, respectively. Equation 6 thus becomes:

L a Rg DL)
R, o _ Lr ¥ Xo kP , Dy FCq, a2
& L, ar, ox, kAP L, x?

Ignoring the two characteristic length scales (diffusion and advection pathway lengths) introduced by Johnson and
Ettinger*, the right-hand term of Equation 12 shows that the phase equilibrium characterizing subsurface contaminant
trapsport has an impact on whether advection or diffusion controls the contaminant intrusion into the building. The
partitioning-dependent Peclet number (Pe’ ), is a modified version of the Peclet number introduced by Johnson and
Ettinger'. The modified Peclet number accounts for liquid /vapor partitioning as shown below:

Pel = kV AP'LD

D, a13)
R, D4

R;
BL.Dg [l =
Substituting Equations 3, 4, 7, and 8 into Equation 13, the modified Peclet number becomes
kAPL,

1.1]%
H|®

Pe' =

10
7 Dy

Dy

14

nLDg

Dy, is, in general, four orders of magnitude less than D, and 4, is typically in the same order of magnitude as 6,. For
an inert soil gas, such as radon, or many volatile organics which have high Henry’s law constants, the Peclet number is
insensitive to the chemical properties of contaminants. Soil gas transport is thus dominated by the pressure-difference-driven
advection in subsurface material that is relatively permeable. However, for hydrophilic chemicals having low Henry's law
constants, such as atrazine, bromadil, and 2,4 D, the advection mechanism is likely to be superseded by the combined vapor
and liquid diffusion mechanism. Equation 11 indicates that chemical mass flux decreases with a decreasing Henry's law
constant. The modified Peclet number (Equation 14), however, provides additional insight into the understanding of the
subsurface contaminant transport. If the modified Peclet number is significantly less than 1, the diffusion mechanism
governs chemical transport. If the modified Peclet number is greater than 1, the advection mechanism governs chemical
transport.

The Indoor Outdoor Pressure Differential

The AP, term in the above equations represents the pressure difference between indoor and outdoor environments.
Wadden and Scheff” present a relationship to calculate the pressure differential due to wind and temperature effects using
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the local annual average wind speed and temperature. This relationship has also been adopted by the American Society of
Heating, Refrigerating, and Air-Conditioning Engineering and is presented below:

P, + AP,
AP, = —— .
1 +[ﬁ] as)

L

pressure difference between indoors and outdoors, Pa;
static pressure over a building, Pa;

pressure difference due to a thermal gradient, Pa;
area of a building on the windward side, m?

area of a building on the leeward side, m% and
empirical exponent, 0.65 (Wadden and Scheff®).

The static pressure over a building can be described by:

"PPRORT

P, = 0.6008u a6
where u is the wind velocity in m/s.
The pressure difference due to a thermal gradient is given by:

1 1
AP, = 0.0342Ph | — - — 1
c (T T,) an

LK
[}

atmospheric pressure, Pa;

h distance from neutral pressure level to the point of interest, m;
outdoor temperature®, K; and

indoor temperature®, K.

SCREENING-LEVEL METHODOLOGY

If project constraints do not allow for the solution of Equation 11, a screening-level methodology can be applied in
order to obtain order-of-magnitude estimates of indoor air concentrations. The screening-level methodology involves the
following procedure:

Step 1:  Estimate the modified Peclet number using Equation 14;

Step 22 If the modified Peclet number is significantly less than 1, use Equation 20 (presented in the following
section) to calculate the indoor/outdoor air concentration ratio due to diffusive mechanisms;

Step3:  If the modified Peclet number is greater than 1, use Equation 21 (presented in the following section)
to calculate the indoor/outdoor air concentration ratio due to advective mechanisms; and

Step 4 Estimate the indoor air concentration.

Indoor-Outdoor Pressure Differential

In order to carry out screening-level calculations, it is necessary to determine soil and chemical properties and estimate
the indoor-outdoor pressure differential Once this information is determined, the modified Peclet number can be
calculated according to Equation 14.

The Attenuation Coefficient .

The modified Peclet number indicates the driving transport mechanism, and determines the appropriate attenuation
cocfficient for approximating indoor air concentrations. The attenuation coefficient (a) represents the ratio of air
concentration indoors to the air concentration in soil pores (C;). Assuming the indoor air concentration (C,,, ) remains
constant under a steady building ventilation rate (Q,) aad a fixed crack space in the building substructure (A, the
attennation cocfficient can be obtained from Equation 11,
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where:
t = time, s
Ao = area of cracks in building foundation, cm?
Qe = building ventilation rate, cm®/s
If the soil gas transport is controlled by diffusion, Equation 19 becomes,
A D,
a, =22 __G (20)
Qun ‘hﬂD’

where a, is the attenuation coefficient for diffusion-dominated transport scenarios, and all other parameters are defined
above.
If the soil gas transport is controlled by advection, the attenuation coefficient can be obtained from a steady-state
solution of Equation 19, also discussed by Little et al.® This coefficient is expressed as:

o o Aot [5) AP, @1
° Que \B/ L,
where a, is the attenuation coefficient for advection-dominated transport scenarios, and all other parameters are defined

above.

Application

Equations 10 and 11 provide simple analytical solutions to the chemical vapor transport into the buildings. These
solutions are conservative because they assume that the medium is uniformly contaminated. This conservativeness is
appropriate where the level of contamination beneath a building foundation is poorly understood. Moreover, the medium is
likely to be uniformly contaminated because the seasonal variation of the ground water table, whether the ground water is
contaminated or not, ultimately provides a mixing mechanism in the subsurface medium. For a rapid assessment or
screening analysis, the modified Peclet number can be used in conjunction with Equations 20 or 21 to estimate indoor air
concentrations.

If ground water is the source of contamination and the vadose zone is considered relatively uncontaminated, Equation
6 can be used in conjunction with different initial and boundary conditions. Solutions to these conditions are available in the
literature (c.g, Carslaw and Jaeger, Crank’®, van Genuchten and Alves”, Jury et al™). For a rapid assessment or screening
analysis, the dominant mechanism from contaminant transport should be first determined by examining the modified Peclet
number. Solutions to a simple steady-state diffusion equation for diffusion-controlled transport (see Crank™ or Carslaw and
Jaeger*) and Equation 17 for advection controlled transport can be used to yield reasonable estimates of indoor air
concentrations.

EXAMPLE CALCULATIONS

Example screening-level calculations are carried out for soil contaminated with several chemicals including atrazine,
benzene, bromacil, chloroform, dieldrin, lindane and 2.4 D. The medium is assumed to be a fine sand. Where possible,
chemical and soil properties are cited from Johnson and Ettinger* and Jury et al” to facilitate comparisons with literature
values. Screening-level analysis procedures and results are discussed below.

Indoor-Outdoor Pressure Differential

Equations 15, 16 and 17 are used to determine the indoor-outdoor pressure differential. Table I presents assumptions
made in applying Equations 15, 16 and 17, as well as pressure differential results. The pressure differential is estimated to
be approximately 10 Pa, or 100 g/cm-*. This differential reflects a 5.5 m/s wind speed and indoor and outdoor
temperatures, of 75°F and 49°F, respectively. The h term in Equation 17 is assumed to have a value of 3 m. This value
represents the distance from the neutral pressure level to the point of interest.
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Peclet Number

Table 11 presents some of the parameters in determining the modified Peclet number. The soil properties presented
are for a fine sand. Table III summarizes Peclet number calculations as presented in Equations 3, 4, 7, 8 and 14. Table Il
also compares the modified Peclet number to the conventional Peclet number as presented in Johnson and Ettinger. The

P ional Peclet ber pr ted in Johnson and Ettinger* does not account for phase equilibrium and adsorpuon. It
is defined as:
E AP, L,
P =—2
Dgp I.’

The modified Peclet number, Pe’ , is essentially equal to the conventional Peclet number for relatively hydrophobic
chemicals such as benzene and chloroform. Pe’ and Pe values for these chemicals indicate that advection governs
contaminant transport. However, the modified Peclet number is notably less than the conventional Peclet number for
hydrophilic chemicals. Pe’, for example, is between 60 and 2600 times less than Pe for atrazine, bromacil and 24 D. The
modified Peclet number for these chemicals indicates that diffusion is the governing transport mechanism, whereas the
conventional Peclet number incorrectly suggests that diffusion governs transport. The exact-solution attenuation coefficients
discussed in the following section further illustrate the validity of the modified Peclet number.

Attenuation Coefficients

Comparisons between screening-level and exact-solution attenuation coefficients reflect limitations associated with the
screening-level methodology. Table IV presents Peclet numbers and attenuation coefficients for long-term (30-year) and
short-term (1-year) emission scenarios. The attenuation coefficients in columns 4, 5, 7 and 8 are calculated using the
screening-level methodology (Equations 20 and 21). Attenuation cocfficients in columns 6 and 9 are calculated using based
on the exact solution (Equation 19).

In cases where the modified Peclet number indicates diffusion-dominated transport (Pe’ << 1), the screening-level
diffusion attenuation coefficients closely approximate the exact-solution attennation coefficients for both long-term and short-
term emission scenarios. Table IV shows that this is the case for atrazine, bromacil and 2,4 D. The agreement between
exact-solution and diffusion-dominated screening level attenuation coefficients for these chemicals reflects the similarities
between Equations 19 and 20. Equation 20 is obtained from Equation 19 by assuming a negligible indoor-outdoor pressure
differential, and both equations reflect unsteady-state conditions.

It is interesting to note that the conventional Peclet numbers for atrazine, bromacil and 2,4 D incorrectly indicate that
advection is the dominant transport mechanism and result in underestimates of attenuation coefficients (using Equation 21
instead of Equation 20) by factors ranging from 2 to 20. Equation 21 represents a steady-state vapor emission rate where
(1) a constant indoor-outdoor pressure differential exists; (2) the vapor-phase contaminant concentration in soil pores
remains constant; and (3) contaminant depletion via volatilization losses or partitioning in the subsurface medivm does not
occur. Equation 21 can be the ideal asymptotic sotution of Equation 19 if the pressure differential remains large.

In cases where the modified Peclet number indicates advection-dominated transport (Pe’ >> 1), the screening-level
advection attenuation coefficient, in general, agrees well with the exact-solution result. However, estimates obtained from
the screening-level advection equation could underestimate short-term attenuation coefficients. Thus underestimation is due
to the nature of unsteady-state emissions. For chemicals with strong absorption onto soil and moderate partitioning into
water (e.g., dieldrin, lindane) the attenuation coefficient is governed by diffusion initially and by advection in the long term.
As seen in Table IV, although advection is predicted to control lindane transport, unsteady-state diffusion actually controls
the short-term emission and eventually advection becomes the governing mechanism.

CONCLUSION

This paper recxamines the subsurface transport equation by incorporating phase equilibrium and chemical adsorption
behavior, which is commoaly considered in contami leaching and volatilization models. With a simple one-dimensional
model, the indoor air concentrations can be estimated using the solution of an advective-dispersive transport equation. For
a rapid assessment or screening analysis, the transport equation can be further simplified to an unsteady-state diffusion
equation or a steady-state advection equation by evaluating the modified Peclet number. It is recommended that the
modified Peclet number should be used instead of the conventional Peclet number.

Example calculations facilitate comparisons between the conventional and modified Peclet numbers, and the screening-
level and exact-solution methodologics. Exact-solution results verify that the modified Peclet number more accurately
reflects contaminant transport for hydrophilic organic chemicals such as atrazing, bromacil and 2.4 D. The use of the
modified Peclet number and screening-level attenuation coefficients for relatively hydrophilic chemicals with high soil
sorption coefficients requires further study. )

Furthermore, this paper presents an analysis of one subsurface media and one st of boundary conditions. Studies that
investigate variations in these parameters are necessary before the impact of subsurface contamination on indoor air quality
can be more fully understood.

48



REFERENCES
1L W.W. Nazaroff, SR. Lewis, SM. Doyle, BA. Moed and A.V. Nero. "Experiments on pollutant transport from soil

residential basements, by pressure~driven airflow,” Environ. Sci. Technol, 21(5): 459 (1987).

2. WW. Nazaroff and R.G. Sextro, "Technique for measuring the indoor Rn source potential of soil,” Environ. Sci,
Technol. 23: 451 (1989).

3. C.0. Loureiro, LM. Abriola, J.E. Martin and R.G. Sextro, "Three-dimensional simulation of Radon transport into
houses with basements under constant negative pressure,” Environ. Sci, Technol. 24(9): 1338 (1990).

4. P.C. Johnson and R A. Ettinger, "Heuristic model for predicting the intrusion rate of contaminant vapors into
buildings,” J, Environ. Qual 25: 1445 (1991).

5. J.C. Little, JM. Daisey and W.W. Nazaroff, "Transport of subsurface contaminants into buildings,” Environ. Sci,
Technol, 26(11): 2058 (1992).

6. BJ. McCoy and D.E. Rolston, "Convective transport of gases in soil porous media: Effect of absorption, adsorption,
and diffusion m soil aggregates,” Environ, Sci. Technol 26(12): 2468 (1992).

7.  W.A. Jury, R. Grover, W.F. Spencer and W.J. Farmer, "Modeling vapor losses of soil-incorporated Triallate,” Soil Sci,
Soc, AM. J, 44(3): 445 (1980).

8.  W.A. Jury, WF. Spencer and W.J. Farmer, "Behavior assessment model for trace organics in soil. 1. Model
description,” J. Environ. Qual. 12(4): 558 (1983).

9. WA, Jury, WJ. Farmer and W.F. Spencer, "Behavior assessment model for trace organics in soil: II. Chemical
classification and parameter sensitivity," Environ. Sci. Technol, 13(4): 567 (1984).

10. W.A. Jury, WF. Spencer and W.J. Farmer, "Bebavior assessment model for trace organics in soil: III. Application of
screening model,” 1. Environ, Qual,, 13(4): 573 (1984).

11. US. Environmental Protection Agency (USEPA), Office of Remedial Response, Superfund Exposure Assessment
Manual, Washington, D.C., EPA/540/1-88/001, 1988.

12. S.T. Hwang, J.W. Falco and C.H. Nauman, Development of Advisory Levels for Poly-chlorinated Biphenyl (PCB)
Cleanup, EPA /600/6-86-002, U.S. Environmental Protection Agency, Washington, D.C., 1986, pp. A1-A19.

13. R.A. Wadden and P.A. Scheff, Indoor Air Pollution, New York, John Wiley & Sons, 1983.

14. American Society of Heating, Refrigerating, and Air-Conditioning Engineering (ASHRAE), ASHRAE Handbook:
1981 Fundamentals, New York, 1981

15. HS. Carslaw and J.C. Jaeger, Conduction of Heat in Solids, 2nd ed., Oxford Science Publications, New York, 1959.

16. J. Crank, Mathematics of Diffusion, Clarendon Press, Oxford, England, 1956.
17. M. Th. van Genuchten and WJ. Alves, i i f Dimensional ive-Dispersive Solute

Transport Equation, Technical Bulletin No. 1661, U.S. Department of Agriculture, Riverside, 1982, pp. 8-56.

18. D.T. Grismund, MH. Sonderegger and R.C. Sherman, "A framework of a construction quality survey for air leakage in
residential building i Procedures of Thermal Performance of External Envelopes of Buildings,” ASHRAF., 422-452 (1983).

19. GH. Zapalac, "A time-dependent method for characterizing the diffusion of Rn in concrete,” Health Physics 45(2):
377 (1983).

2). US. Environmental Protection Agency (USEPA), Hazardous Waste Treatment Storage and Disposal Facilities Air
Emission Models Documentation, PB88-198619, EPA-480/3-87-026, December 1987.

49



TABLE I

Summary of Wind and Temperature-Indoced Pressure

Differential Calculations

Parameter Symbol Value Units
Wind Speed v 55 m/s
Atmospheric Pressure P 1.013 x 10° Pa
Distance from Neutral Pressure Level to Point of Interest h 3 m
Outdoor Temperature T, 282 K
Indoor Temperature T, 297 K
Static Pressure over a Building P, 18 Pa
Pressure Difference due to Thermal Gradient AP, 19 Pa
Ratio of Building Side Areas ALJA, 10 dimensionless
Empirical Exponent n 0.65 -
Indoor/Outdoor Pressure Difference AP, 10 Pa
TABLE II
Summary of Parameters Used in Modified Peclet Number and
Attenuation Coefficient Calculations
Parameter Symbel Value* Units
Soil Permeability to Vapor k, 10 x 10°* cm’
Indoor/Outdoor Pressure Difference AP, 10°8 P,
Gas Viscosity B 18 x10* g/cm/s
Water-Filled Soil Porosity [ 0.12 dimensionless
Air-Filled Soil Porosity A 0.26 dimensionless
Liquid Diffusivity D, 1x 10° cm’/s
Soil Dry Bulk Density Pu 17 g/cm®
Fraction Organic Carbon in Soil F,. 0.002 dimensionless
Crack Area A 1,000 € cm®
Time Period t 95x10° 5
Ventilation Rate Q 34x 10 cm’/s
Characteristic Advection Length Scale L, 1,000 cm

Notes:

A From Johnson and Ettinger* unless otherwise noted.

8 Calcolated as shown in Table I.
€ Based on Wadden and Scheff.”
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TABLE IlI

Summary of Modifled Peclet Number Calculatlons

Effective Vapor Liquid
Effective Liquid Phase Phase Modified
Henry’s Distribution Liquid Alr Diffoslon Diffusion Partitioning Partitioning Peclet
Law Coafficient Alr Diffosivity Diffusivity Coefficient Coeflicient Coefficient Coefliclent Conventlonal Nomber
Constant Koc* ” Dl{. D, ) Ry Peclet Number | A
Chemical (dimensionless)* (/D) (em)s) (/) (ml‘/.) (s) PR S - yh ST
Atnazine 2507 1.6¢+ @ 5.0c-2% 1,0c-05 3.9¢-03 59¢-08 2.7¢+06 6.6¢-01 1.4¢401 2.3e-01
Benzene 2201 83¢+01 88¢-02¢ 1.0e-05 6.9¢-03 5.9¢-08 2.1¢+00 4.6e-01 8.1¢ 400 B.1¢ +00
Bromacil 3.7¢-08 72e+01 5.7e-02P 1.0e-05 44c-03 5.9¢-08 . 9.9¢ +06 3.6e-01 13¢+01 3Ae2 -
Chloroform 1.2¢-01 29¢+01 1.1¢-01° 1.0c-05 8.6¢-03 5.9¢-08 2.1¢+00 2.5e-01 6.5¢+00 635¢+00
Dieldrin 6.7e-04 126 +04 4.4e-028 I.M 3de-03 5.9¢08 6.1e+04 4.1e+01 1.6e +01 1.6c+01
Lindane 13e-04 1.3+03 5.0e-02° 1.0e-05 3.9¢-03 5.9¢-08 34e+04 435¢+00 14¢+01 13¢+01
24D 5.6e-09 25401 5.0e-08 1.0¢-05 3.9¢-03 5.9¢-08 34e+07 1.9¢-01 14e+01 5.2¢-03
Notes:
A gyl
B Estimated Value
¢ Johnson and
D USEpA®
TABLE IV
Comparison of Screening-Level and Exact-Solutlon Attenuation Coefficients
Exact Sofution
ning-Level ning-Level Steady- Exact Solutl ning-Level ning-Level Unsteady-State
Unsteady-State State Unsteady-State Unsteady-State Smdy-Sllle Diffesion & Advection
Diffesion Aftenuation | Advection Attenuation | Diffeslon & Advection |Diffusion A A
Conventional Modified Coefficient 4 Coefficient ® Attenuation Coefficient Coefficient Coefficient Coefficient
Peclet Number Peclet Nomber @T=3ym @T=23ys @T=30ys @T=1y @T=1y @T=1m
Pe Pe’ (Equation 20) (Equation 21) (Equation 19) (Equation 20) (E 21) (Equation 19)
Atrazing 14e+01 2.3e01 7.0e-06 1.6¢-06 7.0e-06 3.8¢-05 1.6¢-06 3.8:-05
Benzene 8.1c+00 8.1¢ +00 65¢-08 1.6e-06 1.6e-06 3.6e-07 1.6e-06 1.6e-06
B il 13¢+01 34e02 5.9¢-06 1.6¢-06 5.9¢-06 3.2e-05 1.6¢-06 3205
Chlaroform 65¢+00 6.5¢+00 7.3¢-08 1.6¢-06 1.6¢-06 4.0e-07 1.6e-06 1.6e-06
Dieldrin 1.6e+01 1.6e+01 7.7¢-06 1.6e-06 85e-06 4.2¢-05 1.6¢-06 4.3e-05
Lindane 1.4¢+01 1.3¢+01 5.9¢-06 1.6¢-06 6.7e-06 3.2e-05 1.6e-06 3.3e-05
24D 14e+01 5203 3.7e-06 1.6e-06 3,7¢-06 2.0e-05 1.6e-06 2.0c-05
Notes:

A
B

Based on a crack area of 1000 cm? ¥ a ventilation rate of 3.4 cm*/s and a time period of 30 years.
Based on a crack area of 1000 cm2 12 4 ventilation rate of 3.4 em*/s and a characteristic ndvecuon length scale of 1000 cm.
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ABSTRACT

Evaporative emissions from vehicles in an attached garage may represent a significant source of indoor
pollution and human exposure. A pilot field study was undertaken to investigate potential in-house dispersion of
evaporative emissions of uncomt d fuels from a vehicle parked inside an attached garage. In a set of experiments
using sulfur hexafluoride (SF) tracer gas, the multizonal mass balance model, CONTAMS8, was used to predict
interzonal air flow rates and SF, concentration distributions within the garage and house. Several experiments were
included to evaluate the effect of meteorology and mechanical mixing mechanisms on the dispersion of automobile
fuel vapor. Measurements indicated that approximately three percent of the garage maximum concentration was
measured in a room adjacent to the garage. The model successfully predicted garage concentrations under well
mixed conditions, but underpredicted the measured concentrations within various rooms of the house, in which
mixing was incomplete. Multizonal mass balance models such as CONTAMS88 may be useful in approximating
contaminant concentrations at various locations within the house.

INTRODUCTION

The introduction of oxygenated auto fuels and fuel additives (alcohols and ethers) into the U.S. motor vehicle
fleet has served to reduce tailpipe emissions of carbon monoxide and total hydrocarbons®. Tailpipe emissions

represent an obvious source of ecological pollution, however evaporative emissions from vehicles in hed garag
may represent an important source of indoor (i.e. microenvironmental) pollution.
In-house and attached garage concentration of evaporated (uncomt d) fuel species from an automobile’s

fuel system may represent a significant component of total human exposure to these chemicals. The use of alcohol
and ether additives increases the fuel vapor pressure, and hence the evaporation rate®. The magpitude of in-house
concentration of a chemical species depends upon the emission rate of evaporating fuel, the concentration of the
component species within the liquid fuel, and the air flow rates between garage and house, Measurement of these
critical variables enables the development of predictive models useful in population exposure assessment.

This study examines the potential for dispersion of evaporative emissions from an auto fuel system into a
residence from an attached garage. A series of field experiments were conducted to obtain estimates of in-house
ambient concentration of fuel vapor components resulting from normal automobile use scenarios. A single family
house with attached garage was selected as the test site. Air flow rates between the garage and various zones within
the house were measured using SF, tracer gas. A multizonal mass balance model was used to predict the spatial
and temporal contaminant dispersion within the house. Previous investigation has shown that multizonal mass
balance models may be useful in designing field study monitoring strategies®. Modeling results were compared to
SF,; measurements in order to investigate the possibility of using the model to predict methanol and/or other

* on assignment to the Atmospheric Research and Exposure Assessment Laboratory, U.s.
Environmental Protection Agency
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alternative fuel dispersion in the garage and throughout the house. Methanol emissions and concentration
distributions were examined in a later phase of this pilot study. Analyses of methanol concentration and supporting
modeling results will be presented in subsequent report.

MATERIALS AND METHODS

RESIDENCE DESCRIPTION

During the summer of 1992, a house in Raleigh, North Carolina was chosen to study in-house dispersion of
evaporative emissions of uncombusted automobile fuels from a vehicle parked inside an attached garage. This study
determined quantitative flow rates between the garage (pollutant source) and selected rooms of the house. The first
story of this two story house consisted of the master bedroom, a bathroom, a den, the family room, the kitchen and
the dining room (Fig. 1); the second story of the house includes three bedrooms and a bathroom. One second story
bedroom was located directly above the garage. The total volume of the garage was 95 m’. The house physical
characteristics were measured during the first day of the study. These ts were subsequently used to
model SF, concentration distribution in the garage and within the house. The SF, dispersion analysis was used to
calculate interzonal air flows and to calculate contaminant concentrations in order to determine the rooms with
significantly different concentrations.

MASS BALANCE MODEL
The multizonal mass balance model used in this investigation is the National Institute of Standards and
Technology (NIST) model, NBSAVIS/CONTAMS88® developed for the Environmental Protection Agency to
t contami concentration distribution in bulldmgs The model is based on the element assembly
approach, which assumes that a building can be rep d as a combination of well-mixed zones linked by flow
and kinetic elements (contaminant mass transport and decay). CONTAMSS solves a set of mass balance and flow
equations. The mathematical formulation of the contaminant concentration is:

7 @ = 1
[W]C+[M]dt‘: G (1)

where:
C = Vector containing the discrete concentration values
[W] = System mass transport matrix which contains flow rate data
[M] = System matrix which contains mass (volume) data
G = System generation vector containing kinetics data.

NBSAUVIS is a preprocessor to CONTAMS88 which allows the idealization of a building through the generation of
a file that describes the building configuration, including indoor and outdoor contaminant sources. Data input to
NBSAVIS is facilitated by a series of data entry screens that allow the user to specify: interior and exterior wall
types; interior and exterior doors, windows, open passageways; filters and fans; room descriptions; and heating,
ventilation, and air conditioning (HVAC) system descriptions. NBSAVIS then calculates the interzonal air flow rates
and system matrices. NBSAVIS was used to build an idealization of the house. The parameters that were measured
in order to run NBSAVIS are:

. The house physical dimensions (including all windows, doors and other openings).
. The house HVAC system output as well as all the locations of the vents with air flow rates.
. The contaminant source information (name, molecular weight, emission rate).
. The location of the source (inside the garage).
. The temperatures of the various rooms in the house.
The outdoor meteorological conditions (temperature, wind speed and wind direction).
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EXPERIMENTAL DESIGN

Three experiments in which SF; was released in the garage and traced inside the garage and the house were
designed and implemented. SF; was chosen because it is non-toxic, stable with respect to chemical reactions; its
removal due to deposition is negligible and it can be measured in very low concentrations with high accuracy®.
A diluted mixture of SF in nitrogen (0.362g SF, / m? ) was prepared and used in all experiments. Samples were
analyzed using gas chromatography/electron capture detection (GC/ECD), with a lower detection limit of 20 parts
per trillion volume (ppt). Measurement accuracy was within 5%. Measurement precision (standard deviation) was
within 5% of the measured concentration. During the entire study the outdoor temperat d bety 19C
and 23 C, the wind speed did not exceed 0.5 m/s and the wind direction varied. The low wind speeds were mainly
due to shielding of the house and property by trees.

The first experiment was designed to assess the percentage of contaminant that infiltrates in the house from
the garage. A car was parked in the garage with the front of the car facing an interior wall of the garage. In this
experiment five automated sequential syringe samplers® were used. Three samplers were placed in the house: one
in the kitchen, one in the den and one in the bedroom above the garage. The remaining two samplers were located
in the garage. One sampler was placed on the car roof, one was placed on the garage floor, next to the car. The
garage door was closed during the experiment. SF, was released for 20 min at a rate of 1 liter per minute (I/min).
The total mass of SF released was 7.23 mg. The SF source was located next to the gasoline tank on the passenger
side of the car. A large box fan was used next to the source to create a well mixed condition. Samplers in the
garage were started simultaneously with the SF, source. At the end of the SF, release (20 min), the three samplers
inside the house were activated.

The second experiment was designed to investigate how quickly the concentration in the garage drops after
the garage door is opened. In this experiment no car was in the garage. Air samples were taken at two vertical
locations in the garage. The upper sample location was centered 2 feet from the garage ceiling while the lower
sample location was centered 2 feet above the floor. The samples were analyzed in real time. SFg was released
in the garage for 10 min at a rate of one 1/min for a total mass released of 3.62 mg. The box fan was used to create
a well mixed condition. At the end of the 10 min release time, the fan was tumned off and the garage door was
opened.

Experiment three was performed to test the well mixed garage assumption. Five syringe samplers were
used in the garage, one on the car roof, one next to the driver's side, one next to the passenger side, one in front
of the car (back wall location), and one in the back of the car (next to the garage door). No fan was used, and
sampling time was set to 12 min intervals for all the samplers. SF, was released for 20 min at a rate of 1 1/min.
The SF4 source was located next to the gas tank on the passenger side of the car. The garage door was closed

during the experiment.

RESULTS AND DISCUSSIONS

During the first experiment, CONTAMBS8 was used to simulate the dispersion of SF in the garage and
throughout the house. Good agreement was found between simulated and measured data (Fig. 2). Differences may
be due to a lack of complete mixing in the garage. There were two samplers in the garage; the one on the passenger
side (labeled LEFTGARAGE in Fig. 2) showed a sharp drop of concentration approximately 30 min after the
experiment started. This sampler was located close to the kitchen door, therefore the drop in concentration may
be due to local air exchange. The other sampler (labeled TOPGARAGE in Fig. 2) agrees better with the model,
which assumes a well mixed condition.

Modeling results consistently underpredicted the concentration in all the rooms in the house (Fig. 3). The
highest concentration was measured and modeled in the kitchen; followed by the den and then the bedroom above
the garage. Overall, the model predicted a behavior similar to the data. However, the model underpredicted the
kitchen and bedroom concentrations by approximately 30%, and the den concentrations by approximately 10%.
The model assumption of well mixed zones was not satisfied in the house because of the absence of forced mixing.
The model predicted that the maximum concentration attained in the kitchen would be 2% of the maximum
concentration in the garage, while measurements showed that the maximum relative concentration was approximately
3%.

Following the completion of SF, injection, the concentration in the garage began to decrease, while the
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concentrations in the kitchen and the other rooms continued to rise. The time delay (phase lag) between the modeled
maximum ration in the garage and the kitchen was approximately 15 minutes; between the famlly room and
the garage the time delay was nppmxnmately 30 minutes. In the bedroom the concentration was still rising 50 min
after emission stopped (Fig. 3). The measured phase lag in concentrations between the various rooms of the house
is also predicted by the model (Eq. 1) Conservation of mass (SF¢) - within the context of a box model - requires
that a loss of mass from one box (e.g. the garage) be accounted for in a net increase of mass in the other boxes (e.g.
other rooms of the house; the outdoors).

In the second experiment, CONTAMS&8 was used to simulate contaminant build up and decay after the
garage door was open. Modeling results were in ag with the ts (Fig. 4). After the garage door
was opened the SF, concentration decreased to less than 10% of the initial concentration in 3 minutes. Similar
results were found using the decay from the modeling results. This decay rate corresponds to approximately 45 air
changes per hour (ACH). During testing the wind speed was less than 0.2 m/s, therefore this high exchange rate
is likely due to mechanical mixing that occurred when the garage door was opened. These results were supported
by observations during smoke release experiments.

During the third experiment measurements were performed to test the well mixed box assumption. Model
simulation was used to determine locations in the garage where the well mixed condition existed. Simulation results
agreed with the data collected at the car roof, back of the garage, and the passenger side locations. The data
collected near the garage door and driver side locations were approximately half of the model predictions. Total
mixing occurred between 60 and 90 min after the SF, releass stopped (Fig. 5). These results show that sampler
locations cannot be assumed to measure average (well mixed) concentrations, particularly during the period of
contaminant emission. However, for constant sources, a steady state regime may develop in the garage and house,
resulting in quasi-mixed conditions.

CONCLUSIONS

Good agreement was found between modeling and experimental results in the garage when the well mixed
assumption was verified (box fan on). In the rooms adjacent to the garage, the model underpredicted the
concentration of SF,. The model did help assess the broad trend of concentration distribution in those rooms.
Approximately three percent of the maximum garage concentration was measured in the kitchen and 1.5 percent in
the upstairs bedroom. These experiments were performed with the door between the kitchen and garage always
closed. Higher in-house relative concentrations can be expected when this connecting door is opened.

When mixing was not forced (box fan off) within the garage, the well mixed assumption was not valid at
locations next to the garage door and the kitchen door, but the other locations in the garage showed more thorough
mixing. It took 60 to 90 min for total mixing to occur after the release of SF, stopped. Furthermore, the well
mixed assumption did not hold during the contaminant release time.

Preliminary results showed that multizonal mass balance models such as CONTAMS88 may be used to
approximate contaminant concentrations within various locations of the house provided sampling time and location
are chosen judiciously. These models may help identify the locations where mixing occurs and the time duration
to attain well mixed conditions. The models may help choose sampler locations and sampling time during a field
study. Locations of expected high concentration gradients (near locations of local air exchange, such as doors and
windows) must be sampled more intensively than locations of low concentration gradients (remote from locations
of local air exchange). Furthermore, CONTAMS8 can be used to successfully model the dispersion of uncombusted
fuel vapor inside a residence and its attached garage. For pollutant emissions in an attached garage, sampling
locations should be next to the garage door and any connecting (interior) doors and windows; one sampler in another
location in the garage is sufficient (car roof or back of garage, etc). Sampling time will be dependent on the
contaminant source release period and the time the source takes to reach steady state.

The potential exists for in-house exposure to emissions (uncombusted fuel vapors and exhaust) from a
vehicle in an attached garage. Therefore, the introduction of alternative fuels and fuel components into the U.S.
automobile fleet will result in residential exposure to these chemicals and their combustion by-products. An
exposure assessment project is ongoing to quantify potential human exposures. The models evaluated here are being
incorporated into this project.

55



DISCLAIMER

This paper has been reviewed in sccordance with the U.S EPA‘s peer review and administrative review
policies and approved for presentation and publication. Mention of trade names or commercial products does not
constitute endorsement or recommendation for use.

REFERENCES

(1) Black,F.M., Control of Motor Vehicle Emissions - The U.S. Experience; Critical Reviews in Environmental Control, 21(5,6):373-410 (1991).
(2) Stump, Knapp, and Ray; Seasonal Impact of Blending Oxvgenated Organics with Gasoline on Motor_Vehicle Tailpipe and Evaporstive
Emiasions; J. Air and Wasic Management, 40:872-880 (1990).

(3) Lanaari, A., A. B. Lindstrom, B. D. Templeman, and 1. S. Irwin. Muhizonal Mass Balance Modeling of Benzenc Dispersion in a Privaie
Residence. A&WMA/EPA International Symposium (1992).

(4 Grot, R.A. User's Manual NBSAVIS/CONTAMSS. A User Interface for Air Movement and Contsminant Dispersal Analysis in Multizone
Buildi National Institute of Standards and Technology, Gaithersburg, MD. (1991).

{5) Brown, RM, R. N. Dictz and E. A. Core. The Use of SF6 in Atmospheric Transport and Diffusion Studies. J. Geophys. Res., 80, 3393-
3398. (1979).

(6) Krasnec, J. P.,D. E. Demary,
Met. Soc., 1, 372-378. (1984).

Automated Sequential Syringe Sampler for Atmospheric Trace Study.

e
ns %0 1 2
— |
Front Porch
1 1 - 3
—_—n T 1o F—— 90 —'— l
® I Dmmg - Storage Storage
= wm = | !
]
= BedRoom:1 o 4— - ./ i : i
- - L
S : Duuble t =
. . \,l ~ Garage T T
,_,I N : Farmuly Room - } l
\ = & i
-0 4— 92 : 00 ne o0 H
Walk ' " :
m Bath 1 ’ Kitchen ‘ l
Cione /] e ]y
T— . pd
l b
v ., Glass Enclosed ! ]
e Purch W
H N -
_La : 3
Srrerrrsesresrrerrral |
16y — »r ny |
3
Floor Plan - 1st Floor aa Ll
Met Tower
Figure 1. Residence floor plan. A second

floor bedroom {not shown) was located directly
above the garage.

56



EXPERIMENT 1, 20 min RELEASE EXPERIMENT 1, 20 min RELEASE
0=6.03ug/s 0=6.03u9/s
—— Kitchen
- Famit
0.30 - Elaerz;‘r'oyom
N o S, e oran
- M_Famil
g 4t ®  LEFTGARAGE . e25f ° M_Bedroam
e )
£ 12p K
2 sof $
: 5
g Bf z
3 i
e 8 s
P k
o L
g ]
5 2t
o
oF ,
o 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time (min) Time (min)
Figure 2. Simulated and d garage during Figure 3. Simulated and d M) ient in-h
and afler a 20 min SF6 emission. during and after a 20 min SF6 emission.
EXPERIMENT 2, 10 min RELEASE EXPERIMENT 3, 20 min RELEASE
SAMPLES TAKEM INSTANEQUSLY AT 2 L OCATIONS 0=6.03ug/s
0=6.03ug/s
©  Hiprobe
St . 1 Loprobe 161 . ®  Corroof
z Simulated 5 s Backgar
a 8 4f 4 Risidgar
e 5r £ +  Lfisidgar
5 § 12¢ o Gordoor
7:5 4} ;é ok Simulaled
£ 3
g $
vo3t ¥ sl
3 3
sl
5 2 £
o @ 4
@ &
g 1 o
5 e Ll
[ é
0 Q
J . " L . " . . , " . . " . . . 1
0 2 4 6 8 10 12 14 16 0 20 40 60 Bo 100 120 140
Time (min) Time (min)
Figure 4. Simulated and measured SF6 decay after 10 min SF6 emission Figure 5. Simulated (well mixed) and d at

and after the garage door is opened.

57

various locations in the garage.
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ABSTRACT

Modelling the deposition of pollutants onto surfaces often requires the inclusion of two separate factors:
the transport and surface uptake resistances. In this paper, the surface uptake resistance for ozone onto
several common indoor surfaces was examined by measuring the mass accommodation (or “sticking”)
coefficient, which equals the number of “sticks” of a pollutant to a surface divided by the number of
collisions with the surface. It was determined that the mass accommodation coefficients for ozone
deposition onto these surfaces were in the range of 10-5 to 106, Given this, an analysis was conducted to
determine the relative effects of the transport and surface uptake resistances. It was found that for the
surfaces tested in this study, the surface uptake resistance is rate limiting for mass accommodation
coefficients on the low-end of the range, while boundary layer resistance is limiting for those on the high
end of the range.

INTRODUCTION

Tropospheric ozone has been identified as a criteria air pollutant by the Environmental Protection
Agency, since it is known to cause acute health effects and there is evidence that it may be responsible for
more severe chronic effects, (1). An individual’s exposure to a pollutant such as ozone can be
characterized as the sum of exposures in the microenvironments where the individual spends his or her
time. One delineation of these microenvironments is outdoors versus indoors. It is known that ambient
ozone infiltrates into residences, (2), resulting in indoor concentrations from about 20 to 80 percent of the
outdoor concentration, (3). Considering that individuals spend about 90 percent of their time indoors, (3),
it is clear that the indoor environment may constitute a significant ozone exposure.

One important tool in indoor air exposure assessment is the indoor air quality model. For ozone, one
of the most important variables in these models is the deposition of ozone onto indoor surfaces. This
deposition is the principal reason that indoor ozone concentrations are lower than outdoor concentrations.
In this study, a chamber has been designed to study ozone deposition onto a variety of indoor surfaces.
Also, the factors that affect ozone deposition, including room air flows and surface uptake, are analyzed.

BACKGROUND

Deposition onto indoor surfaces is usually modelled through the concept of the deposition velocity. It
is defined as the rate of decay of the pollutant divided by its mean concentration in air, (4), and can be
written as,

F
Ki=g M
where F is the flux to the surface (units of mass deposited per area per time) and C is the free-stream
concentration, which is assumed to be uniform throughout the indoor space. Use of the deposition
velocity also assumes that the loss process is first-order.

For atmospheric deposition modelling, the flux depends on the convective and diffusive flows

transporting the pollutant to the surface (e.g. ground, building surfaces, etc.) and the uptake of the
pollutant at the surface. For this reason, the deposition velocity can be written as the combination of three
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resistances: the aerodynamic resistance, ry; the boundary layer resistance, ryp; and, the surface uptake
resistance, re, as, (5):

1

Ka= Ta+Tp+Tc @
The first resistance term accounts for the mixing of the pollutant in the core region above the boundary
layer. This term is generally independent of the pollutant. Rather it is determined by the wind speed and
turbulence. The second term corresponds to the movement of the pollutant across the boundary layer to
the surface. This resistance is related to the diffusion coefficient of the pollutant and the thickness of the
boundary layer. Finally, the surface uptake resistance corresponds to the rate of pollutant uptake at the
surface and depends on the nature of the absorbate (i.e. the pollutant) and the absorbent (i.e. the surface).

This analogy can be extended to indoor pollutant deposition with some modifications. Indoor air flows
are often assumed to follow the boundary layer assumption, in which the air away from the surface (the
core region) of an enclosure is assumed to be an ideal fluid while the air near the surface (i.e. in the
boundary layer) is assumed to be a viscous fluid. The air flow in the core region is normally circulating
along the periphery of the enclosure, essentially parallel to the wall. Thus, this air flow does not constitute
a transport mechanism to the surface and there is no aerodynamic resistance. For indoor pollutant
deposition, the important resistances are the boundary layer and surface uptake resistance. Ozone is a
highly reactive gas, and it is assumed that once it is taken up by the surface it immediately reacts. Thus,
the mass accommodation coefficient, which is defined as the number of collisions of a gas molecule and a
surface resulting in a “stick” divided by the number of collisions, will be used to examine the surface
uptake resistance. Low values of the mass accommodation coefficient indicate that the surface uptake
resistance is important. The mass accommodation coefficient for several ozone-surface reactions was
determined in this study.

MATERIALS AND METHODS
Description of the Apparatus

The apparatus for the deposition experiments is a laminar flow reactor. Air with ozone (generated by a
UV Photometric Ozone Calibrator) flows through a cylindrical glass test section. Ozone is measured with
Monitor Labs Model 8410 chemiluminescent ozone analyzers before and after the test section to determine
the ozone deposition. Continuous measurements of the temperature and relative humidity in the test
section are made using temperature and relative humidity probes (Omega 411). The flow rate through the
test section is monitored with a calibrated rotometer. The test section has an inside diameter of 2.1 cm and
is 30 to 60 cm length. Several materials that are commonly found on indoor surfaces were tested including
latex paint, vinyl wallpaper and paper wallpaper. For latex paint the inside of the test section was simply
painted while the wallpaper was glued to the inside of the test section. At this point, only one brand of
latex paint has been tested. Ozone deposition, defined as the percent of ozone depositing on the test
section, was measured over a range of relative humidities. For a more detailed description of the apparatus
see reference (6).

Mass Accommodation Coefficient Calculation
McMurray and Stolzenburg (7) provide the model for measuring mass accommodation coefficients

from laminar tube flow. For a gas penetrating in a cylindrical tube with fully-developed laminar flow, the
appropriate steady-state convective transport equation is the following,

w(- ) 5 -2 5 (5 + 57 ®

where C(r,z) is the concentration of the pollutant species, r is the radial distance from the center of the
tube, I, is the tube radius, z is the axial distance, Dy is the pollutant diffusion coefficient in air and u is the
mean flow speed in the axial direction.

The term on the left side of equation (3) represents the bulk flow while the term on tl}e ri_ght s_ide )
represents diffusive flows, both radial and axial. However, it can be shown that the axial diffusion is
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negligible. Porous diffusion into the surface was also neglected because it is assumed that ozone reacts
immediately upon being adsorbed onto the surface. The following boundary conditions apply to our
system, (7),

Cr,0) =G @
daC
F o= 0 ®)
oC avC(r,,2)
o, -2 :

where o is the mass accommodation coefficient and v is the mean thermal speed of the pollutant molecule.
Equation (4) simply states that the inlet concentration is C, at all r. Equation (5) states that the
concentration is maximized in the radial direction at r=0 (i.e. the center of the tube) and assumes symmetry
around the tube center-line. Equation (6) states that the net diffusional flux to the surface equals the rate of
uptake, which is calculated from the kinetic theory of gases. It also assumes that the re-release of ozone
from the surface can be neglected because ozone is highly reactive. McMurray and Stolzenburg (7)
provide the solution to this system. It was used to determine the mass accommodation coefficient given an
experimentally determined deposition.

RESULTS AND DISCUSSIONS

Table 1 shows selected results from the chamber séudy. For a more detailed presentation of the
chamber study results see reference (6). The mass accommodation coefficients ranged from about 106 to
10-5. This indicates that ozone reacts once in every one hundred thousand to one million collisions with a
surface. Also, the relative humidity had a large effect on deposition onto latex paint. For low relative
humidities, the mass accommodation coefficient was on the order of 1 x 106, while for high relative
humidities, the mass accommodation coefficient is about 5 x 10-6 to 2 x 10-5. This indicates that at high
relative humidities there is about 5 to 10 times as many “sticks” to the surface per collision than at low
Belative humidities. For glass and vinyl and paper wallpaper, the relative humidity had no effect on the

eposition.

Traditional thought regarding surface wall deposition modelling envisions a pollutant from the bulk air
diffusing across the boundary layer to the wall. Modelling this system can be very difficult because of the
complexity of indoor air fluid dynamics. This approach is necessary for large particles, which have small
diffusion coefficients, and, thus, the deposition may be limited by the boundary layer transport. Also,
while small particles have larger diffusion coefficients, they normally stick upon every collision. On the
other hand, gases may stick much less readily, and the uptake process may be the rate limiting step. In
this case, the resistance to uptake at the wall is much greater than the transport resistance to the wall and
the deposition can be modeled by knowledge of only the physics of random molecular motion. This can
be done with the well known laws of the kinetic theory of gases, (e.g. (8)).

As a concrete example, consider the following residential environment: a 5m x 5m room with a 2.5m
ceiling. The side walls are covered with a latex paint. All deposition will be assumed to occur on these
walls. The resistances for the two corresponding processes will be calculated. The derivation of these
resistances is provided in reference (9) and references therein.

Boundary Layer Characteristic Time
The boundary layer resistance can be calculated as follows,

3
=D, Q]

where 8 is the thickness of the boundary layer and Dy is the diffusion coefficient of the gas in air, (7). The
thickness of the boundary layer in indoor environments can be estimated by assuming air flows uniformly
along the length of the room using the following equation, (10),



8=3i ®
where Shy_ is the dimensionless Sherwood number and L is the length of the surface in the direction of the
air flow. The Sherwood number for flow past a flat plate can be calculated by its relationship to two other
dimensionless numbers, the Reynolds and Schmidt numbers. The Reynolds number is a function of the
air velocity, which will change under different residence conditions. The equations for performing this
calculation are readily available in the literature, (e.g. (11)).

We are concerned with the case where the boundary layer resistance is highest. This occurs when there
is low air flow. Assuming flow parallel along the length of the walls, one can estimate the lowest possible
average air flow for a residence by dividing the infiltration rate by the cross-sectional flow area. A tight
residence may have an air exchange rate of around 0.5 hrl, For our case, the volume of the room is 62.5
m3 (Sm x Sm x 2.5m). Multiplying the volume by the air exchange rate gives 31.25 m3/hr for the
infiltration rate. This number is divided by the cross-sectional flow area (12.5 m?) to give 2.5 m/hr or
0.07 cm/sec. From the method above, this translates into a boundary layer of 50 cm and a 323 sec/cm.
However, this situation is seldom, if ever, realized in actual indoor environments. There are typically
thermal gradients within residences that result in much higher free-stream velocities. Matthews et al. (12)
measured a median air velocity in six homes of 5.3 cm/sec. This translates into a boundary layer of 5.7
cm and a resistance of 37 sec/cm. Also, Matthews et al. report that the lowest median air velocity
measured in a single room was 1.1 cm/sec. This air velocity gives a boundary layer of 13 cm and a 84
sec/cm. A high end air velocity for a residence may be about 10 sec/cm, which gives a boundary layer of
4.2 ¢m and a resistance of 27 sec/cm.

Surface Uptake Characteristic Time

The surface uptake resistance onto a single wall in the enclosure can be calculated as follows,
4
Tg=— &)
vo
where v is the mean thermal speed in the direction of the wall . The mean thermal speed can be determined

from the kinetic theory of gases as, (8),
N s
v= im a0

where ky, is the Boltzmann constant, T is the absolute temperature and m is the mass of the pollutant
molecule. At 25°C this gives 362 m/sec for the mean thermal speed.

For a low-range relative humidity experiment with a latex paint surface, the ozone mass accommodation
coefficient was determined to be on the order of 1 x 10%. In this case, the surface uptake resistance is 110
sec/cm. For a mid-range relative humidity experiment (i.e. 50 percent), the ozone mass accommodation
coefficient was found to be on the order of 5 x 10-6. This gives a resistance of 22 sec/cm. Similarly, for a
high-range relative humidity (i.e. 80 percent), the mass accommodation coefficient is about 2.0 x 10-5,
which gives 5.5 sec/cm for the resistance. If this was a glass room, the mass accommodation coefficient
would be about § x 10-7, which gives a resistance of 221 sec/cm.

Implications of Characteristic Time Analysis

The resistances are summarized in Table 2. The low-range relative humidity experiment has a surface
uptake resistance that is higher than all of the boundary layer resistances, except the theoretical low-end air
velocity case. However, the boundary layer resistances are not negligible for the three air flow cases.

This indicates that the surface uptake process is the major process for deposition onto low relative
humidity latex paint surfaces; however, it is not rate limiting. The boundary layer resistance must be
considered. For the mid-range relative humidity, the surface uptake process is about equally important as.
the boundary layer transport for the median and high-end case. For the high relative humidity case, the
boundary layer resistance is rate limiting. Also, for glass, the surface uptake is rate limiting for the median
and high-end air velocity cases.
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Table 1. Summary of Ozone Deposition Results

Experiment Surface Relative Ozone Mass
No. Humidity Deposition | Accommodation
(percent) (percent) Coefficient
1 Latex Paint 4 4 9 x 107
2 Latex Paint 41-46 9 2.2 x 10
3 Latex Paint 53-56 20 5.6 x 106
4 Latex Paint 79-85 44 1.9 x 10
5 Latex Paint 66-71 25 7.5 x 10°¢
6 Vinyl Wallpaper 6-7 15 3.9 x 106
7 Vinyl Wallpaper 68-75 21 5.9 x 10-6
8 Paper Wallpaper 6-9 5 1.2 x 106
9 Paper Wallpaper 67-71 4 9x 107
10 Paper Wallpaper 73-77 3 7 x 10-7
Table 2 - Summary of Resistances
Resistance Term Resistance
(sec/cm)
Theoretical Low-End 323
Air Velocity
Typical Low-End 84
Boundary Air Velocity
Layer
Typical Median 37
Air Velocity
Typical Median 27
Air Velocity
Low-Range Humidity 110
Latex Paint
Mid-Range Humidity 22
Surface Latex Paint
Uptake .
High-Range Humidity 5.5
Latex Paint
Glass 221
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ABSTRACT

The U.S. Environmental Protection Agency (EPA) is conducting an intensive characterization and human
exposure monitoring program of acid species and related air pollutants in an urban environment. The EPA’s
Atmospheric Research and Exposure Assessment Laboratory (AREAL) in cooperation with the Harvard School of Public
Health and the Philadelphia Air Management Laboratory is conducting field measurements in Philadelphia, Pennsylvania
to: 1) characterize the spatial and temporal variations of acid aerosol species in an urban environment, 2) investigate the
complex chemistry of acid aerosols and other acidic species, including formation/removal mechanisms, and 3) provide
acidic aerosol and particulate data base for exposure modeling and a study of pollution health effects.

One of the goals of the EPA’s aerosol acidity study is to develop models of human exposure to acid aerosol
species. Exposure models will be used to estimate the distribution of human exposures to acid aerosols. The models
would be an important planning tool for assessing exposures by: 1) determining acid aerosol exposures in high-risk
groups, 2) facilitating planning of subsequent sampling strategies, and 3) evaluating the effectiveness of proposed or
implemented mitigation efforts on reducing human exposures to acid aerosols.

This paper focuses on issues to be addressed in developing models of human exposure to acid aerosols. The
intent is to describe a sampling scheme that provides the information needed for development of an acid aerosol exposure
model.

INTRODUCTION

Concern over the health effects from acid aerosols has increased in recent years. Evidence exists linking
exposure to acid aerosols with adverse health effects in humans.! Especially susceptible are individuals who suffer from
respiratory ailments, including asthmatics and those with chronic bronchitis. Young children and the elderly are also

susceptible.

To address the concern over a health risk from exposure to acid aerosols, the U.S. Environmental Protection
Agency (EPA) is conducting an intensive characterization and human exposure monitoring program of acid species and
related air pollutants in an urban environment. The EPA’s Atmospheric Research and Exposure Assessment Laboratory
(AREAL) in cooperation with the Harvard School of Public Health and the Philadelphia Air Management Laboratory is
conducting field measurements in Philadelphia, Pennsylvania to:

. characterize the spatial and temporal variations of acid aerosol species in an urban environment,

. investigate the complex chemistry of acid aerosols and other acidic species, including formation/removal
mechanisms,

. provide acidic aerosol and particulate data base for exposure modeling and a study of pollution health effects.

Philadelphia is the first city in the multi-city Metropolitan Aerosol Acidity Characterization Study (MAACS) which will
enable characterization of acid aerosol exposures on a regional scale.

One of the goals of the EPA’s aerosol acidity study is to develop models of human exposure to acid aerosol
species. Exposure models will be used to estimate the distribution of human exposures to acid aerosols. The models
would be an important planning tool for assessing exposures by: 1) determining acid aerosol exposures in high-risk
groups; 2) facilitating planning of subsequent sampling strategies; and 3) evaluating the effectiveness of proposed or
implemented mitigation efforts on reducing human exposures to acid aerosols.
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This paper focuses on issues to be addressed in developing models of human exposure to acid aerosols. The
intent is to describe a sampling scheme that provides the information needed for development of an acid aerosol exposure
model.

BACKGROUND

The Philadelphia aspect of the MAACS has four primary parts, all of which are important to developing an
exposure model. The first is to assess the spatial and temporal character of acid aerosol concentrations through a
network of fixed-site monitoring stations that are upwind, downwind, and throughout the Philadelphia metropolitan area.
Information obtained from this aspect will provide valuable input to exposure model development by aiding in the
determination of the effect of population and degree of urbanization on local acid aerosol concentrations. Information on
diurnal variations of acid aerosol concentrations will be an important parameter for model development as well.
Sampling strategies must take into account the variable nature of acidic aerosols where both minimum and maximum
concentrations typically occur between 8:00 am and 8:00 pm.2 Hence, a 12-hour sampling period would span both the
minimum and maximum ambient H* concentrations.

The second aspect involves detailed measurements of acid aerosol concentrations during the summer months.
Information on formation and removal mechanisms, neutralization of particle strong acid (H*) by ammonia, and
neutralization by ammonium salts are gathered during this period. The information gathered on concentration and
duration of acid aerosol episodes is needed to determine the proper averaging time for sample collection based on health
responses and transport and conversion processes. This information will be vital to developing an exposure model which
accurately estimates a population’s exposure when acid aerosol concentrations are typically at their highest levels.

The third component of the study includes the collection of data needed to perform exposure analyses.
Ambient, indoor, and personal measurements of acid species and related pollutants will be collected in a time period that
is consistent with both the reactive chemistry of the pollutants and the health response from exposure to the acid
aerosols. For calculation of exposure, various microenvironments (both indoors and outdoors) are being characterized
for key pollutants to determine levels and an appropriate sampling schedule. Variation in pollutant concentration due to
seasonal and diurnal effects is also being defined. Activity-pattern information can be obtained from previous studies of
human activity,*** or by tracking the daily activities of the individuals wearing a personal exposure monitor (PEM) in
each city for a site-specific account of exposure. Of particular importance is the frequency and duration with which
susceptible groups (e.g., asthmatics and individuals with chronic respiratory disease) come into contact with acid
aerosols.

The fourth component of the study will be testing of an integrated weekly sampling approach. Model
requirements will be developed which will be considered in the planning of field studies in the other cities in the
MAACS and future field studies as well. The sampling protocol for these future studies needs to be consistent with the
model requirements to be developed.

Preliminary Modeling of Indoor Acid Aerosol Concentrations

A model for estimating indoor concentrations of H* was developed from a study that estimated indoor exposures
of children using air pollutant concentrations measured at a single stationary ambient monitoring (SAM) site.? In the
above mentioned study, the estimated acid aerosol concentrations were compared to measurements collected at the SAM
site. Factors that influenced indoor and personal concentrations were identified and incorporated into the acid aerosol
model.

The predictive model for indoor H* concentrations is given by:

e = (1) o — (B our = k503) — (5] s = kSO7 = kE, = [NEz) ) M

where H* (nmol/m?) is the estimated indoor concentration, H* oy (amol/m?) is the measured outdoor concentration,
kSO7 is a dimensionless term representing the fraction of particles that deposit on indoor surfaces or that fail to
penetrate indoors, and kNH; * NH, y is the first-order reaction rate of H* with NH,. Equation (1) shows that to
estimate indoor H* requires information on the concentration of outdoor H*, the indoor NH; concentration, the loss rate
for sulfate, and the reaction coefficient for the reaction of H* with NH,.
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Factors Affecting Acid Aerosol Concentrations

A study on personal exposure modeling of aerosol strong acidity in Uniontown, Pennsylvania, during the
summer of 1990 (Suh er. al.?) found among other results that: 1) there was little to no spatial variation in outdoor H*
concentrations within Uniontown, 2) there was significant diurnal variation in outdoor H*, 3) personal H* exposure
levels were generally higher than indoor concentrations and lower than outdoor concentrations with the differences being
quite pronounced, 4) outdoor concentrations of H* were unable to account for interpersonal variability in personal H*
exposures, 5) time-weighted microenvironmental models predicted personal exposures for H* better than outdoor
concentrations alone, and 6) indoor concentrations of H* appeared to be affected by the use of air conditioning because
of its effect on concentrations of gaseous ammonia or ammonium salts.

The reactive chemistry of acid aerosols and ammonia must be included in both indoor concentration and
personal exposure models of acid aerosols. Individual species must be characterized. Ammonia and acid particles do
not coexist, however, they could each be present in appreciable amounts at different times during a multi-hour sampling
period.® Therefore, an integrated sample collected over several hours may collect both acid particles and ammonia, thus
hiding the true interaction between these chemical species and making modeling of exposures very difficult.

Health effects associated with acid aerosols are primarily due to exposure to fine (aerodynamic diameter < 2.5
pm) particles. For modeling purposes, it is important to discriminate by particle size. This is particularly true for
indoor concentrations. Particle size and density, deposition on indoor surfaces, reaction rates with other indoor
pollutants, volume of home, and air exchange determine the indoor decay rate of pollutants originating from outdoor
sources.” Information on housing stock-type and ventilation characteristics may aid in explaining differences between
indoor and outdoor concentrations of acid aerosols and other key pollutants.

For pollutants such as acid aerosols which are characterized by considerable infiltration into homes, it is
necessary to carefully measure the variation of both indoor and outdoor concentrations for use in an exposure
assessment. It has been seen that ambient levels of pollutants with high infiltration rates significantly affect personal
exposures even where indoor sources are present.® Measurements taken in both indoor and outdoor environments are in
addition to personal sampling. All three types of samples being necessary to characterize and model the spatial and
temporal variation of acid and related aerosols.

An exposure model for acid aerosols must incorporate the reactive chemistry of acid species, particularly with
respect to either co-existence or neutralization by ammonia. Infiltration of fine acid sulfate particles to the indoor
environment needs to be included. Once indoors, heterogeneous processes such as reactions with indoor surfaces and
deposition, needs to be accounted for by the model. Detailed information on the interaction between people conducting
their daily routines and airborne acid concentrations in outdoor and indoor microenvironments is vital for exposure
modeling. Particularly important is time-location and activity data for persons with chronic bronchitis, asthmatics, and
other subsets of the population most susceptible to inhalation of acid aerosols.

RECOMMENDATIONS

Considering the factors from the previous section which affect the spatial and temporal distribution of acid
aerosols, and the findings of Suh and co-workers® (also in the section above), the following list of recommendations
needs to be considered when planning future exposure studies for acid aerosols.

¢ Indoor/outdoor (I/O) ratios of acid aerosols are needed to conduct exposure modeling.
Therefore, indoor measurements of acid aerosols as well as outdoor measurements will be required
to model personal exposures to acid aerosols. ’

¢ Ammonia levels and sources should be characterized.

e Additional studies of the interactions between H* and NH, are needed, espe-cially in the
breathing zone of a person. Also, information is needed on loss of particles in the immediate

vicinity of a person’s body.

¢ Air exchange and room volume measurements for each dwelling are needed particularly in light
of the fact that H* particles are primarily from outdoors.
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¢ Sampling should take place on a short enough temporal scale to monitor the variation in outdoor
and indoor acid aerosol concentrations.

* Personal exposure sampling should be conducted since interpersonal variability in acid aerosol
concentrations can be large.?

Sampling Protocol
The above recommendations would be expressed through the following protocol of sampling for acid aerosols.

Sample duration:
Indoors: 24-hour sampling with a resolution of no more than 3 hours (1-hour samples would be
preferable).
Outdoors: Same schedule as indoors.
Personal: Samples with the shortest sampling duration achievable (preferably no longer than 3-hour

samples).

The sampling schedules described above may not be appropriate given current measurement capabilities.
Sampling which is not able to achieve the limit of detection (LOD) for a chemical species should not be done. But, as
sampler technology and analytical methods improve, and the LOD for key species is lowered, shorter sampling durations
should be used.

Sample frequency:
Indoors and personal: Every day (24 hours).
Outdoors: Every second day (24 hours).

After analyzing data from the Harvard Acid Aerosol and Six-Cities Studies for seasonal and spatial variability of
aerosol acidity, Thompson et. al.® determined that outdoor samples collected every other day provided adequate
information on annual averages and medians. Therefore, sampling outdoors every other day would be acceptable.

Primary measurements:
1. Aerosol strong acidity (H*) and ammonia (NH,).
2. SO3, NOj3, NH}, O,, HONO, HNO,, SO,, and NO,.
3. PMy; and PM,.

Other:

1. Complete characterization of dwelling including: number and orientation of rooms, square footage,
number of windows, air-conditioning, etc.

2. Air exchange measurements across the indoor/outdoor interface for various housing stock and
building types.

3. Ventilation data for indoors.

4. Time/location activity patterns for individuals wearing a personal exposure monitor (PEM). It
would be beneficial to obtain time-activity profiles for representative subgroups of the population
whether they carry a PEM, or not.

SUMMARY

The U.S. EPA’s Atmospheric Research and Exposure Assessment Laboratory is conducting research into the
characterization of aerosol acidity and related chemical species with emphasis on their relationship to human exposure.
Exposure modeling of acid aerosol will play an important role in estimating the exposures experienced by urban
populations. The modeling of human exposures to acid aerosols requires detailed information on the spatial and
temporal distribution of H* and other relevant chemical species. Data on human activity patterns is also required. As
yet there are still many unanswered questions regarding the atmospheric and chemical processes that affect aerosol
acidity and the impact of aerosol acidity on human health. Exposure modeling of H* will be an invaluable tool for
assessing the distribution of exposures experienced by an urban population and for identifying population subgroups that
are most at risk from exposure to aerosol acidity.
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In this paper we have tried to identify the physical parameters needed for developing a human exposure model
for acid aerosols. A rigorous sampling protocol has been outlined which is appropriate for collecting the level of
information needed for model input. Future exposure studies of acid aerosols should incorporate as much of the
sampling protocol outlined here as possible in their study design.
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ABSTRACT

Collection of particles on a filter results in under-estimation of particulate organic compounds due
to losses from the semi-volatile organic fraction during sample collection, i.e. 2 "negative sampling artifact."
This sampling induced change in the phase distribution of semi-volatile organic material results in the loss of
about half of the particulate organic material during sampling. These semi-volatile organic compounds lost
from particles can be correctly measured using a diffusion denuder sampling system. A multi-system, multi-
channel, high-volume diffusion denuder sampler has been used for the determination of the particle size
distribution and chemical composition of semi-volatile organic compounds in fine particles in two urban
environments, Los Angeles and Philadelphia. Organic compounds lost from the particles included paraffinic
compounds, aromatic compounds, and organic acids and esters. Underestimation of the composition of semi-
volatile organic compounds in particles is a function of molecular weight, chemical compound class and particle
size. The majority of the organic compounds in fine particles 0.8 t0 2.5 pm in size are semi-volatile organic
compounds lost from the particles during sampling onto a filter. The majority of carbonaceous material in
particles smaller than 0.4 um is not lost from the particles during sampling.

INTRODUCTION

Correct assessment of the exposure of a population to particulate organic material is in part dependent
on accurate determination of the chemical composition as a function of particle size for particles present in
the atmosphere. Results obtained from the collection of organic material on a filter indicate that about one-
third of the mass of fine particulate matter (diameter < 2.5 um) collected on filters in remote desert regions
of the Southwest U.S. (Macias 1986, Sutherland 1990) and about one-fourth of the fine particulate mass in
western urban areas such as the Los Angeles Basin (Hering 1993) is organic compounds and elemental carbon.
In the Eastern United States, sulfate is the major component of airborne fine particles. However, based on
filter data, organic material also comprises about one-fourth of the fine particulate mass in the east (Gebhart
1993). Collection of particles on a filter results in underestimation of particulate organic material due to losses
from the semi-volatile organic fraction during sample collection, i.c. a "negative sampling artifact”. This
sampling induced change in the phase distribution of semi-volatile organic material results in the loss of about
half of the particulate organic material during sampling (Eatough 1993, 1990, 1989, Tang 1993). This "negative
sampling artifact” is an order of magnitude larger than the "positive sampling artifact” resulting from the
collection of organic compounds by a quartz filter (Eatough 1993, Appel 1989, McDow 1990).
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The loss or gain of significant amounts of semi-volatile organic material from particles or the sampling
media during sampling causes errors in the determination of aerosol chemical composition. Accurate collection
procedures for semi-volatile organic compounds must meet the following two criteria.

L Organic compounds initially present in the gas phase must not be adsorbed onto particles or
the filter during sampling,

2. Organic compounds initially present in the particulate phase must be captured during
sampling separate from compounds which are present in the gas phase in the atmosphere.

These two criteria cannot be met by any sampling procedure in which the particulate phase organic
compounds are collected before the collection of gas phase organic compounds because the gas phase organic
compounds and organic compounds volatilized from particles become indistinguishable. Thus, it is necessary
to first remove the gas phase organic compounds and then to collect the particulate phase organic compounds
with a sampler which will collect all organic material, gas and particle.

This paper described the results obtained using a high-volume, multi-system, multichannel diffusion
denuder sampling system (Tang 1993) (BIG BOSS) and associated analytical procedures for the determination
of the size distribution and chemical composition of fine particulate organic material. Details are given on the
chemical composition and concentration of semi-volatile organic compounds retained by and lost from particles
during sampling for samples collected in the Los Angeles urbanarea. Results obtained from capillary column -

gas chromatography, GC, analysis of collected samples are compared for samples from Los Angeles and
Philadelphia sampling sites. Semi-volatile particulate organic compounds present in samples collected at Los
Angeles and Philadelphia are identified by GC-MS analysis.

EXPERIMENTAL
The BIG BOSS Sampling System.

The BIG BOSS sampling system has been previously described (Tang 1993). The BIG BOSS uses a
variety of size selective virtual impactor inlets to control the particle size of the particles introduced to the
diffusion denuder sampler. The components of the BIG BOSS are shown schematically in Figure 1. Systems
1, 2 and 3 are used to determine total particulate organic material after a diffusion denuder which removes
gas phase organic compounds. Total flow through the denuder for each system is 200 L/min. The denudcr
for these three systems is preceded by a virtual impactor with particle size cuts of 2.5, 0.8 and 0.4 pm,
respectively (Tang 1993). The flow stream after the denuder is split and sampled through two parallel filter
packs. The majority of the flow, 160 L/min, is sampled through a quartz filter followed by an XAD-II bed.
Particles are collected by the quartz filter. Semi-volatile organic compounds lost from the particles during
sampling are collected in the XAD-II bed. The material collected in this part of the sampling system is
analyzed by GC and GC-MS to chemically characterize the organic material present in the particles and lost
from the particles during sampling. The remainder of the sample flow, 40 L/min, is sampled through a filter
pack with a quartz filter and a carbon impregnated filter, CIF. These filters are used for quantitative
determination of total particulate carbonaceous material and semi-volatile compounds lost from the particles
during sampling by temperature programmed volatilization, TPV, analysis (Eatough 1993, 1989, Tang 1993).
The fourth system in the BIG BOSS, Figure 1, contains two quartz filters in front of the diffusion denuder.
The data obtained with System 4 is used to correct the data from the other systems for any gas phase organic
compounds not collected by the diffusion denuder.

Sampling With the BIG BOSS.

The BIG BOSS has been field tested in two urban sampling programs. The first sampling program
was completed during June 1992 in the Los Angeles Basin at the South Coast Air Quality Management District,
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SCAQMD, sampling site in Azusa, CA. Representative results related to the identification of particulate semi-
volatile organic compounds in samples collected at Azusa were included in the article describing the BIG BOSS
(Tang 1993). Results are reported here for eight-hour samples (10:00 to 20:00 hours) collected on 16
consecutive days and four-hour samples collected twice a day (10:00 to 14:00, and 14:30 to 18:30) during the
last three days of the sampling program at the SCAQMD Azusa sampling site. Samples were then collected
during a one-week period in July 1992 at the North-East Airport Harvard University sampling site in
Philadelphia, PA (Burton 1993). The total number of quality samples obtained at the Philadelphia site was
limited to four samples because of inclement weather during part of the study.

Sample Analysis.

The samples collected during the two field sampling programs outlined above were analyzed to
determine artifact-free particulate organic material in the particle size ranges of <0.4pm, 0.4-0.8pum, and 0.8-
2.5pm by both quantitative and qualitative analysis of the collected samples. Quantitative results for total
particulate organic material in each of the three size ranges were obtained by TPV analysis (Eatough 1993,
1989). Semi-quantitative chemical characterization results for semi-volatile particulate organic material and
the semi-volatile organic compounds lost from collected particles during sampling as a function of particle size
have been determined by GC with FID detection (Tang 1993). The specific qualitative identification of the
principal organic compounds lost from particles and semi-volatile organic compounds retained by particles
during sampling has been done by gas chromatography-mass spectroscopy, GC-MS, analysis of combined
samples. Examples of results obtained by each of these analyses are presented in this paper.

RESULTS AND DISCUSSION

Semi-volatile organic material is lost from particles during sample collection on a filter. The amount
of particulate organic material on filter Q,, (the first quartz filter after the 2.5 um inlet and denuder in System
1, Figure 1) agrees with that on filter Q,; (the first quartz filter after the 2.5 pm inlet in System 4) (Eatough
1993, Tang 1993). This agreement shows that the half-life for the loss of semi-volatile organic material from
particles during sampling is much shorter than the sampling time so that the loss is comparable for particles
collected on a filter before and after a diffusion denuder. This result also shows that the positive artifact
resulting from the absorption of gas phase organic compounds by the quartz filter is minimal and that the gas-
particle equilibrium is not significantly perturbed during passage through the denuder.

The data from the GC analysis of the material collected in the XAD-I1 beds or the TPV analysis of
the charcoal impregnated filters of Systems 1-4, Figure 1, allow the determination of the particle size
distribution of the semi-volatile organic material which was lost from the particles during sampling. The GC
analysis of the material extracted from the XAD-II sorbent beds by dichloromethane gives a se mi-quantitative
measure of the various organic compounds captured by the XAD-II sorbentbed. This is illustrated by the data
in Figure 2 where is shown the GC data obtained from analysis of the four sorbent beds for the sample
collected on 14 June 1992. The amount of material on the XAD-II sorbent bed decreases in going from
samples X,, through X,, Figures 1 and 2. The decreasing amounts seen in going from System 1 through
System 3 reflects the decreasing amount of semi-volatile organic material lost from the particles as the inlet
particle size cut is decreased from 2.5 pum, to 0.8um, and finally to 0.4 pm. The small amount of material seen
for the X, sorbent bed in Sampler 4 results from the incomplete collection of some gas phase organic
compounds by the denuder. There is a slight tendency for the relative importance of the more volatile semi-
volatile organic compounds lost from particles during sampling to increase with decreasing particle size, Figure
2. The organic compounds with longer GC retention times are more prominent in the Sampler 1 XAD data,
indicating that these compoundsare dominantly present in the atmosphere in the 0.8-2.5 pm particle size range.
Organic compounds with short GC retention times dominate the organic material seen in the X,; sorbent bed
(Figure 2), consistent with the expected incomplete collection of about 5% of the gas phase organic compounds
by the diffusion denuder (Tang 1993).
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The TPV analyses of the semi-volatile organic material captured by the CIF corresponding to each
XAD sorbent bed, Figure 1, gives a quantitative determination of the total semi-volatile organic material lost
from the particles and coliected by the XAD-11 sorbent bed or CIF filter after the denuder. The total
integrated peak area of the GC data for each XAD-II collected sample is directly related to the amountof total
evolved carbon determined from the TPV analysis, Figure 3. The correspondence between these two data sets
provides a calibration of the GC results which may be used to quantitatively interpret the GC results obtained
in the various parts of the sampling system.

The data for the amount of organic material collected by the XAD-I1 sorbent beds or the CIF sorbent
traps in the first three sampling systems needs to be corrected for the denuder breakthrough measured in the
XAD-II sorbent bed or CIF of the fourth sampling system to obtain the semi-volatile artifact as a function of
particle size. This leads to the data shown as SVOC Lost in Figure 4 for the average particle size distribution
of the semi-volatile organic material lost during the collection of particles for all of the sampling periods in the
Los Angeles Basin study (Tang 1993).

The organic material determined by the GC analysis of the combined dichloromethane/methanol
extraction (Tang 1993) of the quartz filters in front of the various XAD-II sorbent beds for Sampling Systems
1,2 and 3 (Qy, Q2 and Q,; in Figure 1) is a measure of the semi-volatile organic material not removed from
the particles during sampling. These results are also given in Figure 4 as Quartz SVOC. The TPV analysis
of the corresponding quartz filters in the CIF filter pack for each system (Q,;, Q;; and Q,, in Figure 1) gives
the total carbonaceous material remaining on each quartz filter after sampling, Quartz C in Figure 4. The sum
of Quartz C and Quartz SVOC gives the total particulate C, Particle C in Figure 4.

As indicated in Figure 4, the majority of the organic material in particles 0.8-2.5 pm in size is lost from
the particles during collection of the particles on a filter. About 80% of the carbonaceous material in the 0.8-
2.5 pm particles consists of semi-volatile organic compounds which an be stripped from the particles during
sampling. The semi-volatile organic material in particles 0.4-0.8 pm in size is also essentially all lost from
particles during sampling, Figure 4. However, about 60% of the total carbonacecous material in these particles
is retained by the particles during sampling, Figure 4. In contrast, the great majority of the carbonaceous
material in the particles smaller than 0.4 pm is retained by the particles during sampling. These smallest
particles are also the only size fraction with a significant amount of semi-volatile organic material remaining
in the particles after collection of a sample, Figure 4. This regular trend of decreasing importance of the Joss
of organic material from particles with decreasing particle size probably results from a combination of two
factors: 1. The concentration of elemental carbon increases with decreasing particle size. The increased
amounts of "soot” in the <0.4 pm size particles, as compared to larger fine particles, can be expected to result
in the retention of some semi-volatile organic material in these particles due to strong absorption of the semi-
volatile organic compounds by the graphitic structure of the soot. 2. The concentration of particulate
secondary organic material produced from photochemical processes probably increases with decreasing particle
size. This material will be rich in oxygen and nitrogen as a result of the photochemistry. The resulting organic
material will be relatively non-volatile and would be expected to be retained by the particles during sampling.

We have previously reported data on the GC-MS identification of the semi-volatile organic material
lost from particles during sampling for the sampling program in Los Angeles (Tang 1993). Compounds are
present from all major organic compounds classes expected to be present in the atmosphere. For each
compound class, the more volatile compounds predominate in the material lost from the particles and collected
in the XAD-II bed during sampling. In contrast, the higher molecular weight organic compounds are retained
by the particles during sampling. For example, particulate n-tetradecane and n-pentadecane are found only
in the XAD-II bed and not in the particles after sampling. Hydrocarbons lower in molecular weight than these
two compounds are found in comparable concentrations in the XAD-I1 beds of both Samplers 1 and 4,
indicating they originate mainly from the breakthrough of some fraction of the gas phase component of these
species. In contrast, n-tetracosane and higher molecular weight aliphatic hydrocarbons are retained by the
particles during sampling and are not found in the XAD-II sorbent beds. Compounds of intermediate
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molecular wight, e.g. n-decosane, are partially lost and partially retained by the particles. Also illustrated by
the GC-MS data is the increased tendency for lower molecular weight semi-volatile organic compounds to be
retained by the particles during sample collection as the polarity of a given molecular weight compound
increases. For example, n-heptadecane (MW 226) is largely lost from particles during sampling. However
lauric acid (MW 214) and fluoranthene (MW 202) are largely retained by the particles during sampling.

The GC data obtained to the present indicate that the chemical composition of the semi-volatile
compounds lost from particles during sampling was similar for samples collected at each of the two urban study
sites, Los Angeles and Philadelphia, Figure 5. This probably reflects the importance of organic compounds
from automotive emissions at each of these sites. Semi-volatile organic compounds lost from particles during
sampling at both of the urban sampling sites included paraffins, aromatic compounds and organic acids and
esters.
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Figure 1. Schematic of the BIG BOSS sampling system, Sampler 1 (denuder,
2.5 um inlet cut), Sampler 2 (denuder, 0.8 um inlet cut), Sampler 3 (denuder,
0.4 pm inlet cut), and Sampler 4 (filter/denuder, 2.5 um inlet cut).
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Use of a High-Volume Small Surface Sampler (HVS3)
for the Microbiological Evaluation of Dust from
Carpeted and Non-Carpeted Surfaces

K.E. Leese, R.M. Hall, E.C. Cole, and K.K. Foarde
Research Triangle Institute, Research Triangle Park, NC 27709
and
M.A. Berry
U.S. Environmental Protection Agency, Research Triangle Park, NC 27709

A High-Volume Small Surface Sampler (HVS3) was previously developed through the
U.S. Environmental Protection Agency (EPA) for the collection and analysis of lead and
pesticides in surface dust (>5um) of carpeted and non-carpeted floors in residential buildings.
At the request of EPA/Environmental Criteria and Assessment Office, Research Triangle
Institute (RTI) has adapted the use of the HVS3 for the collection of surface dust for micro-
biological analyses. The major adaptations involve disinfecting the unit, and using sterile col-
lection bottles. The collected dust samples are weighed, then sieved through a sterile, de-
pyrogenated 250um screen. They are analyzed for mesophilic and thermophilic bacteria,
fungi, mite guanine, and endotoxins. Dust samples were collected from routinely maintained
carpet and tile floors in building "A", and "soiled" carpet from another building "B*. Building A
had dust loading levels of 1.3 g/m? on carpet and 0.1 g/m? on tile floors, Levels of endotoxin
(0.2 to 6 png/g of dust) and mite guanine were insignificant. Endotoxin levels were lower in
the tile floor dust than the carpet dust. Mesophilic bacteria colony forming units (CFU)
ranged from 7.0 X 10* CFU/g (tile floor) to 8.8 X 10° CFU/g (carpet), while thermophilic
counts ranged from 5.0 X 10° CFU/g (tile floor) to 7.0 X 10° CFU/g (carpet). Fungi counts
ranged from 5.0 X 10° CFU/g (tile floor) to 1.2 X 10° CFU/g carpet. In building B, dust levels
were found to be higher at 6.2 g/m? of carpet. Mold and endotoxin levels were found to be
higher in building B at 3.2 x 10° CFU/g and 103 ug/g respectively. The HVS3 can be used to
measure dust microbiological loadings on surfaces. Additionaly, bicaerosol monitoring will
allow the relationship between surface and airborne microbial concentrations to be evaluated.
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BACKGROUND

The Research Triangle Institute (RT1) is currently performing a study with the
Environmental Protection Agency's Environmental Criteria and Assessment Office
(EPAJECAO) to characterize biopoliutants (both airbome and surface) for exposure assess-
ments inside a building. A part of the study involves the investigation of levels of floor
surface dust, its microbial composition, and its effect on indoor air. A method was needed
for collecting floor surface dusts. A High Volume Small Surface Sampler (HVS3) was pre-
viously developed by the U.S. EPA's Atmospheric Research and Exposure Assessment
Laboratory (EPA/AREAL) for the collection of residential carpeted and non-carpeted surface
dust for pesticide and lead analysis.'” The HVS3 is currently recommended for use in a
draft ASTM method for the collection of dust for lead analysis. RTI has adapted procedures
for using the HVS3 to collect dusts for microbiological analyses. The major adaptations in-
volve disinfecting the unit, using sterile (steam autoclaved) polypropylene bottles to collect
samples, and using Du Pont Hysurf® bags on the exhaust of the unit. For the first time, RTI
has shown that the HVS3 can be used to collect surface dusts for the analysis of viable
molds, yeasts, bacteria, endotoxins, and dust mite guanine. Preliminary data suggest that
the HVS3 is useful in determining microbiological loadings on carpeted and non-carpeted sur-
faces. Use protocol development is currently ongoing and final results from the building bio-
pollutant exposure study will be reported at a later time. This paper discusses a brief history
of the HVS3, its charactenistics, and some preliminary microbial results from two indoor en-
vironments.

INTRODUCTION

The HVS3 utilizes a one horse power Royal® vacuum motor and a specifically designed
nozzle and cyclone trap. The unit has Dwyer Magnehelic® gauges which are used to man-
ually set the flow rate and pressure drop across the nozzle at the monitored surface. At the
specified flow rate and pressure drop, the unit draws air at 20 ctm and has a 50% (D) cutoff
point of 5 microns. The cyclone effectively collects 99% of the dust lifted by the vacuum.®
The dust collection efficiency has been reported to be approximately 93 to 97% from a
smoothly painted surface, and averages 32% * on carpeted surfaces, dependent upon
surface loading.? Du Pont Hysuri® bags, which are 98% efficient at 1 micron, are used on
the exhaust of the unit. The Hysurk® bags are useful in determining whether bio-
contaminants between 1 and 5 microns are exhausted from the cyclone during sampling.

HVS3 OPERATION
Cleaning and Leak Checking

Each part of the HVS3 which may come in contact with dust samples is thoroughly
cleaned with a nylon brush, rinsed with hot water, and disinfected with 70% ethano! for 30
seconds. The pieces are dried with clean gauze and reassembled. A sterile, polypropylene
bottle is attached to the cyclone. A leak-check is performed with a separate, Dwyer
Magnehelic® gauge between a hose connector on the nozzle and one downstream near the
flow control valve. The nozzle is closed with duct tape during the leak check. The unit must
test less than 0.02 inches of water air flow to pass the leak check.
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Sampling

The area to be sampled is delineated with tape measures, and masking tape is used to
mark the end lines of the area. The end lines are recommended to be at least one meter
apart, and typically are extended by 0.5 meter increments up to 2 meters, depending upon
the available space and the amount of sample required. The end line tapes are then evenly
marked in 75 mm increments (3 inches) to create "lanes". The HVS3 is then placed on an
end lane and the wheels are wiped with 70% ethanol. The unit is started, the flow rate and
pressure drop is set, and a timer is started as the sample collection begins. The nozzle is
passed over each lane between the end lines eight times (back and forth four times) at
approximately 2 ft per second. Once the last lane is sampled in this manner, each lane is
then passed over again as the sampler returns to the original end lane. At this point, the
sampler and timer is stopped. The polypropylene bottle is removed, capped, labeled, and
stored in a cooler. A data sheet is used to record the sample number, location, area, time
sampled, and flow and pressure drop settings.

SAMPLE PREPARATION AND ANALYSIS
Sample Mass and Carpet Loading

The surface dust samples are collected in sterile, polypropylene botties and returned to
RTI laboratories in coolers for processing. The bottles are emptied and the mass of dust is
recorded. The dust is loaded into a sterile, depyrogenated 250 um stainless steel sieve and
mechanically shaken for 30 minutes. The dust mass fractions greater than 250 um and less
than 250 um are calculated. Data from the sampling procedure are used to calculate the
surface dust loading in grams per square meter.

Fungi and Bacteria

The sieved bottom dust (< 250 um) is diluted ten and one hundred-fold, and the dilutions
are plated on Sabouraud Dextrose Agar (SDA) plates for fungi (molds and yeasts), and
Trypticase Soy Agar (TSA) for mesophilic and thermophilic bacteria. The SDA plates are
incubated at 25°C for fungi, and the TSA plates are incubated at 32°C for mesophilic, and
55°C for thermophilic bacteria. After incubation, the colonies on the plates are counted and
identified, and colony forming units per gram of dust are calculated.

Endotoxin and Dust Mite Guanine

Endotoxin is a lipopolysaccharide (Ips) component of gram negative bacteria cell walls. It
is a respiratory irritant and can cause toxic effects. For endotoxin, the bottom dust is serially
diluted and aliquots are reacted with an endotoxin specific lysate. The absorbance at 405
nm is read with a microtiter reader and is compared with the absorbance of a standard curve
with known concentrations. The sample concentration is then calculated.

The presence of dust mites in dust samples are measured as a function of the presence
of dust mite guanine. The sieved dust (250 mg) is placed through a series of extractions and
reacted with guanase and xanthine oxidase. Other reagents are added and the absorbance
of the final solution is read at 490 nm against controls with known concentrations.
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PRELIMINARY RESULTS
Environments

The surfaces of two buildings designated as “A" and "B" were sampled with the HVS3.
The floors in building A are routinely maintained and appear to be clean. Carpeted and tiled
floors were monitored in building A. The capeted floor surface of Building B did not appear
to be routinely maintained and was noticeably "soiled.® A carpeted floor was monitored in
building B.

Surface Dust Loading

Figure 1 shows the preliminar¥ results of sampling with the HVS3. Initial carpet dust
loading in building A was 1.3 g/m® and the tile dust loading was 0.1 g¢/m® The carpet dust
level in building B was higher at 6.2 g/m.

Fungi and Bacteria

Figure 2 shows preliminary results of fungi in dusts collected with the HVS3. Fungi
concentrations in building A were 5.0 x 10° CFU/g in tile floor dust and 1.2 x 10° CFU/g in
carpet dust. The fungal concentration in building B carpet dust was higher at 3.2 x 10°
CFU/g carpet dust in comparison.

Preliminary mesophilic bacteria concentrations in building A were found to be
7.0 x 10* CFU/g in tile floor dust and 8.8 x 10° CFU/g in carpet dust, while thermophilic
concentrations were found to be 5.0 x 10° CFU/g in tile floor dust and 7.0 x 10° CFU/g in
carpet dust. The microbiological composition of the surface dusts from the buildings is
similar to that of "ordinary® outdoor dirt. Microbial concentrations have initially been found to
be higher in carpet floor dust than in tile dust.

Endotoxin and Mite Guanine

Dusts in building A had insignificant levels of endotoxin. Figure 3 shows endotoxin
concentrations found in surface dusts. Endotoxin levels found in dusts from building A
ranged from 0.2 to 6 pg/g of floor dust. Endotoxin levels were lower in the tile floor dust than
the carpet floor dust. Carpet from building B with a higher dust loading was found to have
elevated levels of endotoxin at 103 ug/g. This level is considered to be elevated above
expected levels found in carpet dust. Inhalation of a dose of 20 ug of endotoxin has been
shown to induce a bronchial obstructive response in asthmatic subjects °.

Preliminary results showed that dust mite guanine was not detected in any of the dust
samples.
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CONCLUSIONS

Initial results indicate that the HVS3 can be used to effectively collect dust from carpeted
and non-carpeted surfaces for a variety of microbiological analyses. The unit can be used to
assess the dust loading and levels of microbiological contamination on floor surfaces.

Further surface monitoring with the unit, along with concurrent bioaerosol monitoring, may
yield information on the relationship between the microbial ecology of indoor surfaces and the
microbiological contamination of indoor air.
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ABSTRACT

Analytical methods were validated to determine polycyclic aromatic hydrocarbons (PAH)
and other semivolatile organic compounds in house dust. We also examined the storage stability of
three potential markers (solanesol, nicotine, and cotinine) for particulate-phase environmental
tobacco smoke (ETS) in house dust. The results showed that less than 10 percent of the spiked
solanesol was recovered from the dust after storage for 7 days in a typical indoor environment
(room temperature and indoor lighting). Under the same storage conditions, after 21 days of
storage, more than 90 percent of the cotinine and approximately 40 percent of the nicotine were
recovered. These findings suggest that cotinine is a better marker for ETS particles in house dust
than nicotine, whereas solanesol is not a suitable marker.

A small field study was conducted to evaluate the role of smokers in the house on the levels
of PAH, cotinine, and nicotine present in house dust. Samples were collected from eight houses,
using the High Volume Small Surface Sampler (HVS3) to collect carpet-embedded dust from
designated areas in the carpet in either the living room or family room of each house. After
collection, the dust samples were separated into fine (< 150 xm) and coarse fractions. Most of the
dust loading (69-85 percent) was found to be distributed in the fine fraction. The fine dust samples
were analyzed for PAH, nicotine, and cotinine.

INTRODUCTION

Recent studies have shown that significant levels of household pesticides occur in house
dust.! Residues of the pesticides deposited on surfaces and contained in house dust or soil may be
picked up by the skin on contact. Once on the skin, the pesticides may be absorbed directly or
transferred to the mouth and ingested. Because small children spend a great deal of time on the
floor, they are particularly susceptible to exposure to these compounds as a result of dermal contact
with house dust and the frequent hand-to-mouth contact that accompanies their normal play
activities.

Polynuclear aromatic hydrocarbons (PAH) and their derivatives represent another important
group of semivolatile organic compounds (SVOC) that have been found in indoor air®>4, Although
PAH have been identified in street dust samples,” little, if any, information is available about their
occurrence and distribution in house dust. Many of these compounds are known to be carcinogenic
or mutagenic to man, and a wide array of adverse health effects has been linked to exposure to
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PAH.*S The presence of environmental tobacco smoke (ETS) has been shown to be an important
indoor source of PAH and PAH derivatives.??

Note that the particulate portion of ETS may accumulate onto the house dust and contribute
to PAH levels in house dust. It is desirable to identify a suitable marker for particulate phase ETS
in house dust. There are three potential markers for particulate phase ETS, nicotine, cotinine, and
solanesol. Nicotine is a dominant component of ETS, and has been used as a marker for ETS, but
it is primarily in the vapor phase.” Cotinine can be formed through oxidation of nicotine. Solanesol
has been suggested to be a suitable marker for particulate-phase ETS, but this compound has also
been reported to decompose under UV light, and under the temperatures of an automatic gas
chromatography (GC) injector.®¥ Studies are needed to investigate the analytical method for the
determination of these potential ETS markers (nicotine, cotinine, and solanesol) in house dust
samples, and to determine the storage stability of these compounds for selecting a suitable marker
compound for ETS particles in house dust. In order to make an initial assessment of the relative
importance of house dust to overall indoor exposure to PAH, a reliable analytical method is also
needed to determine PAH and PAH derivatives in house dust.

In this paper we discuss the storage stability for the potential markers (solanesol, nicotine,
and cotinine) for particulate-phase ETS in house dust, and the concentration profiles of PAH,
nicotine, and cotinine in house dust samples from a small field study.

EXPERIMENTAL PROCEDURE

Storage Stability Study

In the storage stability study, eight aliquots (200 mg each) of a smoker’s fine house dust
particles (<150 um) were used. Each of the four aliquots of house dust were spiked with a known
amount of solanesol and each of the other four aliquots were spiked with a known amount of
nicotine and cotinine. The spiked samples were stored at room temperature, under an indoor
lighting environment for 0 day, 7 days, 14 days, and 21 days. The samples were then analyzed for
solanesol, nicotine, and cotinine after the designated storage time. The analytical method used for
the determination of solanesol consists of extracting the dust sample with dichloromethane (DCM),
derivatizing the DCM extract with N,O-Bis(trimethylsilyl)trifluoroacetamide, and analyzing the
sample extract by on-column injection, gas chromatography/flame ionization detection (GC/FID) !0
Analysis of nicotine and cotinine in house dust samples consists of extracting the dust sample with
acidic water (pH = 1.2), and analyzing the extracts by a Trace Atmospheric Gas Analyzer (TAGA)
interfaced with a Battelle-developed non-aerosol vaporization device.!® The analytical methods used
to determine solanesol, nicotine, and cotinine in house dust were validated by determining recoveries
of these target compounds in the spiked house dust samples.

A Small Pilot Field Study

The study was performed at eight homes in Columbus, Ohio. Homes were selected on the
basis of either the presence or absence of ETS in the home. Four homes with smokers and four
homes with nonsmokers were included. The High Volume Small Surface Sampler (HVS3) was used
to collect house dust samples.!! The HVS3 unit was operated following the manufacturer’s
instructions,'? and a draft ASTM standard method.!? The sampling procedure was based on that
followed in the House Dust/Infant Pesticides Exposure Study (HIPES). The collected dust samples
were then sieved into coarse and fine (<150 um) fractions. The fine fractions were used for
subsequent analyses for PAH, cotinine, and nicotine. The analytical method for nicotine and
cotinine described in the storage stability study cannot provide adequate detection sensitivity for
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cotinine in the dust samples. Thus, an alternative method was used, consisting of extracting dust
samples with DCM followed by methanol (MEOH), cleaning up the combined DCM and MEOH
extracts by liquid-liquid partitioning, and analyzing the base fraction by GC/MS. Another aliquot of
each dust sample was extracted with DCM, fractionated by a silica gel column, and analyzed by
GC/MS to determine PAH. !0

RESULTS

The recovery data of solanesol spiked onto the smoker’s and nonsmoker’s house dust
samples were 96 and 92 percent, respectively. This finding indicated that two sequential extractions
with DCM for 20 min with an ultrasonic bath can quantitatively remove spiked solanesol from the
house dust sample matrix. The recovery data of nicotine and cotinine from the spiked nonsmoker’s
house, using extraction with acidic water and analyzing by TAGA, were 100 and 65 percent,
respectively. The alternative method consisting of extracting, liquid-liquid partitioning, and GC/MS
analysis also provided quantitative recoveries of nicotine (100 percent) and cotinine (89 percent)
from the spiked house dust sample. Quantitative recoveries of PAH were also obtained from the
spiked house dust sample, and the recoveries ranged from 70 percent of cyclopenta[c,d]pyrene to
100 percent of phenanthrene.

In the storage stability study, we found that solanesol spiked onto dust samples was unstable
and the recovery of the spiked solanesol was only 6.2 percent after 7 days of storage in a typical
indoor environment (room temperature and indoor lighting). Thus, solanesol is not a suitable
marker for the indication of aged particulate-phase ETS in house dust samples. Under the same
storage conditions, the spiked nicotine decreased to about 30 percent of its original value after 21
days of storage, but the spiked cotinine was found to be stable after 21 days of storage. The above
results suggested that cotinine is a suitable marker for ETS particles in house dust.

In the small pilot field study, most of the dust loading (69-85 percent) was found to be
distributed in the fine fraction (< 150 um). Table 1 summarizes the measured nicotine and cotinine
results for the fine dust samples. Higher concentrations of both nicotine and cotinine were found in
fine dust samples from smokers’ homes as compared to those from nonsmokers’ homes. The
highest levels of nicotine and cotinine were found in the smoker’s home #HO05DS and the lowest
levels of nicotine and cotinine were found in the nonsmoker’s home #H07DN. These findings were
in agreement with the storage stability study results described before suggesting that cotinine is a
good marker for ETS particles in house dust. Table 2 summarizes the PAH concentration data from
the small pilot field study. The PAH concentrations ranged from 0.01 ppm (naphthalene) to 90 ppm
(fluoranthene). Note that levels of most carcinogenic 5- and 6-ring PAH in dust are higher than
those of most noncarcinogenic 2- and 3-ring PAH in dust. The known carcinogen benzo[a]pyrene
(BaP) ranged in concentration from 1.8 - 53.8 ppm. The highest PAH concentrations were found in
house dust samples from a nonsmoker’s home (#H08DN). That house is within a quarter mile of a
freeway and road construction was performed during the sampling period. These factors may have
contributed to PAH levels. The levels of most PAH in home number HO7DN also exceeded those
in the smoker’s homes. Therefore, the presence of ETS is not the only important factor to
contribute to the PAH levels in house dust.

CONCLUSIONS
The following conclusions can be drawn from this study:

1. Solanesol is not a suitable marker for aged ETS particles in house dust.



2. Higher levels of nicotine and cotinine were found in the smokers’ homes as compared

to nonsmokers” homes. However, cotinine appears to be a better marker than
nicotine for aged ETS particles in house dust because cotinine is more stable than
nicotine in the house dust matrix.

3. The presence of ETS is not the only significant factor to contribute to the PAH levels

in house dust samples. Higher PAH levels were found in two nonsmokers’ homes
compared with house dust from all four smokers’ homes.

DISCLAIMER

The information in this document has been funded wholly or in part by the United States

Environmental Protection Agency under Contract 68-DO-0007 to Battelle Memorial Institute. It has
been subject to the Agency’s peer and administrative review, and it has been approved for
publication as an EPA document. Mention of trade names or commercial products does not
constitute endorsement or recommendation for use.
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Table 1. Nicotine and cotinine concentrations in fine house dust samples

Concentration, ppm

House Code® Nicotine Cotinine

HO1DS 90 0.90
HO2DN 5.5 0.31
HO3DN 4.7 0.30
HO04DS 44 5.1
HO5DS 430 7.1
HO6DS 140 1.5
HO7DN 2.2 0.17
HOSDN 3.6 0.20

@

In HOIDS, HOL refers to the first house sampled, D refers to the dust sample, and S refers
to a smoker’s house. In HO2DN, HO2 refers to the second house sampled, D refers to the
dust sample, and N refers to a nonsmoker’s house.
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Table 2. PAH concentrations in house dust samples

Compound HO1DS HO2DN HO3DN Ho4DS HO5DS Ho6eDS HO7DN HO8DN

ualg* ualg Lalg ualg ug/g JILeT/e) JILeT]e) Lolg
Naphthalene 0.01 0.16 0.09 0.24 < 0.01 0.23 0.06 0.35
Acenaphthylene 0.20 0.12 0.04 0.04 0.02 0.36 0.10 0.52
Acenaphthene 0.28 0.09 0.07 0.05 0.05 0.15 0.24 1.06
Fluorene 0.48 0.15 0.11 0.08 0.09 0.55 0.46° 2.07
Phenanthrene 6.81 212 213 0.98 1.10 6.32 7.52 41.0
Anthracene 0.73 0.25 0.16 0.11 0.12 0.69 1.058 3.91
Retene 0.07 0.15 0.18 0.10 0.06 < 0.01 0.23 0.36
Fluoranthene 12.4 3.73 3.21 1.77 2.24 10.7 14.7 90.2
Pyrene 9.39 2.87 249 1.31 1.48 8.00 11.4 68.2
Benz(a)anthracene 3.31 1.29 1.04 0.48 0.70 4.08 5.07 244
Chrysene 5.71 2,18 1.61 1.00 1.14 6.15 717 34.4
Cyclopenta(c,d)pyrene 0.21 0.17 0.04 0.06 0.05 0.19 0.28 0.36
Benzofluoranthenes 10.06 3.70 3.52 1.64 2.56 5.64 15.4 103
Benzo(e)pyrene 3.60 1.65 1.60 0.70 0.25 2.40 6.58 40.7
Benzo(a)pyrene 12.7 211 1.80 11.0 3.94 1.97 7.71 53.8
Indeno(1,2,3—c¢,d)pyrene 5.52 2.7 1.79 1.27 0.91 4.09 6.86 40.8
Dibenzo(a,h)anthracene 1.81 0.96 0.67 0.37 0.21 1.83 2.10 7.49
Benzo(g,h,i)perylene 4.57 2.36 1.54 1.03 0.72 3.20 5.33 34.9
Coronene 2.15 1.43 0.70 0.50 0.21 2.05 1.89 7.22

* ug/g = ppm
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ABSTRACT . .
People spend most of their time within enclosed air spaces; in indoor
environments most air pollutants are present in higher concentrations than in
outdoor environments. Consequently, indoor air quality should be of greater
concern with respect to respiratory exposure to harmful toxic substances.

Therefore, a method has been developed to sample indoor airborne
carcinogenic polynuclear aromatic hydrocarbons (PAHs) in such a way to extract
them by environmentally safe SFE with less sample handling.

INTRODUCTION

SFE offers cleaner extracts, less sample handling, and equivalent or better
recoveries to conventional technologies. It is cost effective, time efficient and
low in solvent waste generation.

But, supercritical CO, as such does not have the ability to quantitatively
extract PAHs from most of the environmental matrices. Modifying the fluid might
enhance the extraction efficiencies but the performance of the method is highly
matrix-dependent'?®. Therefore, additional developmental work needs to be done.

This work describes method optimization for the extraction of PAHs from an
environmental matrix, XAD-2 (styrene-divinylbenzene polymer) and also sampling
indoor airborne PAHs on teflon impinged glass fibre filter and XAD-2 in such a
way to extract them employing SFE.

Experimental
Sample preparation, extraction, and GC/MS analysis:

Spiking was done by injecting 0.500 mL toluene solution of PAHs standard
into XAD-2. The samples were housed in a glass cylindrical cartridge (13 mm o.d;
11l mm i.d; 51 mm length. An indentation at the lower end of the cylinder provided
a rim to support a 200/200 mesh stainless steel screen that held the sorbent bed.
Atop the sorbent bed, a layer of glass wool and another similar screen were
placed to hold it in place. After spiking, the solvent was allowed to evaporate
on its own.

Extractions were done in a SFX 2-10 extractor with a 260D syringe pump
{Isco, Inc., Lincoln, NE) employing SFC grade CO, (Airco Special Gases, Riverton,
NJ) . The sampling cartridge was inserted into a stainless steel cylindrical
extraction module (without significant empty space) with an endcap and a filter
element at the bottom. Prior to extraction a modifier (all HPLC grade solvents)
was injected into the spiked XAD-2. Immediately, the upper endcap with a filter
was placed onto the extraction module, hand tightened and the extraction sequence
initiated. Initially the extraction was done with no flow of fluid (static
extraction), which allowed the sample matrix to be steeped in the fluid and the
added modifier. Dynamic extraction (i.e., with continuous flow of the fluid) was
then conducted to collect the analytes. Flow rates were controlled (measured as
liquid fluid at the pump) using 50 um i.d. fused silica tubing as an outlet
restrictor. The reported flow rate was computed by dividing the total volume of
fluid used, by the duration of dynamic extraction. The extracts were collected
by inserting the outlet end of the restrictor into a culture tube (13 mm i.d.;.
178 mm long) containing 6 mL methylene chloride. To avoid the cooling of the
solvent caused by the expansion of the fluid, the collection system was kept in
a bath of methanol. Because of high gas-flow (especially at higher fluid flow
rates), there was considerable evaporation of methylene chloride. To compensate
the loss, additional methylene chloride (nearly 12 mL) was added in batches into
the collection tube to keep its volume always around 6 ml. The extracts were then
concentrated to 0.5 mL under a stream of pure nitrogen at 45-50°C.

GC/MS analyses were performed, after adding d,,-perylene as an internal
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standard, with a Hewlett-Packard model 5890 GC equipped with a J&W DB-5 (60 m,
0.25 um £ilm thickness, 250 um i.d.)column, a HP 5970 mass selective detector and
a HP 7673A auto sampler. Selected ion monitoring mode quantitations were based
on the integration of extracted ion chromatogram of the molecular ion of each
PAH.

Results and Discussion
Optimizing SFE conditions:
Effect of modifier:

of all the modifiers tested (methanol, i-propanol, 2-
methoxyethanol,acetone, chloroform, methylene chloride, toluene, chlorobenzene,
acetonitrile, N,N-dimethylformamide), chlorobenzene showed the highest extraction
efficiency of lower- as well as higher-molecular-weight PAHs. The energy barrier
of desorption between the analyte and the adsorbent can be reduced by selective
interaction of the aromatic ring in the modifier with the matrix-solute complex
since XAD-2 also contains aromatic rings in its structure, as visualized by
Pawliszyn et al*, which explains our result. But, the reason for chlorobenzene
being better than even toluene might be due to very close polarity match between
chlorobenzene and the PAHs. The polarity of the mobile phase mixture must be
optimized to match that of the analyte(s) to attain maximum extractability®.
Methylene chloride, the best solvent for PAHs, was not as good as chlorobenzene,
which demonstrates that the extractability is governed by solute/matrix/fluid
interactions, rather than by solute/fluid interactions.

The results shown in Table 1 indicate that the extractability is governed
by concentration of the modifier too. A uniform increase in extraction efficiency
was evident on progressively increasing the volume of chlorobenzene from 0.5 to
1.2 mL.

Effect of temperature and pressure:

The analyte has to diffuse out of the pores of the matrix into the carbon
dioxide stream before being transported by the bulk fluid out of the extraction
module into the collection vessel!, which could be achieved easily at high
temperatures by decreasing the forces between the analyte and the matrix. In
fact, use of high temperatures has rewarded (Table 1) possibly because the vapour
pressures of analytes increase with temperature. Increasing the temperature from
50° to 200°C, with pure CO, extractions resulted in two-to six-fold increase in
extraction efficiencies of PAHs from air particulate matter®. But, in our
experiments increasing it beyond 100°C ended in either no effect at all, or
decreased recoveries (Table 1). Probably decreasing the fluid density too much
(at constant pressure) which happens on increasing the temperature, might reduce
the fluid’s solubilizing capacity.

Higher pressures like 450 atm were necessary for the complete recovery of
the PAHs, especially the four and five ring PAHs from matrices like soil’ This
is because raising the extraction pressure leads to higher fluid density which
increases the solubility of the analytes. That is why, most of our extractions
were done at 450 atm (Table 1-4).

Effect of extraction time and fluid flow rate fluid volume:

The recovery is affected most by extraction time and extraction pressure.
The highest recoveries of PAHs from standard reference s80il and marine sediment
were achieved' at flow rates in excess of about 2 mL.min™' (as compressed £luid)
and at 90°C. Therefore, simply by exposing the sample to more fluid by increasing
the extraction flow rate, quantitative recoveries of PAHs from environmental
matrices might be possible. However, increasing the flow rate to such a high
level may make the analyte collection more difficult. Moreover, quantitative
collection of relatively volatile analytes is convenient only with flow rates of
up to at least 1 mL.min!. Obviously, the alternative to maximize recovery is to
lengthen the extraction time. The extraction of PAHs from a railroad bed soil
showed virtually no dependence on the flow rate®, provided it is within 0.3-0.9
mL.min'. To achieve highly efficient extractions, 3 to 5 void volumes of fluid
must be flushed through the charged extraction vessel®.

As shown in Table 1-4, 65 min-long extraction flushing 4 to 5 void volumes
of fluid through the charged extraction vessel helped us to accomplish efficient
extractions. However, to validate our method two sequential extractions of the
same sample was performed; the first fraction being collected during the first
65 min of dynamic extraction, following which the second fraction was collected
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for further 25 min under the same extraction conditions as those employed for the
first fraction; on anlyzing the fractions separately, nothing was detected from
each one of the second fractions of six replicate experiments (Table 3),

Because of unknown resons, lengthening the static extraction time from 25
to 45 min and increasing the pressure from 450 to 475 atm caused reduction in
recovery in most of the thirty PAHs spiked (Table 3, column # 1 versus # 3
values) .

Effect of spiked amount and moisture content of the material:

The precision in the experimental technique includes the precision of the
entire system involving the SFE, the off-line collection, and the GC/MS analysis.
The precision became poor on reducing the spiked amount (Table 2).

As contemplated by Lopez-Avila et al!, a certain amount of water (10%) in
the sample was observed to be beneficial (Table 4, data in column # 1 versus
either # 2 or 3) especially in terms of extractability of higher-molecular-weight
PAHs. The extractability of higher-molecular-weight PAHS was far better when 10%
water was initially present in the matrix before the addition of the modifier
(data in column # 2 versus # 3). Saturation of the solid matrix phase with the
entrainers or modifiers like methanol and water, is crucial to obtain high
recoveries of diuron from soil®; is the water modifying the solvent or modifying
the matrix?

Sampling:

Sampling performed for continuous 24 h periods in a clean room indicated an
absence of breakthrough of spiked compounds, but losses of some spiked compounds,
attributed to reaction were detected (Table 4; data in column #4).

CONCLUSION
A method has been developed to sample, extract, and analyze indoor airborne PAHs.
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Table 1

Extraction Conditions’

4500atm 450°atm 4500atm 45003tm 450§¢m
100¢C 100°¢C 100¢C 115¢C 115¢C
PhCl: PhCl: PhCl: PhCl: PhCl:
0.500 mL 1.000 mL 1.200 mL 1.000 mL 1.200 oL

% Recovery

#£1 # 2 # 3 # 4 #5
dg-Acenaphthene 69 74/7 93 73/0 73/4
d,,~Anthracene 71 70/6 94 70/1 70/5
d-Pyrene 64 70/6 94 73/2 69/8
d,;-Chrysene 60 72/5 94 73/2 74/10
d,-Benzo(a)pyrene 54 68/5 83 68/6 71/9

- Supercritical fluid : CO;; modifier : PhCl; matrix : XaD-2 (1.5 g); volume of
extraction cell (vertically kept) : 10 mL; volume of fluid employed : 52-67 mL;
fluid flow rate : 0.59-0.78 mL.minJ; static : 15 min; dynamic : 86 min; amount
spiked : 0.8005-0.8350 ug.

The values under the vertical column # 1 & 3 are from single determination while
those under # 2 & 4 are from three determinations and those under # 5 are from
two determinations. o

Routine extractions at 115C are impractical due to separation of extraction-
cartridge’s filter from its joint.

Table 2

Extraction Conditions

450°atm 4SODatm 4500atm

100¢C 100C 100¢C

Static: Static: Static:
Amount 15 min 15 min 25 min
spiked Dynamic: Dynamic: Dynamic:
(ug) 86 min 65 min 65 min

% Recovery@

dy-Acenaphthene 0.8310 92.7, 94.3/1.5
d,;-Anthracene 0.8010 93.6, 89.2/2.3
d;-Pyrene 0.8010 93.6, 89.2/3.7
d;;-Chrysene 0.8005 93.7, 82.3/4.7
d;,-Benzo[a)pyrene 0.8350 82.6 71.7/6.2
Acenaphthene 0.2818 93.5/2.8
Anthracene 0.3082 83.9/5.1
Pyrene 0.4862 79.2/5.1
Chrysene 0.5025 76.0/5.0
Benzo[a]pyrene 0.6677 58.4/6.0

'Superctitical fluid : CO;; modifier : PhCl (1.200 mL); matrix : XAD-2 (1.5 g);
volume of extraction cell (vertically kept) :110 mL; volume of fluid employed :
37-66 mL; fluid flow rate : 0.57-0.99 mL.min .

@ The numbers under the dividing bar represent standard deviations which are for
six replicate extractions at each condition.

These values are from only one extraction.
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Table 3

Extraction Conditions

45003tm 45003tm 47503tm
100°¢C 100°C 100¢c
Static: Static: Static:
Amount 25 min 30 min 45 min
spiked Dynamic: Dynamic: Dynamic:
(ug) 65 min 65 min 65 min
% Recovery®
1 f2 #3
2-Methylnaphthalene 0.3305 104.9/5.1 97.3/4.7 85.3/5.6
1-Methylnaphthalene 0.3607 94.7/3.4 90.1/5.6 78.2/4.0
2-Chloronaphthalene 0.3237 97.8/4.1 94.8/2.8 127.9/6.4
Biphenyl 0.3105 100.9/4.3 98.2/2.1 114.0/7.5
Rcenaphthalene 0.2597 90.5/1.9 84.1/4.7 94.7/3.4
Acenaphthene 0.2818 93.5/2.8 86.4/3.6 95.8/7.1
Fluorene 0.3325 94.7/3.5 89.7/3.7 92.6/5.5
Phenanthrene 0.3010 93.6/2.8 82,0/3.4 81.1/5.1
Anthracene 0.3082 83.9/5.1 81.7/3.8 74.6/5.2
o-Terphenyl 0.3252 96.3/1.4 87.1/2.1 93.5/5.2
1-Methylphenanthrene 0.4150 92.4/3.8 77.9/2.4 83.4/8.5
Fluoranthene 0.4165 86.0/3.7 75.2/4.0 71.0/5.6
Pyrene 0.4862 79.2/5.1 62.7/2.8 66.2/6.1
9,10-Dimethylanthracene 0.3987 34.3/46.5 76.9/10.0 62.2/24.9
m-Terphenyl 0.3082 93.0/5.8 82.8/3.2 83.7/7.0
p-Terphenyl 0.4050 93.0/4.7 93.4/9.3 74.6/3.5
Benzo[a]fluorene 0.6450 91.2/8.5 82.8/11.2 76.3/9.7
Benzo[b)fluorene 0.4060 77.2/9.9 70.2/4.5 72.4/6.1
Benz([a)anthracene 0.6435 71.7/7.9 57.8/3.5 55.3/5.7
Chrysene 0.5025 76.0/5.0 51.1/2.8 60.5/5.4
Benzo[b])fluoranthene 0.4030 78.6/19.6 51.7/6.4 43.2/6.3
Benzo[k]fluoranthene 0.4675 62.0/2.9 47.1/2.9 59.9/10.3
Benzo([e]pyrene 0.3752 56.4/7.6 42.2/5.0 34.1/1.7
Benzo[a]pyrene 0.6677 58.4/6.0 38.7/8.2 45.2/4.4
Perylene 0.3077 53.1/3.3 49.3/8.1 18.2/21.8
3-Methylcholanthrene 0.3850 55.9/11.3 0.0/0.0 46.2/5.6
Indenofl1,2,3-cd)pyrene 0.3457 28.0/18.6 33.8/12.9 38.8/6.0
Dibenz([ac/ah]anthracene 0.4185 41.4/14.1 33.1/13.9 44.4/7.4
Benzo[ghi)perylene 0.4722 44.8/5.3 32.1/12.4 45.3/11.2

" Supercritical fluid : CO,; modifier : PhCl (1.200 mL); matrix : XAD-2 (1.5 g)}
volume of extraction cell (vertically kept) : 10 mL; volume of fluid employed :
37-59 mL; fluid flow rate : 0.57~0.90 mL.min".

® The numbers under the dividing bar represent standard deviations which are for
five to Bix replicate extractions at each condition.

Column # 2 values represent the first fraction, collected during the first 65 min
of dynamic extraction, following which a second fraction was collected for
further 25 min in each one of the six replicate extractions under the same
extraction conditions as those employed for the corresponding first fractions;
on analyzing nothing was detected from each one of the second fractions.
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Table 4

Extraction Conditions

475 atm 475 atm 475 atm 450 atm

100°% 100°c 100°c 100°c

Static:s Static: Static: Static:

45 min 45 min 45 min 25-45 min

Dynamic: Dynamic: Dynamic: Dynamic:

65 min 65 min 65 m%n 65 min

% Recovery

#1 # 2 # 3 # 4
2-Methylnaphthalene 85.3/5.6 85.6 87.6/2.8 >100/0
1-Methylnaphthalene 78.2/4.0 86.8 85.3/3.2 >100/0
2-Chloronaphthalene 127.9/6.4 80.3 80.4/3.1 >100/0
Biphenyl 114.0/7.5 88.6 87.1/2.5 >100/0
Acenaphthalene 94.7/3.4 89.7 88.1/1.2 50.1/5.1
Acenaphthene 95.8/7.1 86.6 86.7/3.0 92.5/9.6
Fluorene 92.6/5.5 82.4 80.2/2.3 76.2/6.7
Phenanthrene 81.1/5.1 85.4 86.1/3.7 78.6/3.0
Anthracene 74.6/5.2 81.8 84.3/3.2 0.0/0.0
o-Terphenyl 93.5/5.2 89.2 87.0/3.2 66.6/8.9
1-Methylphenanthrene 83.4/8.5 93.0 91.3/2.7 28.9/1.6
Fluoranthene 71.0/5.6 88.4 84.1/4.8 8.0/10.7
Pyrene 66.2/6.1 80.0 71.2/4.5 6.2/8.2
9,10-Dimethylanthracene 62.2/24.9 125.1 123.1/6.7 0.0/0.0
m-Terphenyl 83.7/7.0 91.2 89.6/3.2 0.0/0.0
p-Terphenyl 74.6/3.5 93.1 90.4/2.4 0.0/0.0
Benzo[a]fluorene 76.3/9.7 87.6 85.0/2.5 3.6/4.8
Benzo[b)fluorene 72.4/6.1 88.9 87.0/3.2 0.0/0.0
Benz(a]anthracene 55.3/5.7 83.8 70.6/7.7 24.9/4.2
Chrysene 60.5/5.4 79.6 65.3/7.5 48.4/3.5
Benzo(b])fluoranthene 43.2/6.3 76.2 57.8/10.0 77.2/15.2
Benzo(k]fluoranthene 59.9/10.3 74.7 58.0/9.7 68.5/2.8
Benzo(e)pyrene 34.1/1.7 70.6 50.9/10.2 69.3/3.5
Benzo[a]pyrene 45.2/4.4 73.2 53.7/10.2 18.0/12.0
Perylene 18.2/21.8 67.9 47.7/12.1 21.7/14.4
3-Methylcholanthrene 46.2/5.6 81.6 64.7/10.3 0.0/0.0
Indeno[l, 2,3~cd]pyrene 38.8/6.0 70.9 49.1/10.3 56.9/14.8
Dibenz[ac/ah])anthracene 44.4/7.4 70.0 49.4/10.0 42.2/16.5
Bnezo(ghijperylene 45.3/11.2 62.7 42.1/9.6 69.2/6.1

- Supercritical fluid : CO,; modifier : PhCl (1.200 mL); matrix : XAD-2 (1.5 g);
volume of extraction cell (vertically kept) : 10 mL; volume of fluid employed :
40-60 mL; fluid flow rate : 0.60-0.90 mL. m;n'; amount spiked : 0.2597-0.6677 ug.

® The numbers under the dividing bar represent standard deviations; the values
under the vertical columns # 1 & 3 are from five replicate extractions at each
condition while those under columns # 2 & 4 are from one and two determination(s)
respectively; column # 1 values are from the set-up where no water was present
with the matrix while column # 2 & 3 values are from the set-up where the matrix
was made wet with 0.150 mL water, before extraction. However, column # 2 & 3
values differ in the respect that in # 2 case, water was injected in before the
addition of chlorobenzene, while in # 3 case, the reverse addition was made; in
these cases, the extract was dried with anhydrous sodium sulfate before analysis.

After spiking onto an teflon impinged glass fibre filter (47 mm diameter), at
room temperature, clean air was pulled through it and two cartridges (one over
the another, each carrying 1.5 g XAD-2) tightly securing the whole set-up in a
milled aluminum housing, for 24 h; on extracting and analyzing each of the three
components (one filter & two cartridges) individually (for the fllter extraction,
2.5 mL extraction cell, 14.9-17.4 mL fluid and 0.23-0.27 mL. min' flow rate was
employed), nothing was detected from the bottom cartridge; column # 4 values
represent total % recovery from the filter and the top cartridge.

99
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ABSTRACT

To demonstrate the capability of a mobile gas chromatography/mass spectrometry unit to meet the
criteria of volatile organic compound compliance testing, an experiment was conducted in two phases.
Phase 1, conducted on March 4, 1993, involved tuning and calibrating the mobile unit according to
OSW 846 Method 8240 specifications. For Phase 2, conducted on March 17, 1993, the mobile unit was
moved to a different location. The instruments were retuned, continning calibrations were performed,
and laboratory and VOST audits were analyzed according to OSW 846 Method 5040A specifications.
Overall, the system tuning, calibrations, and audit results, both laboratory and VOST, were detenmined
to be successful. Since all requirements for compliance purposes were met during the demonstration, the
mobile gas chromatography/mass spectrometry unit is capable of providing quality data in the field.



INTRODUCTION

The need for quick turnaround multi-component emissions sampling and analysis precipitated the
design and construction of a mobile gas chromatography/mass spectrometry (GC/MS) unit. The goal of
this paper is to report the demonstrated success of performing on-site analysis of volatile organic
compounds (VOCs) using a mobile GC/MS. The criteria met during this demonstration are compliance
acceptable but can be used for field screening and engineering studies as well. Analyses were performed
in accordance with the guidelines of OSW-846 Methods 8240 and 5040A.

Method 8240, based upon a purge-and-trap GC/MS procedure, is used to determine and quantify
volatile organic compounds in solid waste matrices including ground water, sludges, liquors, solvents,
oily wastes, tars, fibrous wastes, polymeric emulsions, filter cakes, spent carbons, spent catalysts, soils,
and sediments.

Method 5040A is used to determine and quantify gas stream volatile principal organic hazardous
constituents (POHCs) collected on Tenax and Tenax/charcoal sorbent cartridges using a volatile organic
sampling train (VOST). Because the majority of gas streams sampled using VOST contain a high
concentration of water, the analytical method is based on the quantitative thermal desorption of volatile
POHCs from the Tenax and Tenax/charcoal traps and analysis by purge-and-trap GC/MS.

Method 8240, which is referenced in Method 5040A, specifies the operating parameters and
acceptance criteria for the GC/MS hardware. Method 5040A specifies the acceptance criteria for the
GC/MS analytical procedures used in this demonstration.

MOBILE GC/MS EQUIPMENT TECHNICAL INFORMATION

There were several important design needs that had to be met to ensure the integrity of the mobile
unit. Some of these design needs included measures to reduce the risk of damage to the instrumentation
during transport to the site and ensure the environment inside the mobile laboratory remains as
contaminant-free as possible. Thus, these design needs led to the construction of a prototype air
suspension table to isolate instrumentation from shock and vibration and state-of-the-art temperature
controls operating during transport and while performing on-site analysis. Additionally, the mobile
laboratory includes measures to avoid contamination such as high efficiency particle and hydrocarbon air
filters and a forced air curtain to provide a barrier from air movement in or out of the mobile unit.
Further, to ensure the mobile unit can operate independently, the mobile unit is equipped with two on-
board 10 kVA diesel generators and an un-interruptable power supply (UPS) to provide battery backup.
The system was designed such that the generators can be placed downwind from the mobile laboratory,
ensuring no cross-contamination from the generators.

The mobile laboratory is equipped with an on-board VOST oven and Tekmar Model 2000 Purge
and Trap and Hewlett Packard 5890-71A GC/MS able to quantitate compounds down to the 0.1 ug level.

THE DEMONSTRATION
The main objective of the demonstration was to perform analytical tuning and calibrations of the

instrument, move it to another location, and then retune and check calibrations and recalibrate, if
necessary. The secondary objective was to perform a full array of analytical procedures to demonstrate
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acceptability compared to the guidance criteria in 8240 and/or 5040A. The demonstration was
performed in two phases: Phase 1 was performed on March 4, 1993 and Phase 2 was performed on
March 17, 1993. During each phase, the recommended GC/MS operating conditions listed in Table 1
were met.

The GC/MS was tuned and calibrated prior to analysis in accordance with 8240. Table 2

presents a summary of the analytical acceptance criteria for VOCs as specified in 8240. Each of the
systematic criteria checks were performed with the mobile unit.

Table 1. Recommended GC/MS Operating Conditions - OSW 846 Method 8240

Electron Energy 70 volts
Mass range 35-260 amu
Scan time 1 sec/scan
Initial column temperature 45 °C

Initial column holding time 3 min
Column temperature program 8 °C/min

Final column temperature 220 °C

Final column holding time 15 min

Source temperature According to manufacturer’s specs
Transfer line temperature 250 °C

Carrier gas Helium at 30 cm/sec

Phase 1 - March 4, 1993

On March 4, 1993 the instrument was installed in the truck and allowed time to equilibrate.
Then an initial tuning and an initial calibration were performed.”

The BFB Initial Tuning

The initial tuning involved introducing 50 ng of 4-bromofluorobenzene (BFB) standard asa
reference compound to demonstrate that the GC/MS system was properly mass calibrated and tuned prior
to performing the initial calibration. Specific mass spectral criteria must be met prior to performing
initial or continuing calibrations. As shown in Table 3, the BFB key ions and abundance criteria were
met. The time of starting the data acquisition for this analysis defines the beginning of the 12-hour clock
for a valid set of analyses.

The Initial Calibration

The initial calibration was performed once the BFB tuning was demonstrated. The initial cali-
bration involves the determination of a five-point calibration curve to demonstrate VOST purge and trap,
GC, and MS (the system’s) performance. An initial calibration was performed for the 8240 list of
VOCs. The calibration solutions were spiked onto a Tenax/Tenax-Charcoal tube pair and then thermally
desorbed through the purge and trap GC/MS system.
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Table 2. Summary of Analytical Acceptance Criteria

OSW-846 Method 8240/5040A

then mid-level check
every 12 hours

Quality Parameter Method of Determination Frequency Criteria
Initial tuning Hardware tuning using BFB Prior to analyses; See Table 3.
then every 12 hours
Initial calibration Five-point calibration curve Prior to analyses; < 30% RSD of average RF

System performance

Determine RFs for system

Prior to use of

RF for each SPCC should be at

check performance check calibration curve; least 0.30 except 0.25 for
compounds® then every 12 hours bromoform
Calibration check Determine RFs for After the SPC <25% deviation between initial
calibration RF and current RF
check compounds®
Consistency Internal standard retention Evaluate immediately Retention time deviation of < 30
time and area from after or during data sec; EICP area deviation of less
calibration check acquisition than a factor of 2
Accuracy Spike each fraction with Each fraction 50 - 150% recovery
surrogates
Blanks Method blank One per set of samples Less than lowest dard
Field blank One per test run series Less than lowest standard

*Chloromethane, 1,1-dichloroethane, bromoform, 1,1,2,2-tetrachloroethane, chlorobenzene

*1,1-dichloroethene, chloroform, 1,2-dichloropropane, toluene, ethyl benzene, vinyl chloride.

Table 3. Initial Tuning Criteria
BFB Key Ions and Abundance Criteria
OSW 846 Method 8240

Mass Ion Abundance Criteria March 4, 1993 March 17, 1993
50 15 - 40% of mass 95 19.7 19.0
5 30 - 60% of mass 95 46.9 4.9
95 base peak, 100% relative abundance 100 100
96 5 -9% of mass 95 8.3 8.2
173 < 2% of mass 174 0.0 0.0
174 > 50% of mass 95 81.7 91.6
175 5 - 9% of mass 174 55 8.2
176 > 95% but < 101% of mass 174 99.1 97.8
177 5 - 9% of mass 176 6.0 5.2
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Included in the 8240 list were system performance check compounds (SPCC) (chloromethane,
1,1-dichloroethane, bromoform, 1,1,2,2-tetrachlorethane, and chlorobenzene), calibration check
compounds (CCC) (1,1-dichloroethene, chloroform, 1,2-dichloropropane, toluene, ethylbenzene, and
viny! chloride), internal standards (bromochloromethane, 1,4-difluorobenzene, and chlorobenzene-ds),
ancll theds:)nogate standards (toluene-d;, 4-bromofluorobenzene, 1,2-dichloroethane-d,, benzene-d;, and o-
xylene-d,y).

In accordance to Method 8240, the response factors (RF) for each compound relative to one of
the internal standards were calculated at five concentration levels: 0.10 pg, 0.25 pg, 0.50 xg, 0.75 ug,
1.0 ug. An average RF was calculated for each compound. An SPC was made before the calibration
curves were used for analysis. The minimum acceptable average RF for volatile SPCCs is 0.30 for
chloromethane, 1,1-dichloroethane, 1,1,2,2-tetrachloroethane, and chlorobenzene; for bromoform, the
minimum acceptable average RF is 0.25.

As shown in Table 4, bromoform did not meet the 8240 minimum average response factor for the
five calibration points. Bromoform is one of the compounds most likely to be purged very aJgoorly if the
purge flow is too slow. Cold spots and/or active sites in the transfer lines may adversely affect
response.

The RFs from the initial calibration are used to calculate the percent relative standard deviation
(%RSD) for calibration check compounds (CCCs). The %RSD for each individual CCC should be less
than 30 percent. A CC is evaluated after the SPC is met. The CCCs are 1,1-dichloroethene,
chloroform, 1,2-dichloropropane, toluene, ethylbenzene, and vinyl chloride and are used to check the
validity of the initial calibration. As shown in Table 5, the % RSD for the initial calibration (ICAL) met
the calibration criteria of less than 30 percent for all compounds.

Phase 2 - March 17, 1993

On March 17, 1993, the mobile GC/MS laboratory was moved to another location where the BFB
initial tuning and continuing calibration (CONCAL) were performed. In addition, laboratory audits and
VOST audit samples were analyzed.

The BFB Initial Tunin

Another BFB tuning was performed in accordance with Method 8240. Again, as shown in Table
3, the BFB key ions and abundance criteria were all within the acceptance criteria. .

The Continuing Calibration

. The initial calibration curve for each compound of interest must be checked and verified once
every 12 hours of analysis time. This is known as a continuing calibration and is performed by .
analyzing a calibration standard that is at a concentration near the midpoint concentration for the working
range of the GC/MS, which in this case was 0.25 ug. The SPC acceptance criteria for the response
factors are the same as for the ICAL: 0.30 minimum and 0.25 minimum for bromoform. Again, the
bromoform was not within the acceptable range for Method 8240 (see Table 4).
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Table 4. System Performance Check Compounds (SPCC)
OSW Method 8240

March 4, 1993 March 17, 1993

Compound Minimum Acceptable ICAL Concal
Average RF RFF RRF

chloromethane 0.30 0.318 0.337
1,1-dichloroethane 0.30 2.24 2.25

bromoform 0.25 0.189* 0.183*
1,1,2,2- 0.30 0.520 0.516

tetrachloroethane
chlorobenzene 0.30 0.891 0.921
*Not accepted for Method 8240 (not required for Method 5040A)
RF - response factor
Table 5. Calibration Check Compounds (CCC)
OSW-846 Method 8240
Compound % RSD ICAL CONCAL

Acceptance Criteria % RSD %D
1,1 dichloroethane < 30 6.95 0.3
chloroform < 30 12.4 0.4
1,2-dichloropropane < 30 3.91 12.6
toluene < 30 6.31 4.5
ethyl benzene < 30 2.27 9.9
vinyl chloride < 30 15.21 8.2

105




After the SPC criteria are met, CC acceptance criteria are checked. The CC criteria are
represented in terms of percent difference from the initial calibration to the continuing calibration. If the
percent difference is less than 30%, then the continuing calibration is valid. In each case, the minimum
acceptance criteria of the CC were met (see Table 5).

Consistency

One of the analytical quality parameters to be determined is the consistency of the data. This is
determined by the retention times and internal standard responses evaluated immediately after data
acquisition of the samples. For purposes of discussion, the method and trip blanks, laboratory audits,
and VOST sample audits are considered "samples." The compounds evaluated for this determination
are the internal standards bromochloromethane, 1,4-difluorobenzene, and chlorobenzene-d;.

The criteria for the retention time are based on changes between the retention time measured in
the sample and the retention time from the continuing calibration. If the retention time for any internal
standard changes by more than 30 seconds, the chromatographic system must be inspected for
malfunctions and corrections made. As shown in Table 6, each sample (Method Blank, Trip Blank, Lab
Audit 1, Lab Audit 2, VOST sample Audit 1, and VOST sample Audit 2) are within the 30 second
retention time criteria.

The criteria for the internal standard responses is based on changes between the area measured in
the sample and the area measured for the continuous calibration. If the area for any of the internal
standards changes by a factor of two (i.e., -50% to +100%), the mass spectrometer must be inspected
for malfunctions and corrections made. As shown in Table 6, each sample was within the percent
difference criteria.

Accuracy

Another analytical quality parameter is the accuracy of the data. Accuracy is determined by the
percent recovery of the surrogate compounds. These compounds included 1,2-dichloroethane-d,,
benzene-dg, toluene-d,, o-xylene-d,,, and bromofluorobenzene. A known amount, 0.25 kg, of each
surrogate was spiked into the samples. As shown in Table 7, the percent recovery criteria of 50 to
150% was met for each compound and sample with the exception of the VOST Audit 2 sample for BFB.

AUDIT RESULTS

. Two sets of audits samples were analyzed: (1) laboratory audits 1 and 2 and (2) the VOST sample
audits, Audit 1 and Audit 2.

Laboratory Audits 1 and 2 each consisted of 10.8 liters of a National Institute of Standards and
Technology (NIST) cylinder gas pulled directly onto one VOST Tenax tube. The purpose of these audits
was to identify analytical error. The NIST cylinder gas was certified to one percent purity. The
concentrations in the NIST cylinder gas ranged from 9.63 to 10.2 ppbvd per compound.

The VOST sample audits performed in the shop area purposely were not shielded from cross-
contamination. The audits consisted of 10.618 liters for Audit 1 and 10.336 for Audit 2 of a NIST
cylinder gas. The NIST cylinder gas was certified to one percent purity. The concentrations in the NIST
gas cylinder ranged from 4.7 to 5.3 ppbvd per compound.
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Table 6. Consistency Results

Coneal ©

. ‘LabAudit1 | LabAuditz |- VOST Auditt VOST Audit2 | Accoptance
Time Limit | Standard - , S o : X ‘ Criteria
time %D | - time %D fime %D time %D
bromochlo- | 13.31 1331 | 004 | 1331 | 003 | 1332 | 007 | 1336 | 029 | 1336 | 040 | 1334 | 026 | +/-0.5min
1.4 16.63 1664 | 012 | 1665 | 015 | 1667 | 028 | 1668 | 037 | 1668 | 032 | 1668 | 034 | +/-0.5min
25.07 2506 | 002 | 2508 | 003 | 2511 | 016 | 2511 | 019 | 2511 | 016 | 2512 | 0.9 | +/-0.5min
B RN EI— EORRE g N
Concal area %D %D area %D area %D area %D area %D
sy | ™ D :
bromochlo- | 23,893 | 24,956 | 4.45 | 23,527 | 1.53 | 25986 | 8.76 | 21,340 | 10.69 | 21346 | 10.66 | 25072 | 4.93 -50 to
- +100%
1,4- 101,925 | 115,245 | -13.07 | 117,234 | -15.02 | 118,716 | -16.47 | 117,470 | -15.25 | 112,621 | -10.49 | 112,587 | -10.46 50 to
difluoro- +100%
benzene
chloroben- | 99,903 | 103,601 { 3.70 | 88,743 | 11.17 { 109,424 | 9.53 | 105,248 | -5.35 | 103,818 | 3.92 | 100,859 | -0.96 50 to
2ene-d, +100%
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Table 7. Accuracy Results

% RECOVERY
Compound Spiked Amount Method Trip Lab Lab Sample Sample Acceptance
»g) Blank Blank Audit 1 Audit 2 VOST VOST Criteria
Audit 1 Audit 2 Limits (%)
1,2 dichloroethane-d, 0.25 98.00 108.49 105.50 114.95 113.90 104.93 50-150
benzene-d 0.25 92.86 88.54 91.32 88.76 90.06 90.58 50-150
toluene-d, 0.25 105.84 116.85 101.87 100.76 103.68 103.35 50-150
o-xylene-d,, 0.25 58.79 82.92 91.40 96.78 97.12 96.33 50-150
bromofluorobenzene 0.25 59.74 - 60.20 84.15 89.50 87.00 15.32 * 50-150
Table 8. Audit Results
Compound Lab Audit 1 | Lab Audit2 VOST VOST Accep Audit Pass
Sample Sample Criteria
Audit 1 Audit 2 Laboratory VosT

1 2 1 2

Vinyl chloride 23.8 34.9 75.2 56.2 50-150% N* N* Y Y
Trichlorofluoromethane 74.8 81.9 177 129 50-150% Y Y N* Y
Methylene chloride 83.3 99.9 229 213 50-150% Y Y N* N*
Chloroform 86.8 105 103 91.5 50-150% Y Y Y Y
1,2-Dichloroethane 108 132 128 122 50-150% Y Y Y Y
1,1, 1-Trichloroethane 84.0 85.7 130 421 50-150% Y Y Y N*

Benzene 88.5 38.5 92.8 89.4 50-150% Y Y Y Y

Carbon tetrachloride 80.4 11.4 88.4 84.7 _50-150% Y Y Y Y

1,2 Dichloropropane 80.8 76.6 64.2 74.2 50-150% Y Y Y Y
Trichloroethene 84.8 84.8 79.3 81.5 50-150% Y Y Y Y
Toluene 94.7 110 126 16,700 50-150% Y Y Y N*
Tetrachloroethane 96.0 91.5 95.6 166 50-150% Y Y Y N*
Chlorobenzene 81.3 87.9 68.4 78.6 50-150% Y Y Y Y
Ethylbenzene 89.8 89.8 77.2 84.0 50-150% Y Y Y Y

O_Lme 79.9 82.2 72.6 78.9 50-150% Y Y _ Y Y

*Did not meet wini P




The laboratory and VOST audits were performed independently, each using different cylinders,
different sampling systems, and different technicians collecting the samples. Only the GC/MS
instrument and operator were the same.

As shown in Table 8, the laboratory audits 1 and 2 failed for vinyl chloride; both VOST sample
audits passed. Since the laboratory audit involved the use of one Tenax tube with no charcoal tube, th
loss of vinyl chloride was probably due to poor retention of vinyl chloride on Tenax. All other
compounds were within 50 to 150 percent recovery.

The VOST sample audits realized mixed results. Trichlorofluoromethane failed on Audit 1 and
passed on Audit 2. Additionally, both laboratory audits passed, suggesting there was a sampling or
sample recovery error. However, the VOST tubes used for the VOST audits had been taken to a facil
which made trichlorofluoromethane, or freon-11; therefore, the tubes which were extras were probably
contaminated in the field. Methylene chloride failed both VOST sample audits and passed both
laboratory audits, again suggesting there was a sampling or sample recovery error. Methylene chlorid
is commonly used in the shop, possibly causing cross-contamination to the sampling train. The analyte
1,1,1-trichloroethane, tetrachloroethane, and toluene failed VOST sample Audit 2; the laboratory audit
and VOST sample Audit 1 passed, suggesting a sampling or sample recovery error. Toluene, a comm
shop solvent, failed on the VOST sample Audit 2 at 16,700 percent recovery which was obviously cro
contamination.

DISCUSSION AND CONCLUSION

The demonstration to show the capability of the mobile GC/MS unit to meet compliance criteria
for VOC analysis had two objectives. The first objective, completed in two phases, was to tune and
calibrate the instrument according to Method 8240 specifications, move the mobile unit to another loca
tion, retune, and recalibrate if necessary. The second objective was to demonstrate the acceptability of
the analytical procedures for meeting VOC compliance requirements and was performed during Phase 2.

Phase 1 involved the BFB initial tuning and initial calibration which included a system
performance check and a calibration check. The initial tuning and initial calibration criteria were met by
all compounds except bromoform. Bromoform, which is not required by Method 5040A, did not meet
the requirements of the SPC.

After the mobile unit was moved to another location, Phase 2 was initiated. This part of the
demonstration involved retuning the instrament, checking the calibration, and analyzing the audit
samples. The SPC and CC acceptance criteria for the continuing calibration is the same as for the init
calibration. Again, bromoform did not meet the Method 8240 specification for the SPC; however, the
CC criteria were met. The first objective of the demonstration was considered a success.

During the analytical part of Phase 2, the consistency and accuracy of the data were determined
by Method 8240 specifications. All of the data passed the consistency criteria for retention times and
area counts. The accuracy criteria measured as percent recovery was met by all of the surrogates exce
bromofluorobenzene during VOST Audit 2. During the laboratory audit, all compounds except vinyl
chloride, which is not usually a target analyte, passed. During the VOST audit, trichlorofluoro-
methane, methylene chloride, 1,1,1-trichloroethane, toluene, and tetrachloroethane failed at least one o
the audits. Sampling and recovery contamination contributed to the failure of most of these compound
Overall, the second objective was considered a success.
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ABSTRACT

Laboratory and field validation experiments were devised for SW-846 Method 0010 at a
non-recovery coke oven. A representative model was selected and sampling was conducted
over a 72-hour period. Using Method 301 criteria, bias and precision calculations were
determined for the target analytes: toluene, xylenes, (o-, m-, p-), phenol, cresol, naphthalene,
and benzo-a-pyrene. Laboratory experimentation validated all analytes except toluene and
naphthalene; field experiments validated SW-846 Method 0010 for all analytes. Since toluene
and naphthalene are used as laboratory solvents, the laboratory validation results for these
analytes were considered skewed due to contamination. SW-846 Method 0010 was judged
validated by Method 301 specifications for representative sampling at non-recovery coke ovens.

INTRODUCTION

Non-recovery coke ovens utilize a coking technology which expends combustibles
extracted from the coal as fuel for oxidation - producing heat, carbon dioxide, and water vapor.
The finished product of the coking process is carbon, a raw material widely used in the steel
industry. Because of this unique re-entrainment technique, non-recovery coke ovens use no
other air emission control devices other than the precise monitoring and control of the coking
process.

Because little data exist to characterize the emissions from this type of process, the U.S.
Environmental Protection Agency (EPA), Office of Air Quality Planning and Standards
(OAQPS), Emission Measurement Branch (EMB), in support of National Emission Standards
for Hazardous Air Pollutants (NESHAPS) selected a representative model for the industry in
order to develop a comprehensive source category document for the coke oven industry; in an
effort to assess the potential environmental impact as directed by the Clean Air Act (CAA) of
1990, this database would serve as a standard from which to determine applicable emission
limits.

Entropy Environmentalists, Inc. (Entropy) conducted a testing program to determine
emissions from a non-recovery coke oven. The purposes of the three-day testing program were
to provide a laboratory and field validation study of SW-846 Method 0010 [Modified Method
Five (MMS5)] and to perform an emissions characterization evaluation on the non-recovery
coking process. Data collected should certify the use of Method 0010 sampling trains to
characterize target semi-volatile organic compound emissions from non-recovery coke ovens.
This paper addresses the results of the Method Validation Study.
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METHOD 301

Method 301, "Field Validation of Pollutant Measurement Methods From Various Waste
Media," details procedures to be used when a test method is proposed to meet an EPA
requirement in the absence of a validated method. The method includes procedures for
determining and documenting the quality - defined as the systematic error (bias) and random
error (precision) - of the measured concentrations of the source emissions.

In order to determine the bias and precision of a proposed sampling method, known
concentrations of analytes or their surrogates are introduced to collection media and
collocated, simultaneous samples are collected. By analyzing the recovery of the known,
"spiked”" compounds, any systematic positive or negative difference between measured and true
values can be determined; these biases are commonly caused by interfering compounds in the
effluent gas, calibration errors, and inefficient analyte collection. Calculated bias correction
factors must fall within the 0.70 to 1.30 range specified by the protocol. By comparing the
results of paired sampling trains, variability in data obtained from the entire measurement
system (sampling and analysis) can be quantified. The precision of the proposed method must
have a relative standard deviation < 50% in order to be accepted as valid.

Validation Procedure

Because the semi-volatile organic analytes to be analyzed are quantified using gas
chromatography/mass spectrometry (GC/MS), Method 301 specifies that isotopic spiking be
used as the framework for this validation study. Sampling train media are spiked with
surrogate compounds prior to field testing. Twelve samples are then collected for analysis
using either paired or quadruplet collocated sampling trains. Paired, collocated sampling trains
are defined as two probes arranged so that the probe tip is 2.5 cm from the outside edge of the
second probe with a pitot tube on the outside of each. Sampling procedures outlined in detail
in SW-846 Method 0010 are strictly followed, with the exception of the paired sampling train
design and inclusion of surrogate compounds. Labeled isotope and/or deuterated mixtures are
introduced at each phase of analysis to pinpoint sources of laboratory loss and thereby
accurately determine the bias and precision of the proposed method.

Validation Calculations

Data obtained from the minimum of 12 runs (six pairs for collocated sampling trains)
are utilized in the following calculations in order to derive the bias and relative standard
deviation quantities and assess the significance of these values.

The sample mean uses the results from the analyses of the isotopically spiked field
samples and is calculated using:

Y X )

i=1
Sp o
where:
Ss = sample mean
x; = ith measurement
n = sample size.

The bias is calculated using the sample mean and the value of the isotopically labeled
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spike as follows:

B §,-Cs (2)
where:
B = bias
S. = sample mean
CS = amount spiked.

Next, the sample standard deviation is calculated using the following equation:

(3)

SD
where:
SD = sample standard deviation
X, = ith measurement
Sa. = sample mean
n = sample size.

The standard deviation of the mean is calculated by:

SD
SD] = ==
/A 4)
where:
SDM = standard deviation of the mean
SD = sample standard deviation
n = sample size.

The bias of the sample is tested for significance by calculating:

1B |
oi (5)

and comparing this result to the critical t-value for a two-sided test at the .05 level of
significance, with n-1 degrees of freedom. If the calculated t-value is larger than t s, the bias
is considered significant and a correction factor must be calculated using the following:
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CF —_—
L+ B S, ®

0.70 = CF =< 1.30 for validation

where:
CF = correction factor
B = bias
CS = amount spiked
S, = sample mean

Finally, the precision, as measured by the percent relative standard deviation, is
calculated by:

$RSD = -?S—D x 100 -

%RSD < 50% for validation

= percent relative standard deviation
SD = sample standard deviation
= sample mean.

Sampling and Analytical Procedures

Method 0010 sampling was conducted over a 72-hour period on a non-recovery coke
oven. Thirty-six ovens exhaust into four stacks via a common tunnel; therefore, each stack
approximates the emission’s flow rate of nine ovens combined. The coking process operates on
a 48-hour staggered cycle that begins when the even numbered ovens are charged with
approximately 40 tons of coal; oven heat extracts combustibles inherent in the coal and oxidizes
them to produce more heat. Coal bakes in this manner for 48 hours, after which it is removed
as the finished product coke. Twenty-four hours after charging the even numbered ovens, the
odd numbered ovens are loaded with coal and begin the 48-hour cycle. The stack is a vertical
duct with an inner diameter of 96 inches and two ports located 5.2 duct diameters from the
nearest upstream disturbance and 0.82 diameters from the nearest downstream disturbance
(stack exit). In compliance with EPA Method 1 criteria, 24 points were selected for isokinetic
sampling; due to structural obstructions, only one port was employed and all 24 points were
sampled along this single axis.

Because normal operating conditions offered the potential for varying emissions results,
four testing conditions were arbitrarily defined. Condition I was isolated during the charging
cycle; testing began at the beginning of the charge and continued three and a half hours into
the charge for a total sampling time of two and a half hours. Condition II began where
Condition I ended and was allotted six hours; with just enough down time for train
turnarounds, actual sampling time was four hours. Conditions Il and IV followed the same
format as Condition II, including sampling and down time allotments.

Laboratory and field sample analyses were performed by Triangle Laboratories, Inc.
(TLI) using the isotope spiking analytical protocol designed for the target analytes benzo-a-
pyrene (BaP), cresol, naphthalene, phenol, toluene, and xylenes (o-, m-, p-).

Table 1 presents the relationship between each analyte and its respective surrogate and
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internal standards. The six target analytes were analyzed versus their respective labeled
internal standard; surrogate compounds were then quantitatively compared to the internal
standards. By comparing the analytes and surrogates to the C1 internal standards, losses due
to laboratory handling were corrected before calculations were performed. By comparing C1
compounds to their respective C3 internal standard, the validity of the analytical recovery was
determined. Bias and relative standard deviation were then calculated from these
measurements.

Table 1. Relationship of analytes, surrogates, and internal standards.

SURROGATE EXTRACTION ANALYSIS
ANALYTE SOLN C2 INT STANDARD | INT STANDARD
. SOLN C1 SOLN C3
Toluene Ethylbenzene-d, Toluene d, Dichlorobenzene-d,
Xylene Ethylbenzene-d,, o-Xylene-d,, Dichlorobenzene-d,
Phenol 2-Chlorophenol-d, Phenol-ds Phenanthrene-d,,
Cresol 2-Chlorophenol-d, 0-Cresol-d; Phenanthrene-d,,
Naphthalene | Acenaphthene-d,, Naphthalene-d, Chrysene-d,,
Benz-a-pyrene | Benz-e-pyrene-d,, | Benz-a-pyrene-d,, Perylene-d,,
Terphenyl-d,,

Laboratory Validation. The laboratory validation experiment was designed so that samples to
be analyzed closely matched expected field sample concentrations for the analytes of interest.
Front-half, back-half, and aqueous impinger fractions were created using the same reagents and
rinses described in Entropy’s test design; for continuity, analysis fractions followed the matrix
employed by Entropy during field sampling and recovery, so that the "front-half" fraction
included the filter and the probe rinse (methanol/methylene chloride), the "back-half’ fraction
included the XAD resin and the condenser rinse, and the "aqueous impinger" fraction included
the reagent, moisture catch and rinse recovered from the sampling train impingers. The
separate fractions were spiked with 50 pg of each analyte (ANALYTE) and surrogate (SOLN
C2). XAD resin was also spiked with the pre-spike compound terphenyl-d,,, Laboratory
samples were prepared for extraction by fortifying each segment separately with 100 pg of
deuterium-labeled compounds identical to the analytes of interest, excluding the isotopic label
(SOLN C1); extractions were performed and evaporated to 5 mL. Prior to GC/MS analysis,
the three extracted constituents were separately fortified with a second set of deuterium-
labeled compounds (SOLN C3) as internal recovery standards and a 10 mL aliquot was
sampled for analysis.

Using a pre-determined mass for each compound to generate selected ion current
profiles for quantification, each compound was measured against its respective standard.
Analyte and surrogate recoveries were compared against C1 internal standards and C1
solutions were compared against C3 internal standards. These comparisons allowed TLI to
correct for analyte or surrogate losses due to laboratory handling. In the same manner, pre-
spiked terphenyl-d,, and laboratory spiked standards recovery were quantified relative to the
Tecovery internal standards.
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Field Validation. The field validation procedure involved pre-spiking the XAD resin for all
samples prior to field sampling. Isotopically labeled compounds were selected as surrogates for
the targeted analytes because these compounds were chemically analogous to the compounds
of interest. The relationship between the analytes and the surrogates is shown in Table 1.
XAD resin was pre-spiked with the surrogate solutions and terphenyl-d,, by directly introducing
50 ug of each compound in a methylene chloride solution via a syringe into the inlet end of the
XAD trap before sealing and packing the traps for shipping to the test site. Recovery of the
surrogate compounds was intended to demonstrate the ability of the entire methodology to
achieve the Method 301 criteria.

Field samples were prepared for extraction by fortifying each fraction (front-half, back-
half, and impingers) separately with 50 ug each of deuterium-labeled internal standards (SOLN
C1), compounds that are identical to the analytes of interest excluding the isotopic label. The
target analytes were measured versus these internal standards and any loss due to laboratory
handling was corrected during the analytical calculations.

Prior to GC/MS analysis, the separate fractions were fortified with the deuterium-
labeled recovery standards (SOLN C3) listed in Table 1. Internal standards recoveries were
measured relative to these recovery standards.

Method 301 specifies that paired trains be used; however, the validation calculations
given do not pair the data. Therefore, the bias and percent relative standard deviation
verifications required by Method 301 were determined two ways: (1) using valid paired train
data only and (2) using all valid data, excluding field blanks. Results were then compared to
see if different conclusions would be reached. There were 14 measurements or seven pairs of
data for all surrogates except 2-chlorophenol-d,, for which there were 12 measurements or six
pairs of data.

All sample concentrations were given in micrograms (ug) using Equation (8):

Area X x Amt Int Std x Dilution Factor

Amount, = 8
g Area Int Std x RF X ®

where:
X = Analyte
Int Std = Internal Standard
Amt Int St = Amount Internal Standard = 50 ug
RF X = Response Factor of Analyte X from
following Calibration Point |
RESULTS
Laboratery Validation

Method 301 does not address the question of whether to correct the data for blanks
before proceeding with the validation protocol. Therefore, for comparison, analyte and
surrogate results are reported both with and without blank correction. Method 301 specifies
that 12 samples be analyzed; however, because the validation would be determined under a
laboratory control, only three samples were spiked and analyzed. Since the three fractions
were spiked with the analytes, as well as the surrogates, direct validation of both analytes and
surrogates was possible. Therefore, the reported analyte results were not determined by the
corresponding surrogate results. The results of the laboratory validation are presented in
Tables 2, 3, and 4.
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Front-half Analyses. Without blank correction, all of the analytes and C2 surrogates passed
the validation requirements (see Table 2). The %RSD’s ranged from 1.88% to 6.43%. The
analytes toluene, and BaP, as well as the surrogates 2-chlorophenol-d, and benz-e-pyrene-d,,,
required calculation of correction factors of 0.81, 1.30, 1.17, and 1.15, respectively.

With blank correction of the data, the %RSD’s ranged from 1.88% to 7.25%, all
meeting the requirement of less than 50%. 2-chlorophenol-d,, benzo-e-pyrene-d,,, and benzo-
a-pyrene required correction factors which were 1.17, 1.15, and 1.46, respectively. Thus, BaP
failed Method 301, which specifies that correction factors fall within 0.7 to 1.30, inclusive.

Back-half Analyses. Naphthalene failed validation without a blank correction, having a %RSD
of 53.56% (see Table 3). The other %RSD’s ranged from 1.43% to 9.11%. Toluene also
failed validation with a correction factor of 0.61.

With blank correction, naphthalene still failed with a %RSD of 58.86%, which is higher
than when the data are uncorrected. However, toluene now meets both the precision and bias
requirements. This is not surprising since naphthalene is a common contaminant of the XAD
resin and toluene is omnipresent in a laboratory environment. The other target compounds
meet Method 301 criteria.

Impinger Analyses. Without blank correction, all analytes and C2 surrogates analyzed for the
impinger fraction pass the %RSD requirement, with values ranging from 0.73% to 25.36% (see
Table 4). Toluene and benzo-e-pyrene-d,, both failed validation because of their bias
correction factors of 0.27 and 1.31, respectively.

With blank correction, toluene still failed validation with an absolute %RSD of 109.21%.
The adjusted correction factor for benz-e-pyrene-d,, remained 1.31, just outside the range
specified in Method 301.

Field Validation

In order to apply EPA Method 301 procedures for validation, the amounts (ng) of
spiked surrogates that were recovered were calculated based on the corrected percent recovery
and the amount of labeled compounds spiked (50 pg). The validation protocol specifies that
paired trains be used for the isotope spiking procedure. However, the bias and precision
calculations do not involve the use of paired data. Therefore, the method validation
procedures were followed using paired and unpaired data in order to compare results. The
tesults of the field validation are presented in Tables 5 and 6.

Paired Train Results. The paired train calculations validated Method 0010 for the field
experiment (see Table 5). The %RSD’s for the surrogates ranged from 5.56% to 36.86%.
Therefore, the method met the precision requirement for each surrogate as specified by
Method 301. Two surrogates, ethylbenzene-d,, and 2-chlorophenol-d,, required bias correction
factors. These correction factors were 0.798 and 0.889, respectively; therefore, the bias
requirement was met by all surrogates as specified by the method. Since the spiked surrogates
were chosen because they are chemically similar to the analytes of interest and since all
surrogates passed validation, all of the analytes passed validation in the field.
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Table 2. Laboratory validation results - front-half fraction.

FRONT-HALF PRECISION BIAS
UNCORRECTED [“gpsp | PASS/FAIL | CORRECTION FACTOR | PASS/FAIL
ANALYTE
toluene 557 Pass 0.81 Pass
xylene 6.38 Pass NA Pass
phenol 557 Pass NA Pass
cresol 516 Pass NA Pass
naphthalene 570 Pass NA Pass
benzo-a-pyrene 6.43 Pass 130 Pass
SURROGATE
ethylbenzene-d,, 1.88 Pass NA Pass
2-chlorophenol-d, 2.55 Pass 117 Pass
acenaphthene-d,, 293 Pass NA Pass
benzo-e-pyrene-d,, 232 Pass 1.15 Pass
FRONT-HALF
CORRECTED
ANALYTE
toluene 6.68 Pass NA Pass
xylene 6.36 Pass NA Pass
phenol 5.60 Pass NA Pass
cresol 514 Pass NA Pass
naphthalene 5.70 Pass NA Pass
benzo-a-pyrene 7.25 Pass 1.46 Fail
SURROGATE
ethylbenzene-d,, 1.88 Pass NA Pass
2-chlorophenol-d, 2.56 Pass 1.17 Pass
acenaphthene-d,, 293 Pass NA Pass
benzo-e-pyrene-d,, 232 Pass 115 Pass
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Table 3. Laboratory validation results - back-half fraction.

BACK-HALF PRECISION BIAS
UNCORRECTED [“gpep | PASS/FAIL | CORRECTION FACTOR | PASS/FAIL
ANALYTE
toluene 9.11 Pass 0.61 Fail
xylene 2.63 Pass NA Pass
phenol 225 Pass NA Pass
cresol 6.63 Pass NA Pass
naphthalene 53.56 Fail NA Pass
benzo-a-pyrene 2.13 Pass 125 Pass
SURROGATE
ethylbenzene-d,, 4.19 Pass NA Pass
2-chlorophenol-d, 143 Pass 119 Pass
acenaphthene-d,, 3.08 Pass NA Pass
benzo-e-pyrene-d,, 2.73 Pass 112 Pass
BACK-HALF
CORRECTED
ANALYTE
toluene 16.30 Pass NA Pass
xylene 263 Pass NA Pass
phenol 227 Pass NA Pass
cresol 6.61 Pass NA Pass
naphthalene 58.86 Fail NA Pass
benzo-a-pyrene 2.16 Pass 1.25 Pass
SURROGATE
ethylbenzene-d,, 418 Pass NA Pass
2-chlorophenol-d, 145 Pass 119 Pass
acenaphthene-d,, 3.10 Pass NA Pass
benzo-e-pyrene-d,, 268 Pass 112 Pass
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Table 4.

Laboratory validation results - impinger fraction.

benzo-e-pyrene-d,,

IMPINGERS PRECISION BIAS
UNCORRECTED [~ gpop | PASS/FAIL | CORRECTION FACTOR | PASS/FAIL
ANALYTE
toluene 25.36 Pass 027 Fail
xylene 3.02 Pass NA Pass
phenol 175 Pass NA Pass
cresol 2.88 Pass NA Pass
naphthalene 9.59 Pass NA Pass
benzo-a-pyrene 1.62 Pass 1.26 Pass
SURROGATE
ethylbenzene-d,, 492 Pass NA Pass
2-chlorophenol-d, 0.73 Pass 0.77 Pass
accnaphthene-d,q 245 Pass NA Pass

Fail

IMPINGERS
CORRECTED
ANALYTE
toluene -109.21 Fail NA Pass
xylene 2.99 Pass NA Pass
phenol 1.74 Pass NA Pass
cresol 2.86 Pass NA Pass
naphthalene 9.59 Pass NA Pass
benzo-a-pyrene 1.60 Pass 1.26 Pass
SURROGATE
ethylbenzene-d,, 493 Pass NA Pass
2-chlorophenol-d, 0.71 Pass 0.77 Pass
acenaphthene-d,q 2.44 Pass NA Pass
benzo-e-pyrene-d,, 5.65 Pass 131 Fail
Table 5. Field Validation Results - Paired Data.
SURROGATE ANALYTE PRECISION BIAS
9eRSD PASS/FAIL | CORRECTION FACTOR | PASS/FAIL
ethylbenzene-d,o toluene, xylene 5.56 Pass 0.798 Pass
2-chlorophenol-d, phenol, cresol 6.00 Pass 0.889 Pass
acenaphthene-d,, naphthalene 2930 Pass NA Pass
benzo-e-pyrene-d,;, benzo-a-pyrene 36.86 Pass NA Pass
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Unpaired Train Results. The same validation procedures were followed using all the data that
were followed using paired train data; validation was again supported by the results (see Table
6). The same two surrogates, ethylbenzene-d,, and 2-chlorophenol-d,, were found to have
significant biases with corresponding correction factors of 0.82 and 0.91, respectively, which fall
within the specified range of 0.7 to 1.3. The %RSD’s for all surrogates ranged from 6.79% to
33.26%, all less than the 50% requirement. Therefore, all analytes passed the field validation
according to Method 301.

Table 6. Field Validation Results - Unpaired Data.
SURROGATE ANALYTE PRECISION BIAS

%RSD PASS/FAIL | CORRECTION FACTOR | PASS/FAIL
ethylbenzene-d,, toluene, xylene 6.79 Pass 0815 Pass
2-chlorophenol-d, phenol, cresol 769 Pass 0.906 Pass
acenaphthene-d,, naphthalene 29.19 Pass NA Pass

benzo-e-pyrene-d,, benzo-a-pyrene 33.26 Pass NA Pass
CONCLUSIONS
Laboratory Validation

Method 301 specifies that isotope spiking may be performed in field validation
procedures. However, it does not address the use of analyte vs. surrogate in the laboratory.
Since both analytes and surrogates were spiked during the laboratory validation, the
opportunity arose to directly compare analyte and surrogate results.

The method was judged successful without qualification for the analytes xylene, phenol,
and cresol, along with their corresponding surrogates ethylbenzene-d,, and 2-chlorophenol-d,.
However, differences were found between benzo-a-pyrene and its corresponding surrogate
benzo-e-pyrene-d,, in the separate fractions analyzed. Discrepancies between BaP and its
surrogate BeP-d,;, suggest that some interference may have been occurring during the GC/MS
analyses. Since the two correction factors were very close to one another (a difference of 0.05)
and the correction factor for BeP-d,, fell just outside the interval [0.70, 1.30], it appears that
BeP-d,, is an appropriate surrogate for BaP and that BeP-d,, may be considered to have passed
validation.

Toluene failed validation completely in the impingers, while naphthalene failed
validation completely in the back-half. Anticipated background contamination made
naphthalene and toluene analyses results unreliable and inconclusive. XAD resin inherently
contains naphthalene which is difficult to completely remove. Toluene is commonly used as an
extraction solvent in laboratories. Every effort was made to reduce all laboratory evaluation
samples and instrumentation exposure to toluene; however, this was judged by TLI to have
been only moderately successful. This contamination may explain why the surrogates
ethylbenzene-d,, and acenaphthene-d,, unconditionally passed validation in all three fractions,
while their corresponding analytes, toliene and naphthalene, did not completely pass validation
in the laboratory.
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Field Validation

The field validation was approached two ways: (1) using paired data, as per the protocol
and (2) using unpaired data. This approach was taken since the bias and precision calculations
do not involve the use of paired data. In both cases, validation was achieved for all surrogate
compounds, and therefore, for all analytes. The precision of only two compounds was lower
using the paired data; the precision of the other three compounds was higher. The biases of
the compounds were essentially the same between the paired and single data.

The field validation procedures only involved analyzing the XAD for the surrogates
since the XAD was the only fraction that was prespiked with the surrogate compounds.
However, in the laboratory, all three fractions were spiked with the C2 compounds and the
analytes. The variability in the recovery of these compounds from the front-half and the
impingers, as well as the XAD, demonstrates the need for separate extractions and analyses of
the various fractions. Additionally, the recoveries of labeled compounds spiked prior to
extraction were variable. This variability, especially between dual trains, suggests that further
research on this subject is necessary and that dynamic spiking may be needed.
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HYDROCARBONS IN THE RANGE OF C10-C20 EMITTED FROM MOTOR VEHICLES;
DIESEL VERSUS SPARK IGNITION

B. Zielinska, J. Sagebiel, L.H. Sheetz, G. Harshfield, A.-W. Gertler, and W R. Pierson
Energy and Environmental Engineering Center, Desert Research Institute, Reno, NV

ABSTRACT

To understand better the sources of observed differences between on-road vehicle emissions and model
estimates, a series of experiments was conducted in the Fort McHenry Tunnel, Baltimore, Maryland (June 18-24,
1992). It is a four-bore tunnel, two lanes per bore, carrying the eight lanes of Interstate 95 east-west under the
Baltimore Harbor. Since heavy-duty trucks are directed into the right-hand bore, sampling in both right- and left-
hand bores permitted an assessment of the relative importance of light-duty (mostly gasoline) versus heavy-duty
(mostly diesel) vehicle emissions.

Samples were collected using stainless steel canisters (whole air samples, analyzed for C2-C12
hydrocarbons) and Tenax-TA solid adsorbent cartridges (for semi-volatile hydrocarbons, in the range C8-C20). The
samples were analyzed using high resolution gas chromatographic separation and Fourier transform infrared/mass
spectrowmetric detection (GC/IRD/MSD) or flame ionization detection (GC/FID). Comparison of hydrocarbon
concentrations found in the Tenax and canister samples collected in the right- and left-hand bores of the Tunnel
enables an assessment of the contribution of semi-volatile hydrocarbons (C10-C20 range derived from Tenax data)
to the total non-methane hydrocarbons (C2-C20, derived from canisters and Tenax data).

INTRODUCTION

Motor vehicles are a leading (and possibly the major) source of VOC and NO,, the precursors of ozone
formation in urban areas throughout the United States. Yet, current motor vehicle VOC emissions estimates are
low, by a factor of two to four (Ingalls, 1989"; Ingalls et al., 1989% Fujita et al., 1992%). The reason for the
discrepancy is under debate, but generally it is a difference between real-world vehicles, including the way they are
maintained and driven, and estimates based on dynamometer measurements of volunteer fleets. To provide reliable
real-world emission data for mobile sources, comprehensive monitoring was carried out in a highway tunnel (Fort
McHenry Tunnel, Baltimore, Maryland). The overall objective of the Tunnel Experiment was to procure accurate
data on motor vehicle emissions of carbon monoxide (CO), oxides of nitrogen (NO,), and volatile organic
compounds (VOC) throughout the U.S. One of the specific objectives was to assess the relative importance of
light-duty spark ignition vehicle emissions versus the heavy-duty diesel (HDD) emissions. It has been shown, for
ambient air samples collected in a heavily traveled mountain tunnel with a high percentage of HDD traffic, that n-
alkanes up to C26 could be detected in the gas-phase samples (Hampton et al., 1982 1983%). Thus, it was
important to assess the contribution of hydrocarbons ranging from C10 to C20 (or higher), so-called semi-volatile
hydrocarbons (SVHC), to total non-methane hydrocarbons (TNMHC) emitted from diesel vehicles. It has been
reported (Zielinska and Fung, 1992%; 1993") that this contribution is rather low for highway tunnel traffic dominated
by light-duty spark ignition vehicles. The traffic from HDD vehicles in the Fort McHenry Tunnel, selected for the
present study, was relatively high. In addition, since heavy-duty trucks were directed into the right-hand bore,
sampling in both right- and left-hand bores permitted an assessment of the relative importance of emissions from
light-duty (mostly gasoline) versus heavy-duty (mostly diesel) vehicles.

EXPERIMENTAL METHODS
Sampling

The Fort McHenry Tunnel, located in Baltimore, Maryland, is the world’s largest underwater tunnel
designed for motor vehicle traffic. It is a four-bore tunnel, two lanes per bore, carrying the eight lanes of Interstate
95 cast-west under the Baltimore Harbor, Its length is 2,195 m from portal to portal westbound, and 2,174 m
eastbound. The downgrade in the tunnel reaches -3.76% and the upgrade reaches +3.76%, for both eastbound and
westbound traffic. The Bores #1 and #2 are westbound (towards Washington, DC) and #3 and #4 are eastbound
(toward the northeast). The sampling was performed in Bores #3 (light-duty vehicles only) and #4 (light- and
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heavy-duty vehicles). The sampling sites were located in the west (entrance) and east (exit) portals in the overhead
exhaust ducts of both bores, and in midtunnel beneath the roadway, in order to separate the downhill from uphill
sections of the tunnel. In addition, ventilation air, supplied from entrance and exit buildings was also sampled. The
five measurement stations per bore resulted in 10 canister and 10 Tenax samples per run. Sampling consisted of
11 one-hour runs during the period June 18-24, 1992, Each run was triggered by traffic count and composition (see
Figure 1). Whole air samples, analyzed for C2-C12 hydrocarbons, were collected using the stainless steel canister
sampling method. Semi-volatile hydrocarbons, in the range of C8-C20, were collected using Tenax-TA solid
adsorbent. The canister and Tenax samplers were located side by side in the ventilation ducts of the tunnel, with
Teflon sampling lines extending from the samplers through the ventilation louvers into the tunnel area. The Tenax
sampling unit drew two parallel streams of air (at ~0.5 L/min and ~0.7 L/min per stream). Prior to use, the Tenax-
TA solid adsorbent was cleaned by Soxhlet extraction and thermally conditioned for four hours by heating at 280
°C under nitrogen purge. Approximately 10% of the precleaned Tenax cartridges were tested by GC/FID for purity
prior to sampling. After sampling, the Tenax cartridges were capped and placed in tin containers with activated
charcoal on the bottom, and kept on ice until transported to a laboratory freezer.

Stainless steel Summa-polished canisters of 6 L capacity, employed for volatile hydrocarbon (C2-C12)
collection, were cleaned by repeated evacuation and pressurization with humidified zero air prior to sampling, and
certified as described by U.S. EPA Method TO-14%. The sampling procedure essentially followed the pressurized
sampling method described by EPA Method TO-14.

Analysis

Tenax samples were analyzed by the thermal desorption-cryogenic preconcentration method, followed by
high resolution gas chromatographic separation and Fourier transform infrared/mass spectrometric detection
(GC/IRD/MSD; Hewlett Packard 5890 T GC with 5979 MSD and 5965B IRD) or flame ionization detection (FID)
of individual hydrocarbons. The Chrompack Thermal Desorption-Cold Trap Injection (TCT) unit, which can be
attached to either the GC/FID or the GC/IRD/MSD system, was used for sample desorption and cryogenic
preconcentration. A 60 m (0.32 id, 0.25 pm film thickness) DB-1 capillary column (J&W Scientific, Inc.) was used
and the chromatographic conditions were as follows: initial column temperature of 30 °C for two minutes,
followed by programming at 6 °C/min to a final temperature of 290 °C and held isothermal for five minutes.
Several Tenax cartridges from each sampling period and sampling location were analyzed by the GC/IRD/MSD
technique in order to identify individual hydrocarbons. Identification of individual components was made based on
their retention times and mass and infrared spectra matching those of authentic standards, If authentic standards
were not available, the National Institute of Standards and Technology (NIST) mass spectral library (containing
over 43,000 mass spectra) and the U.S. EPA infrared spectra library were used for compound identification. The
quantification of hydrocarbons collected on all remaining Tenax cartridges was accomplished by the GC/FID
technique. For calibration of the GC/FID, a set of standard Tenax cartridges was prepared by spiking the cartridges
with a methanol solution of standard SVHC, prepared from high-purity commercially available C9-C18 aliphatic
and aromatic hydrocarbons (Alltech Associates, Inc.). Ethylbenzene, 1,3,5-trimethylbenzene, n-dodecane, and n-
tetradecane were used in the concentration range from ~7-8 ng/Tenax up to 200-300 ng/Tenax. The solvent was
then removed with a stream of N, (5 min, 100 ml/min at room temperature) and the Tenax cartridges were
thermally desorbed into the GC system, as described above. At least four concentrations of standard compounds
were employed. Area response factors per nanogram of compound were calculated for each concentration and each
hydrocarbon and then the response factors were averaged to give one factor for all hydrocarbons measured.

The stainless steel canister samples were analyzed for volatile (< C12) hydrocarbons using high resolution
capillary gas chromatography with flame ionization detector (Hewlett-Packard 5890 Series IT), after cryogenic
sample concentration in a freeze-out loop made from chromatographic-grade stainless steel tubing packed with
60/80 mesh deactivated glass beads. The chromatographic column used for the C2-C12 hydrocarbon analysis was
a 60 m long J&W DB-1 fused silica capillary column with a 0.32 mm inside diameter and 1 pm phase thickness.
The cven temperature program was: -50 °C for 2 min, to 220 °C at 6 °C per min. Since the DB-1 column does not
provide complete separation of the light C2 and C3 hydrocarbons, a separate analysis of the canister sample was
performed to obtain accurate concentrations for ethane, ethylene, acetylene, propene, and propane. The
chromatographic column used for this analysis was a J&W GS-Q fused silica capillary column with an internal
diameter of 0.53 mm and a length of 30 m. The GC/FID response was calibrated in ppbC, using NIST Standard
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Reference Material (SRM) 1805 (254 ppb of benzene in nitrogen). One ppm propane in a nitrogen standard (Scott
Specialty Gases), periodically traced to SRM 1805, was used for calibrating the C2-C3 analytical system.

RESULTS AND DISCUSSION

Figure 1 shows the traffic distributions in Bores #3 and #4 during the 11 one-hour runs (note that the
number of vehicles on the y-axis is given in a logarithmic scale). It can be noted from these figures that the
percentage of HDD traffic in Bore #4 is significant and it ranges from 3.4% for Runs 4 and 5 up to 68.5% for Run
2 and ~68% for Runs 8 and 10. The highest percentage of HDD traffic occurs early at the moming, between 0300
and 0500.

Figure 2 shows the comparison of the gas chromatographic traces for two Tenax samples, collected during
Run 2 in Bores #3 and #4 (exit portals). Whereas the chromatograms for the Run 2 canister samples (C2-C12
hydrocarbons) collected in Bores #3 and #4 are not very different (traces not shown), the chromatograms of the
Tenax samples show substantial differences in the intensity of C9-C19 hydrocarbons. The C9-C18 paraffins are
much more abundant for the bore with 68.5% HDD traffic (Bore #4) than for the bore with only 1.8% HDD traffic
(Bore #3).

Table 1 shows the TNMHC concentrations in the range of C2-C12, as quantified from canister samples, and
corresponding TNMHC concentrations in the range of C2-C20, obtained from combining canister and Tenax data
for Runs 4, 7, 8, and 9 (exit portal data only). In terms of traffic composition, these runs are representative of all
11 runs. The ratio of TNMHC in the C2-C20 range to TNMHC from the canister measurements represents the true
TNMHC relative to the amount obtained from the canister alone. It is seen that if the SVHC are properly
quantified (through Tenax measurements) the TNMHC estimates increase by 8 to 55% relative to what would be
estimated from canisters alone.

Table I.  Assessment of the contribution of C10-C20 hydrocarbons to TNMHC in the range of C2-C20 from
canister and Tenax measurements.

X Canister HC TNMHC® TNMHC (C2-C20)
Run # Bore # % Diesel” C2C12 C2-C20 -
ppbC ppbC I Canister HC

4 3 0.1 1606 1737 1.08
4 34 2280 2501 1.10
7 3 1.0 863 963 1.12
4 30.5 746 952 1.28
8 3 2.0 453 537 1.19
4 68.0 325 505 1.55
9 3 1.0 1024 1172 1.14
4 282 804 1135 141

* Diesel defined as heavy duty diesel trucks, diesel buses and light duty diesel autos.
® Data for exit portals only.

Table II shows the fleet average hydrocarbon emission rates (TNMHC, aliphatic and aromatic
hydrocarbons) calculated for these four runs using canister data and combined Tenax plus canister data. Percent
change represents the increase resulting from including SVHC in Tenax data, As can be seen from this table,
SVHC account for a significant portion of diesel emissions; for Run 8 (Bore #4) with 68% diesel traffic, the
addition of Tenax data increased the fleet average emission rate by 75%. Both aliphatic and aromatic hydrocarbon
emission rates were increased significantly (70% and 82%, respectively). For runs dominated by light-duty spark
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Table II. Fleet Average Hydrocarbon Emission Rates [g/vehicle-mile] for Run 4, 7, 8, and 9.

TNMHC Aliphatic* Aromatic
Run  Bore %
B Desd 0 o % 2 2 % o %
Ci12 C20 Change CI12 C20 Change C12 C20  Change
4 3 0.1 091 099 8.7 0.59 0.60 17 0.32 0.39 219
4 34 0.78 085 8.5 0.51 0.53 36 0.27 032 176
7 3 10 039 043 114 0.21 0.22 26 0.17 0.21 27
4 305 075 097 295 043 0.51 18.1 0.32 046 49
8 3 20 129 152 178 0.68 0.74 86 0.61 0.78 282
4 68.0 054 095 75 0.30 0.50 69.5 0.25 045 816
9 3 10 047 052 108 0.25 0.26 3.2 0.22 0.26 199
4 282 074 104 407 048 0.58 194 0.25 0.46 817

* Aliphatic include paraffinic and olefinic hydrocarbons.

ignition traffic, the addition of the SVHC portion of emissions does not significantly increase the emission rates (8%
to 10% increase). However, the aromatic hydrocarbon emission rate from gasoline vehicles increased more, by ~20%,
as the result of including Tenax data,

CONCLUSION

Hydrocarbons in the range of C10-C20 (SVHC) are important components of the total hydrocarbons emitted
from heavy duty diesel vehicles. They should be included in the calculation of diesel vehicle emission rates.
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Figure 1. Traffic distribution in Bore #3 and Bore #4 during eleven one-hour runs
(run number, day of the week, and sampling starting time are marked
below the x-axis). Note that the ordinate scales are logarithmic.
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MODELING THE ATMOSPHERIC FORMATION AND DECAY OF GAS AND PARTICLE BOUND NITRO
POLYCYCLIC AROMATIC HYDROCARBONS

Zhihua Fan, Richard M. Kamens, Danhua Chen, Shufen Chen, Stephen Mcdow

Department of Environmental Sciences and Engineering, University of North Carolina, Chapel Hill, NC, 27599
7400, USA.

ABSTRACT

A method to study and model polycyclic aromatic hydrocarbons (PAH) and nitro-PAH (NPAH) formation
and decay on the gas and particle phase in the atmosphere has been outiined. Diesel exhaust emissions were
added and diluted into a 190 m? outdoor smog chamber and permitted to age under conditions of daylight and
darkness. Ozone (O,), nitrogen oxides (NO,), volatile hydrocarbons in the gas phase were monitored. A
sampling train consisting of annular denuder, filter and polyurethane (PUF) or XAD resin was used for the
collection of gas and particle phase PAH and NPAH. Based upon the resuits, the current denuder design has
sufficient flow (20 I/min) and adsorption characteristics for collection of PAH and NPAH in the chamber studies.
Sampling artifacts were determined by comparison of the conventional sampling system and denuder system
results. In general, the lower molecular weight PAH, such as naphthalene, acenaphthylene (ACE), fluorene
(FLN) and phenanthrene (PHE) displayed some tendency for volatilization during the sampling process; and
negligible artifacts were observed for higher molecular PAH, such as benzo{a)pyrene (BaP). Three or four-ring
compounds, such as fluoranthene (FL) and pyrene (PY), exhibited both negative and positive artifacts which
depended largely on the sampling conditions and temperature.

A reaction mechanism for PAH and NPAH has been further tested by comparison with chamber results.
Simulations for FL and PY in gas phase were close to chamber observations, but sometimes we could not model
the behavior of particle phase FL, PY or 1NPY. This may occur because PAH and NPAH inside of the particie
and is not available for reaction with sunlight. No particle-associated compounds were found on the denuder,
which implied that 2NFL or 2NPY was deposited on the particle immediately after formation in the photochemical
processes in the gas phase. 2NPY and 2NFL simulations were generally good. Modeling results suggest that
the addition of NO5 to the gas phase adduct of FL + OH or PY + OH was the main reaction for NPAH formation.
NPAH loss on particles could be simulated with a photo-induced reaction keyed to solar intensity.

INTRODUCTION

NPAH have been observed in automobile emissions and other industrial processes?4. It is recognized
that in addition to being directly emitted, NPAH can be formed by the reactions of PAH with gaseous nitrogenous
poliutantss-1%, Over the past several years significant advances have been made in our understanding of the
kinetics and reactions associated with the formation and degradation of NPAH in the atmosphere. Most studies
have shown that the gas phase reaction of PAH with OH radicals is the primary processes for the formation of
NPAH in the atmosphere®7.919, To provide a better understanding of PAH and NPAH in the atmosphere, a
mechanism was proposed in 1991 and further modified and evaluated in this study using outdoor chamber
experiments with diesel exhaust (Table 1). Modeling results from this initial effort’® demonstrated that it was
possible to combine reactions of PAH and NPAH with a well established photochemical smog mechanism.

One of the short comings of our initial study was the inability to measure semi-volatile PAH and NPAH
distributed between the gas and "particle* phase#8, This was because a conventional sampling system with a
filter and a back-up polyurethane foam (PUF) sorbent was used. Attempts to determine PAH gas/particle
distribution by single channe! denuders’® and annular denuders'® have been reported. Vapor phase components
are removed by the denuder prior to the filter, and the particulate matter is collected on a filter. Any material
*offgassing" from the particulate matter is trapped in an adsorbent which is placed downstream of the filter. More
recently, Gundel et al.?® have developed a denuder coating technique which permits the direct extraction and
analysis of collected organics from the denuder. Based on this work2%, we have modified the denuder by adding
more channels and increasing the length to increase the adsorptive capacity. This paper describes: (1) the use of
annular denuders to determine the phase distribution of PAH and NPAH in the smog chamber experiments; (2)
sampling artifacts investigated by comparing the denuder sampling system and the traditional sampling system;
and (3) chamber simulation results with a slightly modified PAH and NPAH mechanism.

EXPERIMENTAL METHODS

Diesel exhaust from a 1967 Mercedes sedan (200D) engine was added and diluted into a 190 m® outdoor
Teflon film smog chamber located in Pittsboro, NC, USA™. Concentrated diesel exhaust was added to the
chamber for 30-60 seconds. The engine was in an idle mode during the chamber injection process. The particle
concentration in the chamber was in the range of 200-600 ug/m? and NO, generated from the combustion
ranged from 0.4 to 0.7 ppm. To create active photochemical conditions, extra propylene gas was added into the
chamber after the addition of diesel exhaust. Samples were collected by two 20 cm 4-channel annular denuders
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in series or a 40 cm 5-channel denuder (ID=1.9 cm with 0.2 cm space), followed by a 47 mm Teflon impregnated
glass fiber filter (type T60A20, Pallflex Products Corp., Putnam, CT) and a 8 x 2.5 cm PUF cartridge ora4x 0.9-
cm-i.d. stainless steel tube cartridge filled with XAD-2 (Supelco, Inc., Belfonte, PA; 16/50 mesh). The efficiency
of the 20 cm denuder was greater than 89% for FL and PY at a sampling flow rate of 30 Vmin. 85% of FL and PY
were in the gas phase under these conditions. After taking the samples, the denuder was extracted four times
with 30 ml of 2:1 hexane and acetone in field. The denuder then dried with pure nitrogen gas and was reused,
PUF and filter samples were soxhiet extracted in methylene chioride (MeCl,) for 8-12 hours and fractionated via
normal phase high pressure liquid chromatography®1°, The samples subsequently were analyzed on a gas
chromatography/mass spectrometer. The analytic methods are described elsewhere®'0,

RESULTS AND DISCUSSION
Sampling Artifacts

Two afternoon experiments were conducted in July and September, 1992 at our smog chamber facility in
Pittsboro, NC0. The first experiment was performed on July 14, 1992. Two 20 cm denuders in series were used
for gas phase PAH and NPAH collection. The sampling flow rate was 30 I/min. The most important observation
was that no 2NFL, 1NPY or 2NPY was found on the denuder. This implied that 2NFL and 2NPY deposited on
particles immediately after they formed in the gas phase. This observation strongly suggested that NPAH
observed on PUF samples in previous experiments resulted from blow-off from the filters. In addition, no ather
typically particle associated compounds like benzo(a)pyrene (BaP) and Dibenz(a,h)anthracene (Di-BaA) were
found on the denuder.

A parallel sampling system consisting of a 47 mm Teflon impregnated glass fiber filter and an 8 x 2.5 cm
PUF cartridge was used for the first two samples in this experiment to determine the extent to which sampling
artifacts occurred with the conventional sampling system. The particle concentrations for the denuder system
and the filter/PUF system are compared in Figure 1(a). Extensive volatilization (negative artifact, 30-97%) was
observed for more volatile compounds, such as acenaphthylene (ACE), fluorene (FLN) and phenanthrene (PHE)
(saturated vapor pressure over a pure solid are 6.7 x 107 to 6 x 10" torr at 25°C); 15-37% negative artifact
occurred for FL and PY (saturated vapor pressure over a pure solid is 9.2 x 10 and 4.5 x 10 torr, respectively),
and negligible artifacts for higher molecular weight PAH, such as BaP (saturated vapor pressure over a pure solid
is 5.6 x 109 torr).

Another experiment was carried out on September 13, 1992. A 40 cm 5-channel denuder was used for
gaseous PAH and NPAH collection in place of the two 20 cm denuders. Again, in almost all the samples, no
2NFL, 1INPY or 2NPY was observed on the denuder. The exception was 2NFL, which was found on first denuder
sample. Either gaseous 2NFL formed from some very rapid undetermined process or this sample was
contaminated. No other typically particle-associated compounds were found on the denuder samples. In order to
further evaluate the sampling artifacts, a parallel sampling system with a filter and an 0.9 x 4 cm XAD-2 trap was
used. The filfer concentrations in filter+XAD system and in denuder-+filter+XAD system are shown in Figure 1(b).
Negative artifacts were observed for ACE and FLN; and negligible artifacts for less volatile compounds, The
most interesting finding was a 20-80% positive artifact rather than the negative artifacts observed for FL and PY
shown in Figure 1(a). An 18-37% positive artifact was also observed for FL and PY in a winter experiment
(February 10, 1992, temperature was 10°C). Sampling artifacts depend on temperature and sampling
conditions'?. The temperature in the September 1992 experiment (30°C) was lower than that (40°C) in the July
1992 experiment; thus, the effect of volatilization was lower in the September experiment. Additionally, the
sampling flow rate was 15 |/min in both the February and September experiments. It was observed that when the
filter face velocity decreased, the adsorption on the filter increased'?. Pressure drops across the filter were found
to be linearly proportional to the square of face velocity. As the pressure drop decreased, the adsorption effect
should increase. The face velocity was 28.8 cm/s in the July experiment, and 14.4 cm/s in September and
February experiment. Measurements of the pressure drop across the filter at the 15 |/min and 30 |/min showed
values of 7.35 and 29.1 inches of water, respectively. For this sampling system it appears that for most volatile
compounds, such as ACE and FLN, vapor pressures are so high that volatilization of collected compounds from
filtters overwhelms the adsorption effect (positive effect); for moderate volatile compounds, such as FL and PY,
adsorption becomes significant and a positive sampling artifact appears.

Simulation of Chamber Experiments

The first outdoor smog chamber experimert began at 2:30 pm on July 14, 1982. One minute of diesel
soot was injected into 190 m? smog chamber at 2:37 pm, 0.4 ppmV propylene and 0.6 ppmV NO was added into
the chamber after the addition of diesel soot, and a 260 pg/m? particle was generated in the chamber. The
maximum concentration of O, was 0.26 ppmV, and the maximum modeled concentration of OH radical was
1.65x107 ppmV. The experimental data and simulation results for NO, and O, are shown in Figure 2(a).

A comparison between data and model prediction for gas and particle phase FL and PY is given in Figure
3. Simulation results for gas phase PY and FL agreed very well with observed results, but the model
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overpredicted the loss rate of particle phase FL and PY. This may be attributed to a nonexchangible fraction of
FL and PY inside of the particles which is unavailable for reaction. Similar behavior for 1NPY was observed in
the chamber. 1NPY emitted directly from diesel engine and like FL and PY, maybe distributed throughout the
particles. In contrast to 1NPY, particle 2NPY reacted rapidly in the chamber and the simulation results fitted
these data well (Figure 4). This is because most 2NPY was formed in the photochemical processes. After
formation gaseous, 2NPY condensed onto particles and probably remained for the reaction period on or close to
the exterior part of the particles (Figure 4).

To model our experimental data, a model yield for 2NFL of 0.076 from the reaction of FL + OH was used
in the mechanism rather than 0.03 reported by Atkinson et al.! (Atkinson et al.!!, however, reported a factor of 3
uncertainty in this yield). Using this higher yield permitted a lower photolysis rate for 2NFL than previously used'?
and this was more consistent with current peri- hydrogen theory of NPAH photostability?!. Model results suggest
that addition of NOo to the gas phase adduct of FL + OH or PY + OH is the main pathway for 2NFL and 2NPY
formation, and the photolysis is the dominant loss process for NPAH.

Another experiment was carried out on September 13, 1992. Similar initial conditions to the July 14,
1992 experiment were used except higher NO, was added into the chamber. 0.52 ppmV propylene was added
into the chamber at 12:42 pm. Then diesel exhaust was added into the chamber for 2.5 minutes at 1:30 pm, and
600 p.g/m3 of suspended particles appeared in the chamber. The total NO, concentration was 1.24 ppm.
Simulation results of the NO, and O; behavior are shown in Figure 1(b).

Gas and particle phase PAH simulations are given in Figure 5. Reasonable fits were obtained for gas
phase FL and PY. For particle phase PY, and especially FL, the model predicted much faster decay than what
was observed in the chamber. As in the previous experiment, we have surmised that a significant fraction of FL
might not be available for reaction because it existed inside the particles. In order to confirm this point, we
investigated the degradation of BaA and benzo(b)fluoranthene (BbF) which distribute mostly on the particle phase
(Figure 6). BaA and BbF rapidly decayed at the beginning of the experiment and then appeared to be stable.
This is similar to the behavior of particle FL and PY.

A yield of 0.1 for 2NFL was used in this experiment. Since this yield is at the upper most bound of the
Atkinson proposed yield'', it is possible that some other processes for 2NFL formation is occurring.
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TABLE 1. PAH AND NPAH REACTIONS
Gas Phase Reactions k (min'1 or ppm-1 min™1) Reference
1 PY'(g) + OH PY-OH(g) + 0.005 x 2NPY(F) 72000 1
2 PY(Q)-OH +0, 0.29 12
3 PY g + NaOs INPY 0.81 11
4 FL(g) + OH FL(g)-OH +0.03x 2NFL(p) 72000 11
5 FL(Q)-OH +0, 0.29 12
6 FL(E) + NyOg 0.5x 2NFL(P) 0.026 11
Particle Phase Reactions
7 Y+ NoOg INPY,, 0.01 8
8 FlLiy+ NaOg 3NFL, 0.01 8
9 PY g (+hv} 0.045xkN 0, 13
10 FLy, {+hv} 0.02 X koo 13
11 F’Y(p) + 0, 0.005 10
12 PY, +0, 0.005 10
13 INPYy, {+hv} 0.03 x knOa 10
14 2NPYy, (+hv) 0.045xkN 0,
15 2NFLy, {(+hv} 0.02xkn 00,
*All gas phase PAH were lost to the walls at a rate of 0.0021 min-7, particle PAH and NPAH were removed at a
rate of 0.0013 minJ,
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EFFECT OF COMBUSTION TEMPERATURE ON THE ATMOSPHERIC STABILITY OF POLYBROMINATED
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ABSTRACT

The incineration of materials containing polybrominated diphenyl ether (PBDPE) flame retardants can potentially
lead to the formation of polybrominated dibenzo-p-dioxins and dibenzofurans (PBDDs and PBDFs). Some of these
compounds may exhibit toxicities similar to those of their chlorinated analogues. Little is known about the atmospheric
stability of PBDDs and PBDFs. In this study PBDDs and PBDFs produced from the combustion of polyurethane foam
(PUF) containing 4.4% PBDPEs were injected into outdoor Teflon film chambers and aged in the presence of sunlight
under typical atmospheric conditions. Incineration experiments with combustion temperatures in the range of 400-450°C
were categorized as “low temperature® experiments and those in the range of 670-780°C as *high temperature®
experiments. PBDDs and PBDFs have been found to occur predominantly in the particulate phase, thus filter samples
were collected over time to ascertain the atmospheric stability of these compounds. Production of PBDFs, namely,
tetrabrominated dibenzofuran (TBDF) and pentabrominated dibenzofuran (PeBDF) and decay of tetrabrominated-p-dioxin
(TBDD) was observed in "low temperature® experiments. Production of TBDF and PeBDF is believed to occur from
photolysis of unburned PBDPEs. TBDF,PeBDF and TBDD emissions from “high temperature” experiments were stable.
Validation of PBDF and PBDD behavior was done by collecting particulate- and gas-phase samples of polycyclic aromatic
hydrocarbons (PAHS). Particle-bound PAHs from "low temperature® experiments degraded while corresponding PAHs
from "high temperature® experiments were stable. Particle formation and composition from the two kinds of experiments
have been investigated to explain these differences. These observations suggest that under typical incinerator conditions
particulate-bound emissions of these compounds will be transported over long distances due to long half-lives.
Incineration temperatures around 450°C can lead to unstable emissions with atmospheric half-lives of 1-2 h. The
dependence of the atmospheric stability of incineration-generated pollutants on the combustion temperature is an
important finding of this study.

INTRODUCTION

Incineration has been projected as an attractive waste disposal technology. This projection is underscored by the
fact that since 1979, 3500 landfills have been closed and within the next five years landfill capacity will exist for only 20
million tons for the anticipated 160 million tons of waste generated.! Concomitant to the likely increased use of
incineration is the growing production of brominated organics, particularly with respect to PBDPEs which is used as fire
retardants in textiles, plastics, carpets and other materials.2 Incomplete combustion of these brominated organics
present in municipal waste can lead to the formation of PBODs and PBDFs. Therefore, it is expected that atmospheric
concentrations of PBDDs and PBDF's will rise in the future in light of the increasing production of brominated compounds.
While much attention has been given to polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDDs and PCDFs),
animal studies have shown that PBDDs and PBDFs are at least as toxic as their chlorinated analogues.2

Central to biological exposure and uptake of PBDDs and PBDFs is their atmospheric fate and transport.
Atmospheric lifetime, itself can vary depending on the nature of combustion-generated emissions, which is dependent on
combustion variables like combustion temperature, residence time, oxygen concentration and other parameters.
Operating combustion temperatures in incinerators have been found to vary from 300-1300°C, although typical operating
temperatures are around 800°C.3

An important consideration in determination of the atmospheric stability of semi-volatile organics like PBDDs and
PBDFs is their gas-particle partitioning. Theoretical predictions using an equation developed by Junge? and experimental
observations by Lutes et al.5 revealed that more than 95% of PBDDs and PBDFs occur on particulate-phase. Thus, the
atmospheric stability of PBDDs and PBDFs is primarily relevant to their occurrence on atmospheric aerosols as opposed
to their presence in gas-phase.

Currently, there exists a paucity of data on photodegradation of PBDDs and PBDFs under realistic conditions.
Laboratory studies have been carried out in organic solutions or on solid substrates. An important observation regarding
these experiments is the rapid decay of 2,3,7,8-TBDD and 2,3,7,8-TBDF in i-octane (half-lives 0.8 min and 0.7 min
respegtively) and relative stability on quartz surface (half-lives 32 h and 35 h respectively) 8 Given such numbers it
becomes all the more imperative to arrive at representative values for atmospheric half-lives of PBDDs and PBDF's using
outdoor chambers. Preliminary work in this direction revealed that incineration of PUF containing PBDPEs at combustion
temperatures ranging from 640-760°C yielded particulate-bound PBDDs and PBDF's which were relatively stable.5 This
implies that combustion under these conditions yields PBDDs and PBDFs that photodegraded at rates comparable to
solid-phase laboratory experiments. In this study incineration experiments were carried out with PUF containing PBDPEs
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at combustion temperatures ranging from 400-780°C and atmospheric stability of PBDDs and PBDFs were determined,
PAHs generated from these experiments were also quartified to gain a better insight into the behavior of PBDDSs ang
PBDFs. Results from a "low temperature® and a "high temperature” experiment have been included in this article,
Results were verified by performance of another set of experiments.

EXPERIMENTAL SECTION

Incineration experiments were carried out in an ignition vessel shown in Figure 1. The combustion material
consisted of PUF containing 4.4% w/w of industrial grade DE-71 mixture (40% TBDPE, 57% PeBDPE and 3% HxBDPE),
Experiments carried out with combustion temperatures ranging from 400-500°C were categorized as *low temperature
experiments and those in the range of 650-800°C as "high temperature” experiments. Emissions from the prototype
incinerator were directed into outdoor smog chambers located in Pittsboro, NC and have been described elsewhere,”
The emissions were allowed to age within the chamber atmosphere for approximately 4 h. During this time, particulats
samples were collected by passing chamber air through a sampling train cortaining a 47-mm T60 A20 Teflon-
impregnated glass fiber fitter, followed by a 4 in. X 1.5 in. PUF cartridge for collection of vapor-phase species. Chamber
ozone, nitrogen oxide, relative humidity and temperature were monitored during the course of an experiment. Total solar
radiation was measured by using a black and white pyranometer and dilution rate was measured by an SFg tracer,
Electrical Aerosol Analyzer (EAA, TSI Inc., MN) and Laser Aerosol Spectrometer (LAS, PMS Inc., CO) were used to
gather data on size distribution of the combustion-generated particles. In addition, nucleopore filter samples were also
coliected, which were later analyzed with a Scanning Electron Microscope (SEM) and the resulting photographs were
used to describe particle morphology.

Particulate samples were analyzed for PBDDs and PBDFs in accordance with EPA method 82908 Briefly, this
involved extraction of the samples in toluene and enrichment using three sets of columns: silica gel, florisil and
carborycelite, All laboratory work was carried out under artificial lights, shielded against UV radiation, and samples were
kept wrapped in foil to preclude photodegradation of the analytes in the laboratory. Quantification of PBDDs and PBDFs
was achieved by internal standardization using 13012 labeled compounds. The samples were analyzed by high resolution
gas chromatography/high resolution mass spectrometry (HRGC/HRMS). The analysis was carried out in the Selected lon
Monitoring (SIM) mode at a resolution of 10,000. Procedure for PBDPE analysis was similar to the one for PBDD and
PBDF analysis, except that carbon column was excluded in the chromatographic cleanup processS. Samples for PAH
analysis were extracted in dichloromethane and analyzed by HRGC/HRMS in the SIM mode at a resolution of 10,000.
B8,8-binaphthyl was used as the internal standard for quantifying PAHSs.

RESULTS AND DISCUSSION
PBODD, PBDF & PAH Analysis:

The compounds detected were TBDD, TBDF and PeBDF. Detection of individual isomers was not possible dus
to lack of appropriate standards. Hence, results have been presented in terms of the total concentration of a compound
and not in terms of specific isomers. Two *high temperature* experiments were carried out to demonstrate that earlier
results could be repeated. For these experiments, plots of chamber concentrations of TBDD, TBDF and PeBDF versus
chamber aging time had insignificant slopes at a 90% level of confidence. Figures 2a, 2b and 2¢ include the plots of
these compounds from one of the experiments with a similar trend for the other experiment. Therefore, it can be
concluded that there is no evidence of decay for PBDF and PBDD emissions from “high temperature" incineration
experiments. These results are similar to those obtained by Lutes et al.5 However, in *low temperature® experiments,
there is decay in TBDD concentration yielding half-lives of 1-2 h. Figure 3a is a plot of TBDD concentration versus time
for one of the "low temperature” experiments. Photodegradation rates in solid-phase and solution-phase laboratory
experiments is somewhat analogous to our *high temperature® and "low temperature® experiments. Figures 3b and 3¢
include plots of chamber concentrations of TBDF and PeBDF versus chamber aging time from one of the "low
temperature® experiments. Significant positive slopes imply the production of these compounds over time in the chamber
atmosphere. PAHs exhibited a trend similar to TBDD for *high temperature* and "low temperature* experiments (Figures
4,5,6 &7). In the latter case, PAHSs like phenanthrene, fluoranthene and pyrene had half-lives of 1-2 h. Experimental
conditions for the experiments mentioned in this article are presented in Table 1.

The lack of agreement in TBDD and PAH behavior for the two kinds of experiments may be attributable to
differences in physical and chemical properties of the combustion-generated particles. It was observed that the color of
particles in "high temperature® experiments was dark brown or black in stark contrast to the light brown color in "low
temperature® experiments. Investigators have mentioned that darker substrates can absorb most of the incident fight and
reflect little to cause photodegradation of the compounds adsorbed on it. 10 Also, particles from *low temperature®
experiments may have a higher specific surface area (SSA) to absorb more light, thereby yielding higher rates of
photolysis.“ Drawing an analogy from the laboratory experiments suggests that the presence of an organic layer in ‘low
temperature” particles may expedite photodegradation, similar to the solution-phase experiments. An illustration of this
concept is provided in Figure 8. The organic layer may be formed from the PUF vapor that was left uncombusted.

Contrary to degradation of TBDD in *low temperature” experiments, production of TBDF and PeBDF was
observed for these experiments. We believe that this was the result of photolysis of unburned PBDPES which phm°|YZed
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to yield TBDF and PeBDF. Buser 12 found that thermolysis of PBDPEs at 510°C caused 10% destruction of the ethers as
oppased to 96-97% destruction at 650°C. Therefore, # is expected that almost 80% of the PBDPES will be left
uncombusted in our "low temperature® experiments. Choudhry et al.13 have reported 14% yield of tetrachloro
dibenzofuran (TCDF) over a 4 h period from photolysis of pentachloro diphenyl ether (PeCDPE) dissolved in cyclohexane.
Extrapolating this to our system facilitated mass balance calculations and revealed that there is degradation of TBDF
(half-life 4h) if the confounding factor due to its production from photolysis of unburned ethers was taken into account.

Comparison of Particle Characteristics:

. Analysis of particle distribution data evinced that there was not a significant difference in SSA for the particles
generated from the two kinds of experiments, thus eliminating higher SSA as a plausibie explanation for rapid
phatodegradation in case of "low temperature® experiments. Examination of SEM photographs indicated that particle
morphology differs largely for the "low temperature® and "high temperature® experiments. The former is characterized by
singular and spherical particles, while the latter distinguishes itself by the presence of coagulated masses. This
information was used to [iarescribe a model for particie formation by taking into account the different combustion
temperatures (Figure 9).14 According to this model, particle formation in *low temperature® conditions is dominated by
nucleation and condensation. The presence of agglomerates in *high temperature” conditions is the result of formation of
reaction products that coalesced with fly ash or other reaction products to form agglomerates. Such a model for particle
formation in incinerators would also espouse our supposition regarding the presence of an organic layer around *low
temperature® particles.

To further enhance our understanding of particle composition, analysis was carried out to determine fraction of
particulate mass that is extractable or particulate organic matter (POM). A larger POM should be associated with the
particles generated from "low temperature® experiments as combustion process will not be very efficient leading to a
larger concentration of products of incomplete combustion. POM can be correlated to the presence of an organic layer
around the particles. This draws an analogy from comparison of wood soot (POM 80-80%) and diesel soot particles
(POM 30-40%), wherein the former has a higher extractable mass and probably, an organic layer around it as wood soot
particles lose their integrity when impacted upon a tin foil. 15 Percent extractable analysis showed that for "low
temperature” particles the extractable mass was around 46% compared to 30% from "high temperature® particles. A
higher fraction of extractable mass in the “low temperature* particles can be linked to the presence of unburned PUF that
manifested itself in the form of an organic layer around the particles.

CONCLUSIONS

Typical operating conditions in incinerators may lead to air emissions which can be transported over long
distances due to the stable nature of the emissions. This study demonstrates that lower combustion temperatures can
lead to the formation of toxic air poliutants like PBDDs, PBDFs and PAHs that may be relatively unstable in the
environment. The dependence of half-lives of incineration-generated air pollutants on the combustion temperature should
be taken into account for accurate prediction of biological exposure. Experiments should be carried out with a
heterogeneous system as is the case in municipal waste combustors, where the dynamics of particle formation can be
more complex. Characterization of the products of photodegradation will aid in determination of the toxicity of the
products and in postulation of the mechanism of photolysis. It should be stated that while lower combustion temperatures
can be beneficial due to shorter half-lives of toxic air pollutants but they will not lead to significant reduction in waste
volume, one of the primary objectives of incineration.
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TABLE 1. COMPARISON OF EXPERIMENTAL CONDITIONS

"LOW" "HIGH"
TEMP. TEMP.
COMBUSTION TEMP. (°C) 470 780
CHAMBER TEMP. (°C) 23.9-27.4 19.5-22.2
RELATIVE HUMIDITY (%) 42-39 10-13
AVG. TOT. SOLAR RADIATION 0.86 0.63
(cal./emZ/min.)
[NO] (ppm) 0-0.016 0-0.074
[NO3] (ppm) 0.01-0.026 | 0.01-0.061
(O3] (ppm) 0-0.041 0-0.06
INJECTION TIME 10:15 a.m. | 11:00 a.m.

Emissions directed to the Smog Chamber

L
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ii. lPlunaer
Th L > L1 ™ PUF Sample to be Combusted
Hest Distribution Grids I~ Sample Support Grid
Bumar —— qD
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Figure 1. SECTION OF THE IGNITION VESSEL
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A METHOD FOR STUDYING HETEROGENEOUS PHOTOCHEMICAL REACTIONS OF
POLYCYCLIC AROMATIC HYDROCARBONS ON ATMOSPHERIC COMBUSTION AEROSOLS

Elizabeth Ann Hayes, Stephen R. McDow, Richard M. Kamens
Department of Environmental Sciences and Engineering, University of North Carolina, CB# 7400,
Chapel Hill, 27599

ABSTRACT

A photochemical turntable reactor was used to study photodegradation of polycyclic aromatic
hydrocarbons in organic coatings on carbonaceous particle surfaces. This required the development of a
technique to coat the particles with an organic layer and to evenly disperse the particles on a filter
substrate. The technique has potential for use in determining differences in reaction rate constants,
reaction products and reaction mechanisms. Previous researchers have noted that polycyclic aromatic
hydrocarbon photodegradation can be strongly influenced by particle surfaces. Preliminary results
suggest that benz(a)anthracene and benzo(a)pyrene photodegradation can also be influenced by other
organic constituents associated with the particle coating.

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAH) on wood smoke react rapidly in sunlight, but are stable
atnight!. Photodegradation mechanisms of PAH associated with combustion particles are poorly
understood. Although surface characteristics appear to strongly influence photodegradation of adsorbed
PAH on silica and fly ash2, little is known about the effects of solid elemental carbon surfaces
associated with more common U.S. PAH sources such as diesel soot or wood smoke. Moreover, recent
experiments indicate that organic compounds associated with wood smoke also strongly influence PAH
photodegradation rates. It follows that co-adsorbed reactive organic compounds or a particle organic
layer should also be considered in experiments designed to measure photodegradation in organic
coatings on particle surfaces. This work describes the development of an experimental technique to
compare relative rates of PAH photodegradation in organic coatings on particle surfaces.

APPROACH

A conventional photochemical turntable reactor for comparing relative photochemical reaction
rates in solutions was adapted for studying reactions on atmospheric particles. This was accomplished
by distributing the particulate matrix on filter surfaces and analyzing changes in concentration after
irradiation at certain time intervals. Filters were mounted on specially constructed test-tube shaped
filter holders which were placed in the turntable slots normally used to hold test tubes. This approach
required a separate filter for each sample. For example, if samples were analyzed at one hour intervals
for four hours, comparison of two particle coatings required preparation of eight filters for irradiation.
A significant effort was therefore required to develop a technique to produce even organic coatings on
the model particle surfaces and even dispersal of particles on the filters.

A model system was selected to test this approach. Carbon black particles were coated with an
organic mixture consisting of isoeugenol ( 2 methoxy - 4 propenyl phenol), fluoranthene,
benz(a)anthracene, benzo(k)fluoranthene, and benzo(a)pyrene. The system is simpler than real wood
smoke or diesel soot to simplify measurement of photodegradation rates, analysis of products, and tests
for reaction mechanisms. However, it retains the basic characteristics of many PAH containing
combustion sources because it contains a solid, carbonaceous surface and a reactive organic compound
which influences PAH photodegration rates. Isoeugenol was chosen as the reactive organic species
because of its abundance in wood smoke3 and its known influence on PAH photodegradation4.
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EXPERIMENTAL

Figure 1 illustrates the methodology and apparatus used in this study. Carbon black particles
coated with PAH or an iseougenol/PAH solution mixture were dispersed on Gelman* Zefluor* Teflon
membrane filters (Fisher Scientific) using vacuum filtration. Five irradiation experiments were carried
out to investigate the influence of isoeugenol on PAH photodegradation in the presence of a
carbonaceous surface. These are summarized in Table 1, which describes experiment duration,
sampling interval, multicomponent mixtures used, and concentrations of the components in the mixture,

The organic mixture consisting of PAH and isoeugenol was dissolved in dichloromethane and
sonicated for 1 minute. The dichloromethane solvent was evaporated, leaving a coating on the particles,
The coated particles were suspended in 25 ml dichloromethane above a 47 mm Zefluor Teflon
membrane filter in a Buchner funnel. The suspension was vacuum filtered, leaving the coated particles
evenly distributed on the filters.

The particle loaded filters were then mounted on an ACE Glassware Photochemical Turntable
Reactor equipped with a water cooled 450W high pressure Hg lamp. After irradiation the filters were
extracted with dichloromethane in microsoxhlet extractors for 12 hours. Extracts were concentrated to 1
ml using a Kuderna-Danish apparatus, transferred to a tared vial, and evaporated to almost dryness
under a stream of nitrogen. 100 to 400ul of acetonitrile were added and the samples were analyzed by
reverse phase HPLC and GCMS.

In three of the experiments outlined in Table 1, photodegradation rates of PAH on carbon black
were compared in the presence and absence of isoeugenol. In the fourth and fifth experiments
photodegradation rates were compared between PAH dissolved in isoeugenol and guaiacol (2 methoxy
phenol) coated on carbon black.

In the first experiment the lamp was placed in a borosilicate immersion well which filtered out
radiation below 300nm. In the second and third experiments the 366 nm line of the Hg spectrum was
isolated using optical filters and a quartz immersion well. The fourth and fifth experiments were
performed using the borosilicate well. Similar experiments were carried out in the dark to verify that
PAH decay was due to photodegradation and not volatilization or other chemical reactions.

Preliminary experiments indicated that PAH photodegradation proceeded more rapidly for PAH
coated on bare Zefluor filters than on carbon black. It was consequently important to verify PAH and
isoeugenol were not simply coated on the filter, but were in contact with the carbon black. To address
this, recovery experiments were designed in which coated carbon black particles were deposited on a
number of filters using the coating technique described above, which were designated as reference
samples. On a second "filter only" set of an equal number of filters the same PAH solution was coated
directly on to the filter by vacuum filtration. The fraction of PAH adsorbed on the filter, instead of the
carbon black, is estimated from a "recovety ratio" defined as the ratio of the fraction of original PAH
recovered from the "filter only" samples to that recovered from the reference samples. Coated samples
were also inspected by scanning electron microscopy (SEM).

RESULTS AND DISCUSSION

During the course of the research it became apparent that the concentrations of PAH and
isoeugenol had a strong influence on whether the PAH solution was in contact with the carbon black or
adsorbed on the filter. The filter/carbon black recovery ratios increased with increasing PAH/carbon
black mass ratios, suggesting that as the capacity of the carbon black to sorb the PAH is approached,
significant filter adsorption occurs. This was supported by SEM photographs, which showed that when
isoeugenol mass was 30% of the carbon black mass, significant amounts of isoeugenol solution was
coated on the filter rather than the carbon black. It was difficult to determine how much isoeugenol was
coated on the filter at lower concentrations, but 30% appeared to be an upper limit for the isoeugenol to
remain in contact with the particle surface. On the basis of the recovery and SEM experiments,
isoeugenol amounts were maintained below 10% of the carbon black mass. The PAH concentration in
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the stock solution was less than 1000 ng/ul. 400ul of stock solution was applied to 1mg of carbon black.
The carbon black retains 2-5% of the PAH following vacuum filtration, resulting in an adsorbed PAH
concentration of less than 20 ng/mg.

The results to the irradiation experiments give a preliminary indication that isoeugenol affects
PAH photodegradation rate even in the presence of a carbonaceous surface. In the first experiment,
decay was faster than for the next two experiments because more light was transmitted to the samples
through the borosilicate well than when the optical filters were used. Decay appeared to be initially
very rapid but ceased well before the end of the experiment. The initial rapid decay probably occurred
because of the high light intensity. It is possible that photodegradation stopped early in the experiment
because extractable PAH were hidden from exposure to light in the interstices of the carbon black.
Benz(a)anthracene appeared to react more rapidly in the presence of isoeugenol. Benzo(a)pyrene was
not recovered from carbon black particles which did not contain isoeugenol. In subsequent experiments
a longer soxhlet extraction time of 12 hours enhanced the recovery of BaP from bare carbon black.

In the second and third experiments the observed reaction rates were slower because the optical
filters only transmitted the 366nm wavelength which resulted in a decreased light intensity. The
photodegradation in these experiments is described in figures 2 and 3. The rate constants were tested
for parallelism> by comparing the first order rate expression for PAH photoreactivity on carbon black
with isoeugenol present to the first order rate expression in the absence of isoeugenol for the same
experiment. Rejection of the hypothesis of parallelism indicates the difference in the rate constant is
statistically significant. In the second experiment the difference was not statistically significant for
benz(a)anthracene (p>.1) but was borderline for benzo(a)pyrene (.05<p<.1). For the third experiment
statistical significance (p<.05) was observed for both benz(a)anthracene and benzo(a)pyrene. One
possible explanation for this apparent contradiction is that during the first three hours of irradiation the
difference in concentrations is not significantly greater than experimental error, so a longer experiment
duration is required to observe a significant difference in rate constants. No appreciable decay was
observed in the presence or absence of isoeugenol when similar experiments were carried out in the
dark.

The previously described experiments compared photoreactivity of relatively small amounts of
PAH adsorbed on carbon black to PAH dissolved in a relatively large amount of organic liquid coated
on to the carbon black. In the fourth and fifth experiments photodegradation in the carbon black coated
isoeugenol solutions was compared to carbon black coated guaiacol solutions. This provided a
comparison in which both systems contained PAH dissolved in an organic liquid coating. Guaiacol is
structurally similar to isoeugenol, but solution experiments have shown that PAH react much more
slowly in the presence of guaiacol than in the presence of isoeugenol4. Benz(a)anthracene reacted more
rapidly in isoeugenol than in guaiacol on carbon black and benzo(a)pyrene reactivity also seemed
slightly greater in isoeugenol. These observations also suggested that isoeugenol influences PAH
photoreactivity in the presence of a carbonaceous surface. However PAH decay in the isoeugenol
solutions appears to be slower than in previous experiments. This might be due to differences in
concentrations between the experiments (see table 1). Experiments which had higher levels of
isoeugenol recovered from the particles seemed to exhibit faster rates of PAH photodegradation.

The results of all five experiments suggested that compounds such as isoeugenol which
accelerates PAH photodegradation in solution, might still accelerate PAH photodegradation even in the
presence of carbonaceous surfaces. However, improvements in this technique are required before this
can be considered conclusive. In most experiments statistical outliers reduced the precision in rate
constant calculations. Variability in the measured PAH concentrations between samples was observed
during the coating, exposure, and the extraction procedures. The average coefficient of variation was
16. This imprecision might be partially responsible for the apparent contradiction in the experimental
data, which shows statistical significance for some experiments but not for others. Less problematic
explanations are differences in irradiation time and concentration between experiments. However, more
experimental effort is required before these explanations can be accepted. Finally, in spite of the
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preliminary experiments reported here concerning filter adsorption, more effort is still needed to verify
that significant photodegradation is not occurring in PAH adsorbed to the filter substrate itself.

CONCLUSIONS

A technique was developed to compare relative photodegradation rates of PAH adsorbed to
particulate matter on filters mounted on a photochemical turntable reactor. The technique can be used
to investigate systems which are simpler than actual combustion particles, but which retain the
characteristics of a solid carbonaceous surface coated with an organic layer. This potentially simplifies
determination of rate constants, reaction products and reaction mechanisms. The technique was tested
by comparing photodegradation of PAH in solutions of isoeugenol coated on carbon black to PAH
coated on carbon black without isoeugenol. Preliminary results suggested that benz(a)anthracene and
benzo(a)pyrene photodegradation was more rapid in isoeugenol solutions even in the presence of a
carbonaceous surface. This is consistent with previously reported results of rapid PAH
photodegradation in toluene solutions of isoeugenol and PAH. This suggests that although particle
surface characteristics can strongly affect PAH photodegradation, organic constituents coated on particle
surface are also important. Several improvements were identified which would further development of
the technique to produce more conclusive results.
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Table 1. Summary of 5 Experiments

Compound Initial Coating Concentration Photodegradation Rate
(ug/mg) Constants (hour™1)
First Experiment, 8/11/92, Borosilicate Well, 1.5hr duration, .5 hr intervals
w/ no iso w/ iso w/ no iso
Isoeugenol 0 45 1.7
)3 .43 37 28 .69
BaA .18 15 .20 .27
BkF 36 .18 .04 .10
BaP none detected 25 .18
Second Experiment, 8/28/92, Quartz Well w/ light filter, 3hr duration, .75 hr intervals
w/ no iso w/ iso w/ no iso
Isoeugenol 0 13.5 .89
)3 4.5 4.1 24 .13
BaA 1.8 1.4 .08 .08
BkF 20 1.8 .02 .14
BaP 3.0 29 .02 .13
Third Experiment, 9/10/92 Quariz Well w/ light filter, 6hr duration, 1.5 hr intervals
w/ no iso w/iso w/ no iso
Isoeugenol 0 277 .23
F 4.8 59 11 .15
BaA 1.8 1.7 .05 .09
BkF 23 2.1 .01 04
BaP 2.8 2.8 .01 .04
Fourth Experiment, 2/05/93, Borosilicate Well, 3br duration, .33 hr intervals
w/ guiac w/ iso w/ guiac
Guaiacol 23 0 .94
Isoeugenol 0 28 57
R 3.8 3.9 .04 21
BaA 15 1.4 .06 .18
BkF 1.7 1.7 .03 .05
BaP 23 2.5 .01 .02
Fifth Experiment, 2/19/93, Borosilicate Well, 6hr duration, .5 hr intervals
w/ guiac w/ iso w/ guiac
Guaiacol 25 0 .44
Isoeugenol 0 21 35
F .40 46 .07 .09
BaA .10 .09 .05 .04
BKkF 23 25 .01 .04
BaP 35 41 .01 .03
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Figure 1. Apparatus used to prepare, expose to light, and extract organic coated carbon black particles
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Mechanistic and Kinetic Studies of the Photodegradation of Benz(a)anthracene in the Presence of
Methoxyphenols

Jay R. Odum, Steven R. McDow, and Richard M. Kamens

Department of Environmental Sciences and Engineering, University of North Carolina, Chapel Hill, NC 27599- 7400.

Abstract - Kinetic studies were employed to assess an empirical rate law describing the rate of photodegradation of
polycyclic aromatic hydrocarbons (PAH) in the presence of substituted methoxyphenols. A solution of benz(a)anthracene
(BaA) and vanillin in toluene was chosen as the model system. A rate law and corresponding rate constants were
determined for this system: d{BaA]/dt= k,[BaA]+kp[BaA][Vanillin], where k,=0.024 £0.005hr"1 and kp=81.17+3.19M"
11, Further experiments using structure-reactivity relationships were applied to the model system to investigate the
mechanism for BaA photodegradation. Data from these experiments suggest that the rate determining step in the
mechanism is hydrogen abstraction of the phenolic hydrogen from vanillin.

Introduction

Photochemical reaction is an important removal process for atmospheric polycyclic aromatic hydrocarbons (PAH).1:2
PAH photochemical reactivity in organic solvents has been studied extensively for over 40 years, and singlet oxygen has
been determined as the most important oxidant.3-6 There has also been a considerable amount of research conducted on
gas-phase PAH photoreactivity, and it is known that hydroxyl attack is the major oxidation pathway.7’8 However many of
the most mutagenic PAH in the atmosphere are primarily associated with atmospheric particulate matter.? PAH associated
with combustion source particles are also photochemically reactive,}0:11 but there has been very little work done in
determining mechanisms of photodegradation for particulate bound PAH because information on particle composition is
generally incomplete and varies considerably from source to source.

Reported photolysis rates for particlulate bound PAH vary widely.12-14 ]t has been suggested that onc reason such
variations exist is that the rates are strongly influenced by the chemical and physical surface properties of the associated
particles.15 These properties vary significantly depending on the source, fuel, and combustion conditions under which the
particles are generated. For example, 30-60% of the carbon associated with diesel soot is elemental.1® The rest is
comprised mostly of nonpolar aliphatic and aromatic organics.17 In contrast, as much as 90% of the carbon associated
with wood smoke particles is organic.1® This organic carbon is much more polar than that associated with diesel soot and
contains large amounts (120-300ug/mg of particulate carbon) of methoxylated phenols.1® Wood soot particles also form a
viscous liquid when collected by impaction and it has been suggested that PAH might be dissolved in a liquid layer
comprised of these organics on the particle.20:21

It was previously reported by members of this group20 that methoxyphenols greatly enhance the photodegradation of
PAH in solution. Thus, since methoxyphenols comprise such a large fraction of the organic material associated with wood
smoke!9, it seems reasonable that they may participate in the degradation of PAH associated with wood soot. This is in
contrast to previous jdeas that suggest that particulate PAH degradation is due solely to reaction with gasphase oxidants or
simple photolysis. Therefore, it is desirable to try to gain an understanding of the mechanism by which methoxyphenols
participate in this reaction and to formulate a method to obtain a rate law and rate constants for several PAH and
methoxyphenols. In this paper we will discuss the experiments used to develop this methodology and present a rate law,
rate constants, and possible mechanism for a model system--benz(a)anthracene and vanillin in a toluene solution.

Experimental Section

Ali photodegradation experiments were carried out in a merry-go-round reactor (Ace Glassware, Vineland, NJT)
equipped with a 450 W medium pressure mercury arc lamp in a quartz immersion well and a 366nm filter. The entire
apparatus was submerged in a 18 gal waterbath that was maintaincd at a constant temperature of 16.5 = 0.5°C by pumping
the water (flow rate = 75ml/min) through exterior copper coils that were submerged in a 20 gal ice bath. Samples were
imadiated in 13mm x 100mm quartz test tubes (Ace Glassware). Light intensity was periodically measured with a
ferrioxalate actinometer2® and averaged around 2.2 = 0.3 x1016 photons/sec.

All quantitative analysis was conducted on a Hewlett-Packard 5890 gas chromatograph (GC) equipped with a J&W, 30
m, 0.32 mm i.d., DB-5 column with a 0.25 um film thickness and interfaced to a Hewlett-Packard 5971A Mass Selective
Detector. All injections were performed on column, and the acquisition mode was selected jon monitoring. The
termperature program was: 110° C for 2 min, 110-220° C at 12° C/min, 220-270 at 6° C/min, 270-300° C at 20° C/min,
hold at 300° C for 1 min.

Experiments designed to assess structure-reactivity relationships were performed by preparing four sets of samples
simultaneously. Each set consisted of four samples and one standard. All solutions were prepared in optima grade toluene
(Fisher T291-4). The concentration of benz(a)anthracene (Aldrich B220-9) in all sets was 1 x 10-5 M. The final volume of
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each samples was 5 ml. Each set contained a different para-substituted guaiacol. Set 1 contained 1 x 103M
acetovanillone (Aldrich A1,080-9). Set 2 contained 1 x 10-3 M 4-hydroxy-3-methoxy benzonitrile (Aldrich 16,260-4),
Set 3 contained 2 x 104 M 4-nitroguaicol (Aldrich 32,682-8). Set 4 contained 1 x 103 M vanillin (Aldrich V110-4).
Four 5 ml samples from each set were irradiated simultaneously. The rate of decay of BaA was monitored by removing
one sample from each set from the reactor every hour for four hours and quantitating on the GC/MSD.

Rate law experiments were conducted by preparing four sets of samples simultancously. All solutions were prepared in
optima grade toluene. The concentration of BaA in all samples was 1 x 10-5 M. The concentration of vanilin in set 1 was
2x103 M, inset 2was 1 x 103 M, in set 3 was 5 x 104 M, and in set 4 was 2 x 104 M. The rate of decay of BaA was
monitored by removing one sample from each set from the reactor every hour for four hours and quantitating on the
GC/MSD.

Results and Discussion

It was previously determined by this group?0 that the photodegradation of BaA exhibits pseudo-first order rate behavior
when samples are flooded with vanillin (i.e. concentration of vanillin is at least 20 times higher than the concentration of
BaA). The rate law that describes this bebavior is:

d[BaAl/dt = kps[BaA]
To elucidate the form of kg, an experiment was performed to examine the relationship between vanillin concentration
and kp. Four sets of samples, each flooded with a different amount of vanillin, were irradiated in the photoreactor

simultaneously. The data is listed in Table 1.

TABLE I. Correlation between Vanillin Concentration and kg

SET # [Vanillin] (M) [BaA] (M) Kqpne (Br1)
1 2x103 1x105 0.176 = 0.017
2 1x 103 1x 105 0.097 = 0.003
3 5x 104 1x10° 0.058 = 0.006
4 2x104 1x 103 0.044 £ 0.004

A plot of k¢ versus vanillin concentration gives a straight line (r2=0.995) with a slope of 81.17 £3.19 M1 hrlanday-
intercept of 0.024 = 0.005 hr'l (Figure 1). Since this plot yields a straight line with a positive intercept, the rate equation
for BaA photodegradation in the presence of vanillin is:
d[BaA)/dt =k 5[BaA] + kg[BaA][Vanillin] ,
where k5 = y-intercept and kp = slope. This type of treatment requires that vanillin concentration be relatively constant
over the course of the experiment. In all four sets vanillin degradation was less than 15%.

The form of this rate law implies that there are at least two mechanisms responsible for BaA photodegradation in this
system. The ratio of the rate constants suggesis that the mechanism involving vanillin does not influence the overall rate
unless the concentration of vanillin exceeds 3 x 10-5 M (5 ng/ul). At vanillin concentrations above 3 x 103 M (500 ng/ul),
the vanillin dependent mechanism becomes the only important pathway for BaA degradation. Considering that PAH are
known sensitizers of singlet oxygen and that atlack of singlet oxygen is the major photodegradation pathway for PAH in
organic solvents?-5, it seems reasonable to assume that the term independent of vanillin concentration is due to singlet
oxygen attack on BaA. Furthcrmore, benz(a)anthracene-7,12 dione, which is a known product of singlet oxygen addition
to BaA, has been identified as a reaction product by matching its mass spectrum to a standard. However a singlet oxygen
mechanism of this type generally produces second order kinetics.3-6 Thus further study is needed to confirm the
mechanism that is responsible for the first term in the rate law. It is interesting to note that Hawthome et al22 have
observed the phototoxidation of isoeugenol to vanillin on wood soot particles. This process occurs by singlet oxygen
oxidation in solution.23 Thus perhaps singlet oxygen oxidation is occuring in the organic liquid layer on wood soot
particles despite its insignificant contribution as a gas-phase oxidant.

Given the above rate expression, an attempt was made to dctermine the mechanism responsible for the second term
in the rate law. In 1972, T. Matsuura documented that triplet sensitizers were capable of abstracting phenolic hydrogen
from catechol and hydroquinone derivatives.23 This precedence suggested that in our model system BaA may be acting as
a triplet sensitizer and abstracting the phenolic hydrogen of vanillin to create a phenoxy radical. Bordwell and Cheng
showed that electron donating and electron withdrawing para-substituents were able to stabilize phenoxy radicals. They
found that a linear free energy relationship existed between the stabilizing effects of electron donating substituents and
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their o+ parameters. The o+ parameters are defined as the log of the ratio of the acid dissociation constants for different
para substituted t-cumyl chlorides to the acid disassociation constant for unsubstituted t-cumy] chloride. They are a
measure of a substituent's ability to stabilize an electron deficient reaction site, that is para to the substituent, by coming
into direct, through resonance with the reaction site. The relationship that Bordwell and Cheng found suggest that o+
parameters are measure of phenoxy radicals stability. Thus in order to determine if BaA was abstracting hydrogen from
vanillin to create phenoxy radicals, an experiment was perforined to see if BaA rates of photodegradation in various para-
substituted methoxyphenols could be correlated with the o parameters corresponding to those para-substituents. However
in this case, electron withdrawing substituents were used instead of electron donating substituents. So o ~ parameters were
used instead of o+ because o ~ parameters are a measure of an electron withdrawing para-substituent's ability to come into
direct, through resonance with a para-reaction site.

Four different sets of samples were irradiated in the photoreactor simultaneously. Each set contained BaA and a
different para-substituted guaicol. A rate constant (kg) was obtained for each set. The data is listed in table 2.

TABLE 2. Correlation between BaA Photodegradation in the Presence of Various Para-substituted Methoxyphenols
and the o * Parameters Corresponding to those Para-substituents.

SET# Methoxyphenol o- kg (br'l)
1 Acetovanillone 0.84 0.043 = 0.006
2 4-hydroxy-3-methoxy 0.88 0.032 = 0.003
benzonitrile
3 4-nitroguaiacol 1.24 0.465 = 0.025
Vanillin 1.03 0.083 + 0.006

A Hammet style plot of log(kp) versus the O~ parameters corresponding to the para-substituted groups yields a straight line
(12 = 0.96) (Figure 2). The O ~ parameters seem to be a relative gauge of the amount of stability that the corresponding

para-substituents yield to a phenoxy radical. For example, NO; has a relatively high O~ parameter (0"=1.24). This is due
to its strong ability to delocalize the odd electron in the corresponding phenoxy radical by coming into direct resonance
with the reaction site (Figure 3). This delocalization stabilizes the radical product and thus decreases the free encrgy of the
reaction compared to that of an unsubstituted guaiacol. This decrease in free energy is related to the rate through the
Hammett equation:

AGy, - AG] =-2.303RTo"
6~ =log(ky,, / k)

where AGT is the free energy difference between the ground state complex and the transition state, kno2 and kyy are the
second order rate constants for BaA photodegradation (i.e. kp) in the presence of 4-nitroguaiacol and guaicaol respectively,

R is the ideal gas constant, and T is the temperature. This type of relationship shows that the rate increases with O, As

stated earlier, Bordwell and Cheng observed24 that a correlation existed between phenoxy radical stability and Gt
parameters corresponding to electron donating para-substituents. Thus whether a group is electron donating or electron
withdrawing does not seem to be the important factor in the stabilization of these radicals. It is the relative ability of the
group to come into direct resonance with the reaction site and delocalize the odd electron that seems to exert the largest
influence on the phenoxy radical stability. Therefore it seems that the most likely interpretation of the linearity of the
Hammett plot is that hydrogen abstraction of the phenolic hydrogen of vanillin is the rate determining step of the
mechanism.

A mechanism in which triplet BaA abstracts the phenolic hydrogen of vanillin is shown in Figure 4. In this mechanism,
kq is a term relating light intensity to the total light that is absorbed in the reaction cell. It is not actually a constant
because it depends on both BaA and vanillin concentrations. Yet as long as vanillin concentration is kept below 5 x 10~
Mand BaA concentration is kept below 5 x 105 M, this term is only weakly dependent on concentration and thus is
essentially constant. This was the case for all experiments conducted in this study. The average value of k; was

approximately 2.2 and varied less than 5% over the course of any experiment. The term @, is the quantum yield for
inter-system crossing and I is the light intensity at 366nm. The constants k, and ky represent the rate of triplet de-
excitation and the rate of hydrogen abstraction respectively.
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The rate law for this mechanism is also shown in Figure 4. This mechanism can be easily fit to the observed rate law,
The only assumption that is needed is ky >> kg[Van]. By substituting in values for I, [SL ¢isc, ky, and kp, a value of
0.4M-! is obtained for the ratio of ko/k3. Thus for the vanillin concentrations used in this study (e.<2x 10'3M), ky is
much larger than k[Van]. The value used here for §;q, is for BaA in pure benzene rand is assumed to be very similiar to

what it would be in toluene. The variance is surely less than an order of magnitude. So, the assumption needed to make
the proposed mechanism fit the observed rate law is valid.

Summary and Conclusions

The findings of this study suggest that the mechanism by which BaA photodegrades in the presence of vanillin is by
hydrogen abstraction of the phenolic hydrogen of vanillin by excited triplet BaA. The mechanism proposed can be easily
fit to the observed rate law. Thus these findings suggest that if PAH are actually dissolved in an organic layer that contains
large amounts of methoxyphenols on wood soot particles, then then model system used in this study may be directly
applicable to PAH photodegradation on wood soot particles. If rate constants were obtained for several PAH and
methoxyphenols using the methodology set out in this study, then modeling the atmospheric fate of PAH associated with
wood soot particles would be possible. The rates in solution will obviously be different from those on wood soot. The
quantum yield for inter-system crossing($;sc) and the rate of triplet de-excitation (ky) are both medium dependent.
Furthermore, if the organic layer on wood soot particles is extremely viscous then the rate of hydrogen abstraction(k3) may
be diffusion controlled. This diffusion controlled rate would be temperature dependent and this depend would have to
be taken into account. Yet despite these differences, if the mechanism responsible for PAH photodegradation on wood
soot particles is known then it would be possible to model their behavior.

This study suggest that further research on heterogenous reactions in the atmosphere should be conducted and that
particular attention be applied to the chemical composition of combustion aerosols.
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Figure 4: Hydrogen Abstraction Mechanism
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ABSTRACT

In accordance with the Clean Air Act Amendments of 1990, the Environmental Protection Agency (EPA) has
developed rules for the establishment of enhanced ozone monitoring networks, or Photochemical Assessment Monitoring
Stations (PAMS), in ozone nonattai areas designated as serious, severe, and extreme. These stations will collect
ambient air measurements for a target list of volatile organic compounds (VOC) including several carbonyls, and oxides
of nitrogen (NO, NO,, and NO,), ozone, and both surface and upper air meteorological measurements.

EPA anticipates that the data produced by the PAMS will enhance the ability of the State and Local air pollution
control agencies to identify and respond to ozone nonattainment conditions by developing and implementing responsible,
cost-effective ozone control strategies. Further, the Agency anticipates that the measurements will be highly valuable in
verifying emission inventories and corroborating area-wide emissions reductions. The data will be used to evaluate,
adjust, and provide input to the photochemical grid models utilized by the States to develop and demonstrate the success
of their control strategies. The PAMS will provide constructive information for the evaluation of population exposure
and the development of ambient ozone and ozone precursor trends. This paper will examine the regulatory requirements
of the rules and the implications for implementation.
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INTRODUCTION

On March 4, 1992, the Environmental Protection Agency proposed amendments to the ambient air quality
surveillance rules (40 CFR Part 58) to provide for the enhanced monitoring of ozone and oxides of nitrogen and for the
additional monitoring of volatile organic compounds (including carbonyls) to comply with the requirements of Title I,
Section 182 of the Clean Air Act Amendments of 1990, These proposed modifications were proffered to obtain more
comprehensive and representative data on ozone air pollution. Subsequently, following an extended public comment
period, on February 12, 1993, the final rules were promulgated in the Federal Register (58 FR 8452). These
regulations require the affected States to adopt and implement a program to improve ambient monitoring activities and
the monitoring of emissions of oxides of nitrogen and volatile organic compounds and require States to establish
Photochemical Assessment Monitoring Stations (PAMS) as part of their SIP monitoring networks in ozone nonattainment
areas classified as serious, severe, or extreme. Additionally, each State implementation plan (SIP) for the affected areas
must be amended to include provisions for such ambient monitoring. The principle reasons for requiring the collection
of additional ambient air pollutant and meteorological data are, primarily, the historical challenges faced by the State and
Local Government air pollution control agencies in attaining the National Ambient Air Quality Standards (NAAQS) for
ozone nationwide, and secondly, the need for a more comprehensive air quality database for ozone and its precursors to
explain the effects of ozone control strategies.

PROGRAM OBJECTIVES

In formulating the PAMS program, EPA has endeavored to provide a sensible balance between the costs of the
program and the degree to which the program objectives are satisfied. The Agency has maintained that in formulating
the data requirements for the PAMS program, it was necessary to accept some compromises, (i.e., some more crucial
objectives would be better satisfied than other less important objectives). EPA is committed to requiring a program
which would comprise the best technical-fiscal stability to maximize the utility of a variety of program objectives. EPA
has only provided the framework for a minimum required monitoring strategy; States are encouraged to implement
larger, more comprehensive networks if those networks will provide a superior or equivalent database for the fulfillment
of the program objectives.

The primary objective of the enhanced ozone monitoring revisions is to provide an air quality data base that will
assist air pollution control agencies in evaluating, tracking the progress of, and, if necessary, refining control strategies
for attaining the ozone National Ambient Air Quality Standard (NAAQS). Ambient concentrations of ozone and ozone
precursors will be used to make attainment/nonattainment decisions, aid in tracking VOC and NO, emission inventory
reductions, better characterize the nature and extent of the ozone problem, and prepare assessments of air quality trends.
In addition, data from the PAMS will provide an improved data base for evaluating photochemical model performance,
especially for future control strategy mid-course corrections as part of the continuing air quality management process.
The data will be particularly useful to States in ensuring the implementation of the most cost-effective regulatory
controls.

Specific provisions of the rule require the establishment and operation of up to 5 PAMS stations in each affected
Metropolitan Statistical Area or Consolidated Metropolitan Statistical Area (MSA/CMSA), depending on the population
of the area (See Figure 1), Those stations are identified by number and defined as follows:

o Site #1 - These sites are established to characterize upwind background and transported ozone/precursor
concentrations entering the area and will identify those areas which are subjected to incoming transport
of ozone. The #1 Sites are located in the predominant moming upwind direction from the local area of
maximum precursor emissions and at a distance sufficient to obtain urban scale measurements.
Typically, these sites will be located near the upwind edge of the photochemical grid model domain.

o Site #2 - These sites are established to monitor the magnitude and type of precursor emissions in the
zone where maximum precursor emissions are expected to impact and are suited for the monitoring of
urban air toxic pollutants. The #2 Sites are located immediately downwind (using the same moming
wind direction for locating Site #1) of the area of maximum precursor emissions and are typically
placed near the downwind boundary of the central business district to obtain neighborhood scale
measurements representative of the MSA/CMSA. Additionally, a second #2 Site may be required
depending on the size of the area, and should then be placed in the second-most predominant moming
wind direction.
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o Site #3 - These sites are intended to monitor maximum ozone concentrations occurring downwind from
the area of maximum precursor emissions. Locations for #3 Sites should be chosen so that urban scale
ts are obtained. Typically, these sites are located 10 to 30 miles downwind from the fringe

of the urban area.

o Site #4 - These sites are established to characterize the extreme downwind transported ozone and its
precursor concentrations exiting the area and will identify those areas which are potentially contributing
to ozone transport into other areas. The #4 Sites are located in the predominant afternoon downwind
direction from the local area of maximum precursor emissions at a distance sufficient to obtain urban
scale measurements. Typically, these sites will be located near the downwind edge of the
photochemical grid model domain.

Each station will sample for speciated volatile organic compounds (VOC), often including several carbonyls,
and ozone, oxides of nitrogen, and surface (10-meter) meteorological parameters; the network requirements vary
somewhat with the size of the MSA/CMSA (See Figure 2). Additionally, each area must monitor upper air meteorology
at one representative site. The rule allows a 5-year transition or phase-in schedule for the program at a rate of at least
one station per area per year. Further, the rule provides for the submission and approval of alternative network designs
and sampling schemes. Such alternative mechanisms for compliance with the rules are especially valuable to States
which are currently engaged in some different form of ozone precursor monitoring which has proved adequate for their
SIP needs.

Specific and often different monitoring objectives are associated with each specific PAMS monitoring location.
These monitoring objectives can be summarized into categories to support the following activities: control strategies,
photochemical modeling, emissions inventories, trends, attainment/nonattainment decisions, and exposure analyses. A
monitoring network which adequately supports these six objectives will provide the initial stepping stones that constitute
a pathway toward attai of the National Ambient Air Quality Standard (NAAQS) for ozone.

Objective #1:  Provide a speciated ambient air data base which is both representative and useful for ascertaining
ambient profiles and distinguishing among various individual VOC.

A fundamental objective of the enhanced ozone and ozone precursor monitoring regulations is to provide a
mechanism whereby air pollution control agencies can obtain an air quality database that will assist in evaluating,
tracking the progress of, and, if necessary, refining control strategies for attaining the ozone NAAQS. This
comprehensive data base will allow the States to focus their control strategies where they will be the most beneficial to
attain the NAAQS and to re-evaluate their existing ozone control programs. These PAMS data, especially those
collected at Sites #1 and #2, will enhance the characterization of ozone concentrations and provide critical information on
the precursors which cause ozone. Speciation of measured VOC data and additional NO, data are expected to allow the
determination of which species are most affected by local emissions reductions and assist in developing cost-effective,
selective VOC and/or NO, reductions and control strategies.

Objective #2:  Provide local, current meteorological and ambient data to serve as initial and boundary condition
information for photochemical grid models.

The PAMS network requirements are tailored to provide specific data measurements which can be utilized by
photochemical modelers to refine their estimates of initial and boundary conditions, provide a means to evaluate the
predictive capability of the models, and minimize the available adjustment of model inputs. Such information will tend
to increase the probability that the model’s calculations will reflect the "right answer for the right reason” rather than the
"right answer for the wrong reason” and reduce the uncertainties associated with estimated model inputs. In fact, the
upwind site (Site #1) and the downwind site (Site #4) are located so as to quantify the atmospheric conditions at the
upwind and downwind extremes of the photochemical modeling domain.

Heretofore, the national air pollution control program has not had the benefit of comprehensive ozone precursor
data as a tool for evaluating, calibrating, performing diagnostics, or otherwise adjusting and conducting reality checks on
the operation of the Urban Airshed Model (UAM). EPA views the PAMS networks as vital steps forward in
complementing grid model applications.
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Objective #3:  Provide a representative, speciated ambient air data base which is characteristic of source
emission impacts.

The emissions inventory serves as an essential element of the air management process as well as a fundamental
input for photochemical models. Verification of reported emissions and the tracking of changes in the atmospheric VOC
profiles can assist in the evaluation of control strategy effectiveness. Given that the emissions inventory is the
foundation building block for the entire SIP development process, it is critical that its accuracy be optimized. While the
regulatory assessments of progress will be made in terms of emission inventory estimates, the ambient data can provide
independent trends analyses and corroboration of these assessments which either verify or highlight possible errors in
emissions trends indicated by the inventories. The ambient assessments, using speciated data, can gauge the accuracy of
estimated changes in emissions. The speciated data can also be used to assess the quality of the speciated VOC and NO,
emission inventories. Utilizing other computer modeling techniques, PAMS data will help resolve the roles of
transported and locally emitted ozone precursors in producing an observed exceedance and may be utilized to identify
specific sources emitting excessive amounts of precursors.

Objective #4:  Provide ambient data measurements which would allow later preparation of pollutant trends
assessments.

Long-term PAMS data will be used to assess ambient trends for speciated VOC, NO,, and in a more limited
way, for toxic air pollutants. Multiple statistical indicators will be tracked, including ozone and its precursors during the
events encompassing the days during each year with the highest ozone concentrations, the seasonal means for these
pollutants, and the annual means at representative locations. The more PAMS that are established in and near
nonattainment areas, the more effective the trends data will become. Note, however, that in general it will only be
appropriate to combine data from like sites; therefore, trends will likely need to be constructed on a site-by-site or
combination-of-like-sites basis. As the spatial distribution and number of ozone and precursor monitors grows, trends
analyses will be less influenced by instrument or site location anomalies. The requirement that surface meteorological
monitoring be established at each PAMS will help maximize the utility of these trends analyses by comparisons with
meteorological trends, and transport influences.

Objective #5:  Provide additional measurements of selected criteria pollutants.

Like SLAMS and NAMS data, PAMS data will be used for monitoring ozone exceedances and providing input
for attainment/nonattainment decisions. Additionally, the NO, data can be utilized to augment monitoring for compliance
with the NAAQS for NO, where such data is gathered with the Federal Reference Method (FRM) and is taken on a
year-round basis. Ultimately, the success of any air pollution control strategy is appraised by its ability to achieve
compliance with the NAAQS. (Note that the PAMS will expand the spatial coverage of NAAQS-related monitoring.)
Although the data at any PAMS site can be used for these purposes, it is expected that Site #3 will constitute the
maximum ozone concentration site for comparison with the NAAQS. Further, the additional data will provide an
expanded foundation for developing and administering mai ¢ plans required by the Clean Air Act.

Objective #6:  Provide additional measurements of selected criteria and non-criteria pollutants from properly-
sited locations.

PAMS data can be used to better characterize ozone and toxic air pollutant exposure to populations living in
serious, severe, or extreme areas. Annual mean toxic air pollutant concentrations can be calculated to aid in estimating
the average exposure to the population associated with individual VOC species, which are considered toxic, in urban
environments. Specifically, by measuring the VOC targeted by PAMS, a number of toxic air pollutants will also be
measured. Although compliance with Title I, Section 182 of the Clean Air Act Amendments does not require the
measurement and analysis of additional toxic air pollutants, the Agency believes that the PAMS stations can serve as
cost-effective platforms for a limited enhanced air toxics monitoring program. The adjunct use of PAMS for air toxics
monitoring will allow the consideration of air toxics impacts in the development of future ozone control strategies. The
establishment of a second PAMS Site #2 in an MSA/CMSA will provide an even better data base for such uses. Both
Sites #2 and #3 will probably be the best choices for exposure analyses. EPA notes that the PAMS network is not ideal
as a source of primary ambient air toxics data and regards the collection of air toxics data as an incidental and
secondary, though important, objective of the PAMS system.
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ALTERNATIVE PLANS

During the process of developing the initial proposal for the photochemical assessment monitoring program,
EPA noted that each air pollution control agency is subject to its own particular set of problems, strategies, limitations,
and authorities. In many cases some of these factors may be sufficiently unigue to require tailoring of the PAMS
specifications in order to balance the program objectives for a particular geographic area. Accordingly, in the final rule,
the Agency incorporated provisions which would allow such tailoring via the development of alternative PAMS
monitoring schemes. Such provisions permit alternatives for the number and location of monitoring sites, the
sampling/analysis methodology utilized at each site, the frequency of sampling, tbe specification of wind directions for
siting purposes, and the stipulation of the monitoring season. In great part, the approval of alternative plans rests upon
the State’s ability to provide a balanced response to the program objectives, ensuring a focus on three key elements, i.e.,
development and evaluation of 0zone control strategies, data assistance for photochemical modeling, and tracking of
emissions/trends.

Current EPA thinking on alternative plans includes:

o requiring narrative justification for alternatives with supporting data
o entertaining optional programs at Sites #1, #3, and #4.
o establishing higher hurdles for options at Sites #2.
o requiring submittal of historical sampling data, or
o requiring side-by-side sampling and analyses
CONCLUSION

With the promulgation of the PAMS rules, EPA has endeavored to enter a new era of national monitoring
management. The program will not only rely on State and Local air pollution control agencies to operate the monitoring
systems and report the data, as in the past, but will also encourage innovative thinking in the design, operation,
management, and use of proactive monitoring strategies. The Agency believes that PAMS team building will provide
both Federal and State/Local government with a forum to produce an environmental data base which will be unequaled
in usefulness and quality.
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Figure 1. PAMS Network Design
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ABSTRACT

This paper describes a survey of the ambient air concentrations of the 189 Hazardous Air Pollutants
(HAPs) listed in the 1990 Clean Air Act Amendments. The purpose of this survey was to establish typical
ranges and average values for HAPs concentrations in the U.S., as a first step in assessing the exposure of
the U.S. population to these chemicals. This survey found that the 18% HAPs consist of one group of
chemicals frequently measured in many sampling locations, and a second much larger group for which few or
no ambient data exist. For 74 chemicals no ambient data were found, and for 45 others fewer than 100
measurements were found. Oxygenated and nitrogenated organics dominate the group for which no data were
found; this is probably due to the difficulties in sampling and analyzing for these compounds at ambient
levels. For a list of 30 high-priority HAPs, data are more plentiful than for most of the HAPs.

INTRODUCTION

To accelerate the pace of identifying and regulating toxic air contaminants, Congress established a list of
189 chemicals designated as Hazardous Air Pollutants (HAPs) in the 1990 Clean Air Act Amendments
(CAAA). Those 189 HAPs are a diverse group, including volatile organic compounds (VOCs), polar VOCs,
pesticides, semivolatile compounds, and metals. This report presents the results of a survey of ambient
concentration data for the 189 HAPs (1). The purposes of this survey are to provide typical data from
populated areas of the U.S. with which initial health risk assessments may be done for the 189 HAPs, and to
highlight HAPs for which ambient measurements are particularly needed.

SURVEY PROCEDURES

The 189 diverse chemicals designated as HAPs were organized into chemical classes to facilitate
searching for ambient data. This chemical classification was useful because similar chemicals are frequently
measured together, using similar measurement methods. Information on ambient concentrations of the 189
HAPs was located through keyword searches of appropriate computerized databases, in review articles,
reference books, proceedirgs of relevant air-quality conferences, and in unpublished data sets from recent
urban air monitoring studies. Ambient concentrations for 70 of the 189 HAPs have been compiled through
1987 in the National VOC Data Base (2,3), and that data base was updated concurrently with the present
program (4). For the present study, the ambient data in the 1988 version of the national data base (2,3) were
summarized, and were supplemented with ambient data from recent field studies. The search strategy for the
119 HAPs not included in the National VOC Data Base was somewhat different. The 119 HAPs were the
subject of computerized and manual searches of the literature to locate ambient data. For each chemical, a
keyword search was conducted through the computerized databases of STN International. The databases
searched included the Chemical Abstracts (CA) files from 1967 to the present, Chemical Abstracts Previews
(CAP) current files, and National Technical Information Service (NTIS) files from 1964 to the present. The
search strategy targeted keywords such as "ambient or urban or atmospheric", and "measurements or
monitoring or concentration”, and "air". The strategy also specifically excluded keywords such as
"workplace” or "biological" that were not pertinent to this survey. The search was restricted to English
language citations authored in the U.S., in order to focus on data pertinent to toxics exposure of the U.S.
population.
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The intent of this review was not to catalog every data point or sample, as attempted in the National
VOC Database (2,3). Rather, the aim was to compile information on typical concentrations (i.e., mean
and/or median), the range of concentrations observed, and the number, locations, and time periods of the
measurements. Additional information such as the detection limit of the measurements, the number of results
below the detection limit, and the procedure used for calculation of a mean value, was also recorded when
available. The focus of this survey was on ambient data in populated (urban to rural) areas of the U.S. To
that end, data from remote sites and data indicating direct source sampling were excluded from the survey.
In a few cases identification was ambiguous, and scientific judgment was used to exclude data points which
were notably higher than the upper range of other data. No effort was made to exclude all measurements that
may have been subject to some impact of urban sources, since those data properly represent the upper range
of concentrations to which urban residents may be exposed. Efforts were made to assure data quality hy
selecting from well-documented recent measurements.

The list of 189 HAPs includes some redundant entries, in the form of chemical groups (e.g., xylenes,
cresols) and their individual constituent isomers. These chemicals may be used in industrial settings as the
mixed isomers, but are generally measured in the atmosphere as individual isomers. Searches were
performed for both the individual and mixed isomers, but ambient data were found for only the individual
isomers. The HAP denoted as polycyclic organic matter (POM) is comprised of numerous individual
compounds, and the compounds measured are not always clearly defined in reports of ambient measurements.
For consistency, and to emphasize potential health risks from POM, this survey focused on eight individual
POM compounds identified as possible or probable human carcinogens (5,6). Those eight compounds are
benzo[a]pyrene, benzo[a]anthracene, dibenzo[a,h]anthracene, chrysene, benzo[b]fluoranthene,
benzo[k]fluoranthene, indeno[1,2,3,c-d]pyrene, and benzo{g,h,i]perylene. Ambient data were compiled for
the sum of these eight POM compounds. '

RESULTS AND DISCUSSION

The results of this survey of ambient concentrations are compiled in a 33-page table, with an associated
list of over 80 citations from relevant literature (1). The data table lists all 189 chemicals in the same order
as in the CAAA and gives the name and CAS number for each compound, the locations and years of
measurements, the number of measurements, the mean, range, and median (if available) of the measured
data, the number of the pertinent reference in the associated reference list, and additional comments on the
data, such as the number of non-detects. In some cases the number of locations and number of samples were
not evident from the literature. In those cases the numbers were estimated. Some studies failed to state the
detection limit, or to define the number of measurements below that limit. The value assigned to non-detects
(e.g., zero, half the detection limit, etc.) in calculating a mean value was also not often clearly stated. These
inconsistencies were addressed by inferring or estimating the detection limits and number of non-detects from
information in the literature. Mean values were then calculated assuming half the apparent detection limit for
the results below the detection limit.

The most noticeable feature of the data is the wide variation in the amount of data found for individual
HAPs. The number of sampling locations varies from zero to over 140, and the number of samples varies
from zero to over 10,000. Of particular importance is that the number of samples is zero for 74 of the
HAPs, i.e., no ambient data were found. In considering the distribution of the HAPs by number of sampling
locations, the greatest frequency is found for zero sampling locations, with the 74 chemicals in this category
comprising nearly 40% of the HAPs list. The second largest frequency is for 1-4 sampling locations, again
indicating the scarcity of data for some compounds. Only 72 chemicals (38% of the list) show data from at
least 5 locations, and only 54 (29%) show data from 10 or more locations.

Figure 1 shows the frequency distribution of HAPs by the number of measurements found, and clearly
indicates the wide range in the availability of ambient data for the HAPs. The 74 chemicals for which no
ambient data were found constitute the largest frequency range in Figure 1, and a total of 119 chemicals
(63% of the list) show less than 100 measurements. However, the second largest frequency range is the 40
chemicals for which over 1,000 measurements were found. This observation illustrates the primary
characteristic of the HAPs list from the CAAA: it is a unique mix of some chemicals frequently measured in
ambient air, and others rarely or never measured.
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It is instructive to explore what types of chemicals predominate among those HAPs for which no
ambient data were found. That subject is addressed in Figure 2, which shows the total number of HAPs and
the number with no data found, for each of the chemical classes used in the data search. As expected, for
classes such as hydrocarbons, aromatic compounds, and their halogenated analogs, data are available for
nearly all of the chemicals. These compounds are common toxic, relatively non-polar VOCs, and are readily
measured in ambient air by methods such as EPA Compendium Method TO-14. In contrast, no data are
available for most of the chemicals in the nitrogenated and oxygenated organic classes. This fact is
particularly important because together these two groups comprise half of the HAPs list.

Several reasons may exist for the scarcity of ambient measurements of some chemical classes. For the
nitrogenated and oxygenated organics, which collectively fall under the definition of polar VOCs, the most
likely reason is the lack of sampling and analysis methods for these compounds. Due to their water solubility
and reactivity, measurement of these chemicals at expected ambient levels (ppbv to sub-ppbv) is more difficult
than measurement of VOCs, and consequently methods for such chemicals are still in development (7). This
survey indicates, therefore, that method development for polar VOCs in air is crucial if measurement and
regulation of these HAPs are to be accomplished. For other chemical classes, the scarcity of data in this
survey may have other causes. Many chemicals have been measured in the workplace but not in ambient air.
For example, the list designates titanium tetrachloride, elemental phosphorus, and dye intermediates such as
3,3’-dimethoxybenzidine as HAPs. Although the potential toxicity of these chemicals has been established,
their ambient concentrations have not been measured because they have been considered unlikely to be
present at significant concentrations in ambient air. For such compounds, initial ambient measurements
focused in areas of known sources may be preferable to widespread survey measurements, in assessing the
potential for human exposure to these chemicals.

Another reason for the lack of ambient air data for some HAPs is the ambiguous nature of the
identification on the CAAA list. A good example is "coke oven emissions” The emission of a variety of
toxic chemicals from coke ovens is well documented, including sulfur compounds, benzene, other aromatics,
and polycyclic aromatic compounds. However, it is impossible to quantify those compounds originating in
ambient air from coke oven emissions, in the face of other sources of the same compounds, without (e.g.)
detailed source apportionment modelling in the area of a coke oven source. As a result, measurements of
"coke oven emissions” as a chemical group in urban areas simply do not exist.

The representativeness of the HAPs data for use in health risk assessments is an important issue. Some
compounds, such as the chlorinated and aromatic hydrocarbons, have been measured thousands of times in
dozens of locations. The geographic spread of the data is also wide, merely because of the large number of
studies including these chemicals. Thus it may be argued that sufficient data exist to estimate typical and
elevated human exposures to these chemicals. However, as noted above, nearly two-thirds of the 189 HAPs
have been measured fewer than 100 times, and a similar number have been measured in fewer than 5
locations. Such small data sets and limited geographic coverage are unlikely to adequately represent the
exposure of the U.S. population to those chemicals. More measurements of these compounds are needed if
health risk assessment is to be conducted adequately.

As an example of the data compiled in this survey, Table 1 summarizes the most recent data found for a
group of 30 high priority HAPs. This list of chemicals was adapted from the draft list of candidate pollutants
in the U.S. EPA solicitation for the National Human Exposure Assessment Survey (NHEXAS). The data
shown in Table 1 are a subset of the complete data sets compiled for these chemicals in the present study.
Shown in the table are the number of study locations, number of samples, mean, range, and years of recent
measurements for the 30 chemicals. The availability of data for these key compounds is generally better than
for the 189 HAPs as a whole. All of the chemicals in Table 1 have been measured recently in ambient air,
and for most of these chemicals several hundred recent samples are indicated. Inspection of the full data set
also indicates that the recent data in Table 1 exhibit means and ranges that are generally lower than those of
earlier data. This difference may indicate decreases in the emissions of these chemicals. However, changes
in the choice of sampling locations may also account for this difference. Site selection in early urban field
studies often emphasized worst-case locations such as urban traffic centers; recent studies have tended to
emphasize sites that are more representative of local population distributions. As a result, the recent data
shown in Table 1 may be useful for initial health risk assessments for these 30 HAPs.
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CONCLUSIONS AND RECOMMENDATIONS

The conclusions of this study are:

The 189 HAPs can be divided into two groups: one comprising roughly 30 percent of the list, for
which previous ambient measurements have been frequent and widespread, and a second much
larger group for which measurements are rare or non-existent.

For a core group of key HAPs, recent and earlier ambient data are relatively plentiful, suggesting
that initial health risk estimates can be made with the existing data.

The major groups of HAPs for which data are lacking are the nitrogenated and oxygenated
organics; lack of suitable sampling and analysis methods is the main reason for the lack of data for
these chemicals.

The recommendations from this study are:

Analytical method development is critically needed for many of the HAPs, particularly for the
nitrogenated and oxygenated organics, which collectively may be called polar VOCs.

Additional ambient air measurements are needed for at least 70 percent of the HAPs, to improve
the representativeness of the data for use in human health risk assessments.

Efforts should continue to enlarge the present set of ambient air data for the 189 HAPs. The
present survey was not designed to be exhaustive, and inclusion of additional data would be
valuable.
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TABLE 1. RECENT AMBIENT AIR CONCENTRATIONS DATA FOR 30 HIGH PRIORITY HAPs

No. Compound No. of Study No. of Overall Overall Data Range Study
Areas Samples Mean Years
1 Benzene 14 5348 2.8 ug/m® <0.05 - 67.3 198991
2 Chloroform 13 4368 0.4 pg/m? <0.03 - 115 1989-91
3 Formaldehyde 13 804 3.3 pg/m? 0.12-23.4 1989-91
4 Tetrachloroethylene 13 728 3.6 ug/m? <0.69 - 104 1989-91
s 1,3-Butadiene 1 349 2.3 pug/m® <0.02 - 321 1990
6  Carbon Tetrachloride 13 728 1.2 pg/m’ <0.06 - 27.8 1989-91
7  Chlorobenzene 13 728 0.12 pg/m® <0.09 -9.1 1989-91
8  Vinylidene Chloride 2 379 ND <0.12,<0.40 pg/m® 198991
9 Ethylene Oxide 2 >3 <1.8 pg/m? 0.09 - 1.8 1989
10  Methyl Chloroform 13 728 5.6 ug/m? <0.28 - 492 1989-91
11 Methylene Chloride 13 728 2.2 pg/m? <0.35-112 198991
12 Styrene 3 6117 0.55 ug/m3 <0.05 - 35.1 1989-91
13 Toluene 14 5348 10.2 pg/m® 0.11 - 750 1989-91
14 Vinyl Chloride 13 728 0.96 ug/m’ <0.08 - 202 1989-91
15 Xylenes:
o-xylene 3 4999 2.6 ug/m?® <0.05 - 64.1 1989-91
m-xylene 3 4999 5.4 pg/m® <0.06 - 127 1989.91
p-xylene! 31 785 8.7 pg/m® ND - 72 1985-87
16  Lead 2 465 9 ng/m® 0.4 - 50 1989-91
17 Arsenic 2 696 2.5 ng/m? 1.8-7.0 1985, 89
18  Cadmium 1 349 1.2 ng/m® 0.3-4.1 1985
19  Chromium 3 808 33 agim® <1-30 1985,
20 Mercury 2 178 5.8 ng/m® 0.8-16 1988-89
21 Nickel 3 664 3.8 ag/m® <2-8.7 1985;
22  POMs 7 159 8.4 ng/m’ 0.3-91 1984-91
23 2,3,7,8-TCDD 5 134 0.04 pg/m? Not available 1986-88
24  PCBs Great Lakes Many 1.0 ng/m® Not available Up to 1991
25  Chlordanet 2 301 17.1 ng/m? <4-628 1987-88
26 24Dt 2 288 0.003 ng/m? <0.5-12 1987-88
27 Heptachlor? 2 301 7.0 ng/m® <0.5 - 627 1987-88
28 Hexachlorobenzene' 2 301 0.04 ng/m? <0.5 - 13.0 1987-88
29  Pentachlorophenol 1 2 0.92 pg/m?® 0.91-0.92 1989
30  Propoxur’ 2 301 2.5 ng/m® <3 -286 1987-88

Mean values calculated using "0" for non-detected samples; all other cases use 0.5xDetection Limit for non-detected

samples.
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SURVEYS OF THE 189 CAAA HAZARDOUS AIR POLLUTANTS:
. ATMOSPHERIC LIFETIMES AND TRANSFORMATION PRODUCTS

Thomas J. Kelly, Albert J. Pollack, Mukund Ramamurthi, and C. W. Spicer
Battelle, 505 King Avenue, Columbus, OH

Larry T. Cupitt
U.S. Environmental Protection Agency, Research Triangle Park, NC

ABSTRACT

This paper describes a survey of the atmospheric reactions, products, and lifetimes of the 189
Hazardous Air Pollutants (HAPs) listed in the 1990 Clean Air Act Amendments. This survey focussed on the
primary transformation processes for the HAPs, with the aim of identifying toxic reaction products. For 92
of the HAPs, reaction rate, lifetime, and product information were found, including 13 HAPs for which no
significant transformation is expected. For 85 other HAPs, rate and lifetime data were found, but no
products were identified. For the final 12 HAPs, no reactivity or product data at all were found. Reaction
with OH radical is the most common transformation process for the HAPs, with photolysis, deposition, and
reactions with ozone, nitrate radicals, and water being generally of secondary importance. The most common
HAPs reaction products include low molecular weight aldehydes, alcohols, ketones, organic acids, nitrates,
CO, and CO,. Some non-toxic chemicals in air may also give HAPs as reaction products.

INTRODUCTION

To accelerate the pace of identifying and regulating air contaminants, Congress established a list of 189
chemicals designated as Hazardous Air Pollutants (HAPs) in the 1990 Clean Air Act Amendments (CAAA).
Those 189 HAPs are a diverse group, including volatile organic compounds (VOCs), polar VOCs, pesticides,
semivolatile compounds, and metals. In addition to the concern of human exposure directly to these 189
chemicals, the CAAA also identifies the need for "consideration of atmospheric transformation and other
factors which can elevate public health risks from such pollutants.” This survey was performed to identify
the primary removal and transformation processes, products, and lifetimes to be expected in the atmospheric
degradation of the 189 HAPs.

SURVEY PROCESS

For purposes of this survey, the 189 diverse chemicals designated as HAPs were organized into
chemical classes to facilitate searching for transformation data. This classification was useful because similar
chemicals are frequently evaluated together and are transformed via similar reaction mechanisms.

Information on the transformation processes of the 189 HAPs was located using two computerized data bases
and through a general review of articles, reference books, proceedings of relevant conferences, and reports.
One data base reviewed for reaction rate information was the ABIOTIK, software package (1). This program
supplied measured reaction rate constants for the degradation of organic compounds in the atmosphere. Also
provided were literature citations for the information displayed. If the title of the referenced work implied
that reaction products were also identified in the text, then efforts were made to obtain a copy of the
manuscript for in-depth review. The second data base employed consisted of a keyword search conducted
through the computerized databases of STN International. The databases searched included the Chemical
Abstract (CA) files from 1967 to present, Chemical Abstract Preview (CAP) current files, and the National
Technical Information Service (NTIS) files from 1964 to present. The search strategy targeted keywords such
as "atmospheric or air," "reactions or kinetics or removal,” and "rates or constants or lifetime." The search
was restricted to English language citations in order to expedite their evaluation. Transformation data were
also obtained from published reviews, reference texts, proceedings of meetings, and reports that were not
identified during the two database searches. These sources reflected general reference materials available at
the time of the survey.
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ATMOSPHERIC LIFETIMES

If the information found for a particular HAP contained rate constants for atmospheric reactions, then
an estimated lifetime was computed. For the general case of a chemical (x) reacting with an atmospheric
constituent (A), the lifetime (7) of x was defined as 7, = 1/kC,, where k is the appropriate rate constant and
C, is the concentration of A. To perform this calculation, the following assumed concentrations for the
major gaseous reactants were used:

Concentration
Species (molecules/cm®)
0, 1.5 x 102
OH 3.0x 10
NO, 2.5x 10°
HO, 1.0 x 10°.

These concentrations were meant to represent long-term average concentrations in a relatively polluted
environment (2). Photolysis was also included as a transformation pathway. Three lifetime categories were
utilized: <1 day, indicating rapid transformation in the atmosphere; 1-5 days, indicating a more persistent
nature; and finally >35 days, generally indicating that the HAP either reacts slowly or not at all under
atmospheric conditions. In some instances, lifetimes indicated in different literature sources for a HAP were
not in agreement. To accommodate this, ranges of <1 to 1-5 days and 1-5 to >5 days lifetimes were
reported. For chemicals which react slowly in the atmosphere, transport and deposition (wet or dry) were
included as transformation processes since they determined the limiting lifetime of the HAP. The purpose of
this survey was to characterize the dominant features of each HAP’s atmospheric transformation, and to
document the likely reaction products. The compilation of reaction rate constants, and the detailed evaluation
of minor reaction pathways, were not the focus of this study. Such efforts are valuable, but are feasible only
when smaller numbers of HAPs are addressed (e.g., 3).

RESULTS AND DISCUSSION

The results of this survey are compiled in a 34-page table, with an associated list of over 140 citations
to relevant literature (4). The data table lists all 189 chemicals in the same order as in the CAAA, and
includes the name and CAS number for each compound, the chemical formula/structure, the major removal
processes, the atmospheric lifetime, the potential transformation products, the references for the data
presented, and any additional comments. Of the 189 HAP compounds, 92 (49% of the list) have data entries
that include reaction rates and corresponding atmospheric lifetimes, as well as identified reaction products.
Included in these 92 compounds are 13 chemicals not expected to undergo significant transformation. For
eighty-five other compounds (45%) reaction process and lifetime data were found, but no identified reaction
products. The remaining 12 compounds were not reported in the literature reviewed; i.e., no information at
all was found on their atmospheric reactivity.

A breakdown of the data obtained during this survey, summarized by the chemical classes used in the
search, is shown in Table 1. This table shows that there were 97 compounds for which no product
information was found (85 no product data + 12 no data at all). The nitrogenated organics and oxygenated
organic compounds comprise nearly two-thirds of the group for which no products were identified. This may
reflect the lack of definitive methods for measuring these polar VOCs and consequently the absence of data
associated with the degradation of these compounds. Methods development for polar VOCs may be necessary
before transformation products can be identified.

The major removal process driving the transformation of the HAP compounds in the atmosphere is the
reaction with hydroxyl radicals, OH. Of the 177 HAPs for which reaction processes are reported, 146 are
primarily attributed to OH. Reactions with ozone, nitrate radicals, liquid and vapor phase water, and by
photolysis are generally secondary to OH oxidation, but account for the major removal process for 16 of the
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HAPs. For 15 compounds, deposition was identified as the major removal process. Fourteen of these latter
HAPs are classified as inorganics and are not expected to undergo rapid chemical transformation in the
atmosphere, Physical processes thus dominate their removal from the atmosphere.

The atmospheric lifetimes of the HAP compounds are shown in Table 2. For 177 of the chemicals
lifetimes are reported. The table indicates that 81 of the compounds are expected to be transformed in <1
day. Such rapid removal generally reflects rapid oxidation with OH. A total of 34 compounds fall into the
category of being transformed within a 5-day residence time in the atmosphere. In general, these compounds
also undergo OH reaction, only at a slower rate. Five HAP compounds are reported as persisting for a range
of 1to >5 days. OH is again indicated as the primary removal process. Finally, 57 chemicals are expected
to persist for > 5 days. These compounds either react very slowly or are not expected to be transformed at
all and therefore are removed by physical deposition. A review of the lifetime data indicates that
hydrocarbons, nitrogenated organics, aromatic compounds, phthalates, sulfates, and pesticides/herbicides are
generally expected to degrade rapidly in the atmosphere. The oxygenated organics range evenly across the
reported lifetime ranges. The inorganics, halogenated hydrocarbons, and halogenated aromatics are
anticipated to be relatively persistent in the atmosphere.

The reaction products reported for the HAPs reflect a wide range of chemical compositions. In
general, the HAP compounds undergo atmospheric reactions to generate low molecular weight aldehydes,
alcohols, organic acids, ketones, nitrates, carbon monoxide, carbon dioxide, and water. Atmospheric
reactions of many of the HAPs generate other HAP species. Production of formaldehyde in the
photochemical oxidation of many volatile compounds is a good example of this. Other HAP transformations
also produce a variety of stable organic and inorganic compounds that are considered toxic and therefore
contribute to public health risks, but which are not designated as HAPs. For 97 of the HAPs, no product
data were identified. Continued efforts should be made to identify atmospheric reaction mechanisms and
products for these chemicals.

It is important to note that some non-HAP compounds undergo atmospheric transformations to generate
hazardous chemicals. An example is propylene. This common ambient air constituent when irradiated in the
presence of NO, degrades to formaldehyde, acetaldehyde, peroxyacetyl nitrate, nitric acid, propylene glycol
dinitrate, 2-hydroxy propyl nitrate, 2-nitropropyl alcohol, a-nitroacetone, and carbon monoxide (5). Other
as-yet unidentified mutagens are also formed, and likely include organic peroxides and nitrates. Further
investigations of the transformation of propylene with O, (6) and by hydroxyl and nitrate radical reactions (7)
also identify organic oxygenates being generated although they do not account for the key mutagens
associated with NO, transformation. This work shows that non-HAP compounds, present in ambient air and
considered non-toxic, can go through atmospheric transformations to generate toxic chemicals. This potential
source of toxic chemicals in the atmosphere beyond the HAPs list deserves further consideration.

CONCLUSIONS AND RECOMMENDATIONS
The conclusions of this study are:

(1)  Reaction with OH radical is the most common atmospheric reaction pathway for the HAPs.

(2) The most common products generated during atmospheric reaction of the HAPs include low
molecular weight aldehydes, alcohols, organic acids, ketones, nitrates, carbon monoxide, carbon
dioxide, and water. Several of these and other transformation products are considered toxic and

may pose a human health risk.

(3)  Atmospheric reaction products are unknown for 97 of the 189 HAPs compounds, and further
research needs to be carried out on these chemicals.
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The recommendations from this study are:

(1)  Analytical methods development followed by atmospheric transformation studies for those HAPs
for which data appear to be lacking.

(2) Identification of reaction products of non-toxic ambient air constituents to define the human
health risk associated with the atmospheric degradation of these non-HAP compounds.
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TABLE 1. DATA COMPLETENESS BY COMPOUND CLASS

No No No

Compound Class Complete Data Product Data Transformation Anticipated Data
Hydrocarbons 3 0 0 0
Halogenated Hydrocarbons 18 8 1 1
Aromatic Compounds 14 3 0 1
Halogenated Aromatics 4 4 0 0
Nitrogenated Organics 10 33 0 6
Oxygenated Organics 18 21 0 1
Pesticides/Herbicides 4 10 0 1
Inorganics 19 2 12 2
Phthalates 0 4 0 0
Sulfates 2 0 0 0
TOTAL 927 85 13 12

(*) Includes the 13 compounds that are not anticipated to undergo any atmospheric transformations.
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TABLE 2. ATMOSPHERIC LIFETIMES OF HAP COMPOUNDS

(in days)

Compound Class <1 <1lto 1-5 1-5 1-5to >5 >5 No Estimate Totals
Hydrocarbons 2 0 1 0 0 0 3
Halogenated Hydrocarbons 5 2 1 0 18 1 27
Aromatic Compounds 12 2 2 0 1 1 18
Halogenated Aromatics 0 0 1 1 6 0 8
Nitrogenated Compounds 32 1 2 3 5 6 49
Oxygenated Compounds 10 3 15 0 11 1 40
Pesticides/Herbicides 13 0 0 0 1 1 15
Inorganics 3 0 3 1 14 2 23
Phthalates 2 0 1 0 1 0 4
Sulfates 2 0 0 0 0 0 2

TOTAL 81 8 26 5 57 12 189
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INTRODUCTION

The Integrated Air Cancer Project (IACP) is a long-term EPA research project
designed to improve understanding of the human exposure to and origins of carcinogenic
pollutants. The IACP has focused on products of incomplete combustion (PICs). The
goals of the research program are (1) to identify the principal carcinogens in the air to
which humans are exposed, (2) to determine which emission sources are the major
contributors to the atmospheric burden of carcinogens, and (3) to improve the scientific
capability for estimating both human exposure and the resultant comparative human
cancer risk arising from exposure to air pollution, particularly those from the PICs.
Incomplete combustion products include polycyclic organic matter (POM) primarily
adsorbed to respirable particles. PICs were identified as a major source of carcinogenic
risk in urban areas and constitute a large fraction of the atmospheric burden of pollut-
ants on a national basis™?. Therefore, the research strategy focused on PICs, especially
those from residential home heating and motor vehicles that are major, ubiquitous
emission sources in populated areas’,

Two residential heating sources have been studied, residential wood combustion
(RWC) and residential distillate oil combustion (RDOC). RWC source was selected
because: (1) it represented a major fraction of PIC emissions on a national basis; (2) it
was under review for regulatory action; and (3) the high mass loadings associated with
wood smoke would ensure that sufficient mass could be collected during the field study
to, in turn, conduct the chemical and biological analyses needed to progress toward the
TACP goals. The first major field study was conducted in Boise, ID, in 1986-1987 where
the airshed contained two major sources, mobile source emissions and RWC?. The
second study, in Roanoke, VA, in 1988-1989 (October to February) was in an airshed
containing three sources, mobile sources, RDOC, and RWC5,

SELECTION AND DESCRIPTION OF STUDY SITES: ROANOKE AND BOISE

Boise and Roanoke were each selected from a relatively large list of towns and
cities initially developed through EPA’s National Emissions Data System (NEDS) data
base combined with information on concentrations of particulate matter found in these
cities. Cities with complex industrial sources, unrepresentative meteorological condi-
tions, and low pollution levels were eliminated. In the selection of a city where RDOC
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was a major contributor to the home heating, the cities were ranked by the quantity of oil
burned per person and per square mile of urban area. A similar ranking was done in the
case of RWC. The top 3-5 locations were site visited by an EPA team and the final city
chosen based on the site selection criteria established for each study. These criteria
included: (1) The residential heating sources being studied (wood combustion in Boise
and oil combustion in Roanoke) were estimated or known to be significant contributors
to high particle loadings which normally occurred during the fall and winter; (2) the
airshed was determined to be relatively simple, with no major confounding emission
sources; (3) there were numerous sampling sites available in the area which met the
criteria for the objectives of this study; (4) the terrain and meteorology was appropriate
for extrapolation to other locations; and (5) the support of local and State government as
well as local civic and business leaders.

These field studies in Boise and Roanoke were conducted in metropolitan urban
areas with populations between 100,000 and 150,000. Both cities are governmental,
educational and commercial centers for their region. Geographically they are both
located in valleys adjacent to or between large mountain ranges. This local topography
and the meteorological conditions for both sites resulted in periods of winter inversions.
There are no large or heavy industrial sources in either city. A detailed description
comparing these two sites and average pollutant concentrations is reported elsewhere™
Important differences between these two locations and studies include: (1) the Boise
airshed contained only mobile source emissions and RWC while the Roanoke airshed
contained a third source, RDOC, and (2) the background pollution levels coming into the
Boise airshed from the surrounding region were much lower than for Roanoke where the
background sulfate concentrations were twice the levels of Boise presumably due to the
influence of industrial emissions on the Eastern US corridor.

SURVEY AND INVENTORY OF POLLUTION SOURCES AND PERSONAL ACTIVI-
TY PROFILES

Surveys were used to learn more about the major sources of PICs in each of these
airsheds. Two surveys were used, the first was a general survey dealing with home
heating and motor vehicle usage. A second survey was administered to respondents who
burned wood (in Boise and Roanoke) and oil (Roanoke only) to determine the type of
heating appliance, usage, etc. In addition to these surveys, a micro-inventory of each
city’s potential pollution sources was conducted”®.

A survey of home heatmg sources and motor vehicle usage in Roanoke® and
Boise!® was administered using a probabilistically-derived sample of the housing units
based on block-census data for the cities of Boise and Roanoke. Figure 1 compares the
residential heating sources for these two cities during the IACP field studies. Roanoke
has a substantially lower percentage of the residences using wood as a heating source
(10%) compared to Boise (62%). Roanoke has an additional source of residential
distillate oil heating (22% of the residences).
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One of the goals of the IACP is to improve EPA’s ability to assess exposure and
risk from airborne carcinogens. To address this issue, the IACP included efforts to
characterize both outdoor and indoor exposure levels and to improve our understanding
of the relationships between indoor and outdoor concentrations of carcinogens. The
residential sampling portion of the field studies are critical to the exposure estimate,
because people normally spend about two-thirds of their time in their houses. The
indoor sampling provides insight and data that can be used to estimate indoor exposures
by the population in Boise. In addition, residents completed daily "diaries” of their activi-
ties during sampling studies at their homes. Diaries were compiled in Boise and in
Roanoke to estimate the fraction of time spent in different locations or activities.

The daily activity diaries from the Boise and Roanoke studies were used to cha-
racterize the average time periods spent in five microenvironments: indoors at houses
(67-69%); outdoors (1-2%); in-transit (3-4%); at the work place (16-18%); and at other
indoor locations like stores, churches, and post offices (8-12%). The percentage of time
spent in each of the five zones for these winter periods was determined from the diaries
and compared to a national survey'! for year-round activity patterns. The time alloca-
tions for both Boise and Roanoke were reasonable compared with the national survey
data. One would expect the time indoors during the winter to be greater than the
national annual average, and for the time outdoors to be less. Boise and Roanoke are
modest sized cities, so the commute time, T, would also be expected to be less than the
national average. These expected differences from the national average were observed,
however the differences were minor (max 4% variation).

The relatively uniform distribution of pollutants across these two airsheds and
across the population distribution facilitates the exposure extrapolation for many of the
PIC pollutants from the relatively small population for which we obtained time-activity
profiles to the general populations in these airsheds. In the Boise study, human exposure
and dose estimates have been completed for the extractable organic mass (EOM) from
fine particles and the exposure apportioned between the two major sources in the
airshed'*'? using methods developed as part of the IACP113.

FIELD STUDY DESIGN

The field studies were conducted in the winter months, over a four month period,
during the heating season in Boise, ID in 1986-87, and in Roanoke, VA in 1988-89. The
field program consisted of both ambient and residential sampling. The data generated in
the sampling programs have been detailed in several papers on Boise! and Roanoke®S.

The ambient sampling was conducted at three primary sites and four auxiliary sites
in each city as shown in Figures 2 and 3. One primary site in each city was in a
residential area. A second primary site was near well-traveled roadways. A third
primary site was the background sampling location. Four auxiliary sites were also
operated during these studies. Sampling periods were 12 hours long, with changeover
times at 7 AM. and 7 P.M. There were 13 sampling periods scheduled per week, and
one period was dedicated to calibration, maintenance, etc.

177



The residential sampling involved a matched pair of nearby houses each week.
During the study, ten pairs of houses were sampled. One of the houses in each pair used
a combustion heating device (RWC in Boise and RDOC in Roanoke). The other house
was heated by electricity or natural gas and did not use either RWC or RDOC.
Sampling was conducted in 12 hour periods identical to those at the ambient sampling
sites. Sampling began each Saturday morning and terminated after the nighttime
sampling period, which ended at 7 A.M. Wednesday. For analysis purposes, the eight
sampling periods were combined into four samples: weekend daytime, weekend night-
time, weekday daytime, and weekday nighttime. Whenever samples were collected at the
houses, corresponding samples were also taken at the primary sites. Samples of the RWC
emissions from the wood burning appliances in Boise'” and residential oil heaters in
Roanoke'® were obtained with a dilution sampling system'™®. Each pair of houses was
matched for age, size, etc. None of the residents in the sampled houses were smokers.

The maps of Boise (Figure 2) and Roanoke (Figure 3) show the primary, auxiliary,
and residential sampling locations. Each R number on the map represents a matched
pair of houses. The auxiliary sites were located across the valley in order to examine the
distribution of pollutants across the airshed. Resource limitations prevented the design
of a residential monitoring study sufficiently large to represent the populations statistical-
ly. Although the 10 pairs of houses were not statistically representative of the Boise
population, the data may be used to understand the processes that affect exposures
across the community. In addition, the auxiliary sites provided supplementary data to
support the extension of population exposure assessment across the total population.

CENTRALIZED DATABASE

Data from the sampling, chemical analysis, physical analysis and biological studies
have been integrated into a centralized database. All of the data have been validated by
the EPA scientist or engineer responsible for those measurements. The database is
implemented in a fourth generation, non-procedural, report generation system
(FOCUS®) on the National Computing Center IBM 3090, at Research Triangle Park,
NC. The database for Boise contains approximately 185 unique analysis species and
more than 78,400 data values and the database for Roanoke will be somewhat larger.
The database is described in detail elsewhere* and is now available from EPA* in a
format suitable for personal computer use (dBase®).

COMPARATIVE CARCINOGENICITY AND SOURCES OF CANCER RISK

The component of PICs estimated to make the largest contribution to human
cancer risk is the polycyclic organic matter (POM) associated with airborne particles.
The extractable organic matter (EOM) adsorbed to airborne particles contains most of
the carcinogenic POM. Under some ambient conditions, the semivolatile organic
compounds (SVOCs) may also contain polycyclic aromatic compounds. The
carcinogenicity of SVOCs has not yet been studied. The Boise IACP project, for the first
time, both source apportions' and characterizes the carcinogenicity of ambient POM
from particles using in vivo animal tumor assay'®, receptor modeling?®?! and human
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exposure data'?. In Boise, the ambient POM sample containing 33% contribution of
motor vehicle emissions was more than twice as tumorigenic as the ambient sample with
only 11% motor vehicle emissions. Receptor modeling of the EOM in Roanoke is
reported in this volume? and the animal tumor studies are in progress. Atmospheric
transformations in these airsheds® are contributing to the presence of air toxics and may
account for a component of the increased tumorigenicity associated with the POM from
mobile sources®. Nitrogen oxides appear critical in the formation of mutagenic
transformation products.
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ABSTRACT

As part of the U.S. Environmental Protection Agency’s Integrated Air Cancer Project (IACP) field air quality
monitoring studies in four U.S. cities were conducted between 1984 and 1989. The chronology of the field studies was:
December 1984 to March 1985 in Albuquerque, NM; (2) January 1985 to March 1985 in Raleigh, NC; (3) December
1986 to March 1987 in Boise ID; (4) October 1988 to February 1989 in Roanoke, VA. Aerosol and gas phase
pollutants collected at these locations were used in receptor models to apportion the contributions of emissions from
wood burning and mobile sources to fine particle organic matter concentrations. This paper compares the composition of
air pollutants measured in the four IACP studies, with regard to temporal variation and geographic location.

INTRODUCTION

Between 1984 and 1990, the U.S. Environmental Protection Agency (U.S. EPA) conducted a series of field
investigations to collect air quality and source emission samples for subsequent chemical characterizations. These studies
were part of the U.S. EPA’s Integrated Air Cancer Project (IACP), whose objectives were to identify the principal
airborne carcinogens, determine which emission sources were the major contributors of carcinogens to ambient air, and
to improve the estimate of human exposure and comparative human cancer risk from specific air pollution emission
sources.! Unlike past efforts to identify airborne carcinogens through the use of emission inventories, the IACP took the
approach of ing the mutagenicity (a surrogate for carcinogenicity) directly and apportioning this property to
source types.>?

Field air quality monitoring studies in four U.S. cities were conducted between 1984 and 1989. The following is
the chronology of these field studies: (1) December 1984 to March 1985 in Albuquerque, NM, (2) January 1985 to
March 1985 in Raleigh, NC, (3) December 1986 to March 1987 in Boise, ID, and (4) October 1988 to February 1989 in
Roanoke, VA.** In the studies performed in Raleigh and Albuquerque, measurements were made of the concentrations
of selected elemental tracers associated with emissions from wood stoves and motor vehicles. Potassium (K) corrected
for soil content™ was ed as a speci itted during the combustion of wood, and lead (Pb) and bromine (Br)
were determined b they are el ts emitted from motor vehicles using leaded gasoline. In the studies conducted
in Boise and Roanoke, volatile organic compounds (VOCs) characteristic of mobile source emissions® were found to be a
replacement for Pb and Br as receptor modeling tracers.

This current work compares results of air quality measurements made in four cities where samples were collected
and analyzed to provide the data to support the IACP study objectives.

EXPERIMENTAL

Overviews of the sample collection and analysis for IACP studies have been given in previous publications.**
The basic collection and analysis methods used to develop the data base to support the receptor modeling for the four
IACP studies are givea in Table 1.

185



In these IACP field studies, eir quality data and samples were collected at three primary sites. One site was at a
background location (except in Albuquerque), and two sites were in urban locations. In each city, one primary sits was
& residential location impacted by wood smoke emissions, and the second primary site was located near a major roadway
impacted by motor vehicle emissions. Aerosol and VOC samples were collected at these primary sampling locations at
12-h intervals beginning at 7 a.m. and 7 p.m. in order to represent daytime and nighttime conditions. A complete
description of the monitoring performed at these sites has been described elsewhere. '

In the Roanoke study, nonradioactive organometallic rare earths (*Sm and '® Sm) were added to the residential
home heating oil supplies and to diesel fuel used by the local buses as possible tracers for these sources.® Samples
collected at the residential and roadway primary sites were analyzed for '*Sm and '*Sm content.

RESULTS AND DISCUSSION

Table 2 contains the average composition of the fine particles collected in the four IACP cities. There are several
important features of the fine particles, characteristic of these cities, that are related to the time and location of the
studies. For example, in Albuguerque, the soil-corrected K concentration is substantially lower than that in the other
three cities. This observation is primarily related to the lower K content of the wood fuel (Pinyon pine) typically used in
this city.

The Pb concentration in the fine particles decreased from a high of 237 ng/or in Albuguerque in 1985 to 26.9
ng/m’ in Roanoke in 1989. This coincides with the reduction of Pb in gasoline over the past 20 years mandated by
Federal law.

The sulfur content of the fine particles in Raleigh and Roanoke was substantially higher than that in the westemn
cities. This difference is likely to be in part related to the higher depsity of power plant activities that use coal and
diesel fuel (which contains sulfur) in the eastern United States as compared to the lower density in Boise and
Albuquerque.

Table 3 contains a comparison of the key receptor modeling species measured at the four study locations. The
variations in the Pb and K values mentioned above are clearly shown in Table 3. In addition, the carbon (volatile carbon
[C.], elemental carbon [C.,], and extractable organic matter [EOM]) content of the fine particles in Roanoke were
substantially lower than the values measured in the other cities. Correspondingly, the mutagenicity of the EOM samples
from Roanoke was also one half the value or more of the mutagenicity measured at the other IACP locations (Table 2).

In Roanoke, the average fine particle concentration and average coarse particle concentration measured at the
main monitoring site, which was at the convention center near Interstate 581, were 26.3 and 14.4 ug/m’, respectively.
This was 35% higher than the average value for the main monitoring site located at Morningside Park (residential
location) and twice the concentration measured at the background location at Carvin Grove Reservoir. The elevated
concentration levels at the convention center location are for the most part related to the high density of motor vehicles
passing the site on Interstate 581 and the close proximity (5m) of the site from the highway.

In Roanoke and Boise, values for the nighttime fine particle mass and extractable organic mass at the urban
primary sites were typically 40% larger than daytime concentrations. For example, in Boise at the residential primary
site, the nighttime fine particle mass averaged 47 ug/or’, whereas the daytime values were 28 pg/m’. These differences
were associated with the increased use of wood stoves for heating at night and, in some cases, nighttime meteorological
inversions.

A number of the VOCs measured in Boise and Roanoke were highly correlated with the Pb concentrations in fine
particles.” This relationship has led to utilization of VOCs as a replacement for Pb as a receptor modeling tracer for fine
particle emissions from motor vehicles.” Table 4 contains the average a.m. and p.m. concentration of selected VOCs
and total nonmethane hydrocarbons (NMHC) measured in Boise and Roanoke. The VOCs with elevated concentrations
shown in Table 4 were species that correlated with elevated fine-particle Pb concentrations.® This relationship provided
the impetus to test VOCs as candidates to replace Pb as & tracer for fine particle emissions from motor vehicles.” This
research also has led to the development of chemical mass balance models for VOCs that have the potential to be used to
validate VOC emission inventories.*
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SUMMARY

The following is a summary of the results obtained from the IACP monitoring studies in the four cities where air
quality samples were collected. The observations discussed in this summary are derived from limited, measurements
collected during wintertime periods at selected locations in these four cities, therefore, extrapolation of the data in this
report to assess overall air quality in these cities beyond the period of the studies is not recommended.

1. Fine particle sulfate concentrations in Raleigh, NC, and Roanoke, VA, were twice the levels of those in
Boise, ID, and Albuquerque, NM.

2. Lead concentrations dropped from 237 ng/m’ in Albuguerque in 1985 to 27 ng/m’ in Roanoke in 1989,

3. The fine particle K (soil corrected) in Albuquerque was one third the level in Raleigh, Boise, and Roanoke.
4. Total NMHC in the four cities was approximately the same, 500 ppbC.

5. Extractable organic matter in Roanoke was one half the levels of the other three cities.

6. Nighttime EOM concentrations in all cities were higher than daytime values,

7. In Boise and Roanoke, the mass of fine particulate fraction was 2 to 3 times higher than the coarse fraction,
as measured by the dichotomous sampler.

8. In Boise and Roanoke, VOCs at the roadway and residential sites were dominated by aliphatic hydrocarbons,
which are composed of species related to mobile source emissions.
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Table 1. Collection and analysis methods for four IACP studies.

Sampler Sampling Site
Type Medium Category Analysis
PM10 Dichotomous Teflon primary mass
suxiliary XRF
residential
PM2.5 Hi-Vol TIGF primary, aux. mutagenicity
Quartz primary “C and rare earths
PM10 Medium Vol Quartz primary C.C,
XAD residential SVOCs
VOC/Aldehyde DNPH tubes primary aldehydes
Canisters residential VOCs
Annular Denuder Filters, tubes primary acidic gases
Continuous Parameters primary
CO, NO,, 0, residential
Meteorological Parameters primary
ws, wd, t, RH, SR auxiliary

Table 2. Air quality aerosol data measurements at primary residential sites: Average
composition of fine particles.

Albuquerque Raleigh Boise Roanoke
(1985-1986) (1985-1986) (1986-1987) (1988-1989)
Mass 20.6 30.3 35.7 19.9
Al 76.5 9.4 102.3 175.6
As ©.7 1.2 1.5 1.8
Br 84.7 27.5 14.4 5.4
Ca 59.0 17.8 25.8 47.2
Cl 36.0 6.9 122.2 52.5
Cr (1.8) 0.4 0.6 L1
Cu (1.5) 19.8 11.3 7.1
Fe 4.5 44.4 22.1 113.6
K 74.2 158.9 144.9 176.8
Mn 1.0) 2.7 1.7 12.0
Mo 0.2 1.0 1.5 1.3
Pb 237.4 95.6 45.3 26.9
S 507.1 1729.3 602.7 1177.0
Se 0.0 1.5 0.8 1.8
Si 76.0 75.8 65.1 76.6
v 6.9 2.5 1.3 4.0
Zn 6.6 15.1 18.5 82.8
K* 54.1 140.3 128.9 151.9
C, 2.1 0.5 1.7 1.5
C, 13.2 10.0 12.7 7.3
EOM 24.5 20.1 22.0 11.0
Mutagenicity 40.2 20.1 45.8 19.0

L]

Mass, C,, C,, and EOM in micrograms per cubic meter; elements in nanograms per cubic meter;

mutagenicity in revertants per cubic meter.
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Table 3. Comparison of average 24-h (7 a.m.-7 a.m.) concentrations of key receptor modeling species
at the four cities studied by IACP (data from primary residential site locations).

Albuquerque Raleigh Boise Roanoke
Species (1984-1985) (1984-1985) (1986-1987) (1988-1989)
Mass pg/m’ 20.6 30.3 35.7 19.9
a.m 10.7 27.8 17.5
p.m. 29.7 42.2 22.0
Pb ng/m® 237.4 95.6 45.3 26.9
a.m. 195.1 82.0 46.9 243
p-m. 276.3 117.0 43.4 29.2
K ng/m™ 54.1 140.3 128.9 151.9
am. 12.6 72.0 91.5 125.3
p-m. 92.5 175.0 162.0 175.2
Cv pg/m® 13.2 10.0 12.7 7.3
am. 9.4 5.8
p.m. 16.0 8.5
Ce ug/m* 2.1 0.5 1.7 1.5
am 1.8 1.5
p.m. 1.6 1.5
EOM g/’ 24.5 20.1 22.0 11.0
a.m. 16.2 7.0
p.m. 28.1 14.9
*K corrected for soil content
Table 4. Comparison of selected VOC values (ppbC).
Boise Roanoke
Species Site* Average a.m, p.m. Average a.m, p.m.
Acetylene Residential 13.2 15.6 10.8 13.4 11.8 15.1
Roadway 19.3 20.9 17.6 25.5 21.0 29.9
Benzene Residential 13.5 13.0 14.0 7.4 6.1 8.8
Roadway 18.4 18.8 18.0 12.9 10.0 15.6
2-Methylpentane Residential 9.8 9.8 9.9 6.2 3.0 4.5
Roadway 16.0 17.0 14.9 11.1 6.2 8.7
2-Methylhexane Residential 8.4 8.3 8.4 3.6 2.7 4.4
Roadway 13.8 14.6 12.9 6.8 5.0 8.7
Toluene Residential 25.5 25.3 25.6 15.5 12.9 18.3
Roadway 42.1 44.0 40.0 30.4 23.9 36.8
Total Nonmethane Residential 455.6 453.2 4580 3343 280.0 390.0
Hydrocarbons Roadway 636.4 656.7  615.5 624.4 438.0  806.0
*  Primary sites.
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ABSTRACT

The mutagenicity of ambient air samples, collected in two large field studies was
examined using the Salmonella microsuspension bioassay.? The first study was conducted
during the 1986-1987 winter heating season in Boise, Idaho. The second study was
conducted in Roanoke, Virginia from October 1988 to February 1989. The study design for
both sampling locations was very similar and has been described previously.? The field
studies consisted of an ambient air component at stationery primary site locations and a
residential component that involved sampling different homes each week. The primary sites
included a location dominated by residential heating emissions, a site dominated by mobile
source emissions, and a background site. The residential study component consisted of
twenty homes being sampled in matched pairs (10 pairs) over a four-day weekend and
weekday period. Each pair of homes included one home which operated either a residential
oil heater or wood burning appliance (e.g. wood stove or fireplace) and the other home did
not. The Salmonella mutagenicity (revertants/m®) of both particle samples (collected with
PM10 medium flow (0.113 m*/min) samplers) and semivolatile organic compound (SVOC)
samples (collected on XAD-2 cartridges) was determined by simultaneous collection of
indoor and outdoor samples from each pair of homes. The initial results of these studies
have shown that outdoor air significantly influences the mutagenicity of particles indoors.
The concentration of particle mutagenicity indoors is consistently lower than outdoors by a
factor related to the particle infiltration rate. The concentration of mutagenicity from the
SVOC:s indoors is greater than outdoors and may be related to indoor sources.

INTRODUCTION

Ambient aerosols (particle matter) in urban areas typically contains condensed
organic matter from combustion emissions. A number of studies have shown that the
extractable organic matter (EOM) from air particles is carcinogenic in animals and
mutagenic in short term bioassays®. Short term mutagenicity bioassays have been used in
ambient air monitoring studies and chemical characterization studies in order to identify the
major emission sources and compounds which contribute to the mutagenic activity of air
particulate extracts®®, Small area combustion sources, primarily vehicles and home heating
sources, have been shown to account for most of the mutagenic activity associated with air
particulate matter in several urban areas®’. These studies were designed to estimate the
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contribution of combustion sources to the cancer risk in ambient urban aerosol in a relatively
simple airshed.

The US EPA’s Integrated Air Cancer Project (IACP) is a multi-year research
program which set as one of its primary goals identification of the major sources of cancer
risk in urban air®®. The first study in Boise focused on a relatively simple airshed containing
two major area sources (wood burning and motor vehicles) and no major industrial sources.
The second study in Roanoke continued the same design with the addition of residential oil
burning. This paper describes the microsuspension mutagenicity studies conducted on
aerosol samples collected in Boise and Roanoke.

EXPERIMENTAL METHODS

Experimental Design

The overall IACP program®® and field study design'® and sampling methodologies!!
have been previously reported. Two primary sites were selected to represent a residential
wood smoke impacted area with minimal mobile source impact [Elm Grove Park (EGP) Site
in Boise and Morning Side Park (MSP) in Roanoke] and a site with maximal mobile source
impact {Fire Station (FS) Site in Boise and the Civic Center (CIV) in Roanoke], located
near a major intersection where the mobile sources included a mixture of heavy duty and
light duty diesel and gasoline vehicles.

The residential sampling involved pairs of homes. Each pair of homes included one
home which operated a wood burning appliance (e.g. wood stove or fireplace) or il burning
furnace and the other home did not. None of the homes used in this study had other
unvented stoves (e.g. kerosene heaters) or tobacco smoking residents. The homes where
matched as closely as possible with respect to age, size and other factors and were located
as closely as possible to each other and the ambient monitoring sites.>

The pair of homes were sampled simultaneously. A total of 20 homes, in each study,
were sampled and the homes without the wood or oil burning appliances were also sampled
outside the home . This design allowed a comparison of homes with and homes without
wood burning or oil burning and also comparison of inside and outside the homes. Sampling
started at 7:00 am Saturday and samples were collected every 12 hours until Wednesday at
7:00 am. A total of eight 12-hour samples were collected on two weekend days and two
weekdays at each home. Sampling at the primary sites followed this same schedule.

Samples for bioassay were collected using PM10 medium flow (0.113 m3/min)
samplers with a size selective inlet to exclude particles greater than 10 um. The particles
less than 10 um were collected on Pallflex 102 mm T60A20 Teflon-impregnated glass fiber
filters. Semivolatile organic compounds were collected on XAD-2 canisters which were
placed after the filter. The complete description of the entire residential sampling and
analysis is reported elsewhere.'?

All filter samples for the bioassay studies were transported on dry-ice and stored at



-80°C from the time of collection until extraction. The filters were combined in Soxhlet
devices and extracted for 24 hours with dichloromethane and the extracts filtered (0.2um
Millipore-type FG filters). The extracts were concentrated on a rotary evaporator with a
35°C water bath to reduce the volume prior to quantitative transfer to volumetric flasks. A
portion of the extract was used for a gravimetric determination.

Sample Composites

The amount of extractable organic matter (EOM) needed for mutagenicity testing
required the compositing of samples. Weekend daytime (Saturday 7am and Sunday 7am)
were composited for one sample, likewise the weekend nighttime samples (Saturday 7pm
and Sunday 7pm) were composited for one bioassay sample. The weekday (Monday and
Tuesday) samples followed the same design. The composite samples were assigned unique
numbers throughout the study. The filter samples containing the particles and the XAD-2
samples containing the semivolatiles were both composited using this design.

Mutagenicity and EOM Methods

The Ames Salmonella gphlmunum microsuspension assay was conducted by
previously published guidelines' in tester strain TA98 both with (+S9) and without (-S9)
a metabolic activation system provided by an Aroclor induced CD-1 rat liver homogenate.
The dose range used was from 0.1, 0.3, 0.5, 1.0, 3.0, 5.0 and 10.0 cubic meters (m°) per plate
with 2 plates per dose. Each assay included negative (solvent controls) and the appropriate
positive control chemicals for TA98 (+ and -S9) for quality control. The initial linear slope
of the dose response curve was analyzed using the method of Bernstein et al'>. All samples
were analyzed in two separate experiments and the data were summarized together.

Gravimetric measurements were also performed on each of these sarnples to
determine ug of extractable organic material (EOM). The mutagenic response is expressed
as revertants/m® and the ugEOM/m? can be calculated.

RESULTS AND DISCUSSION

Mutagenicity of semivolatile and particle samples

The mutagenicity testing on both the semivolatiles and the particle samples were
conducted on a per cubic meter of air sampled. Separate samples were collected at the
primary sites during the same sampling times to determine fine particle mass, therefore,
percent extractables could be estimated. Table 1 shows the fine particle mass and EOM for
the primary sites at Boise and Roanoke in the daytime samples and nighttime samples. The
fine particle mass collected at the different sites varies. However, the estimated percent
EOM between the daytime and nighttime in Boise varies only a few percent. The daytime
percent extractable at EGP is 55% compared to 53% for the nighttime sample. However,
the difference in the estimated percent extractables between the daytime and nighttime in
Roanoke is greater. The percent extractable at MSP increases from 35% for the daytlrne
sample to 68% for the nighttime. The fine particle mass for MSP increases from 17ug/m®
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to 22ug/m®, a 29% increase but the EOM increases from 6 ug/m® to 15ug/m®, a 150%
increase. This difference in the EOM indicates that the composition of the samples is
different. The higher percent EOM is likely to be due to an impact from wood smoke
emissions that has a much higher % EOM than mobile sources or residential oil burning.

Table 1. Comparisons of Primary Site Day and Night Fine Particle Mass and Particle EOM
in Boise and Roanoke (Micrograms per cubic meter).

City | Site | Mass | EOM | % | Mass | BOM | %
o | |am |aM e | PM |PM | Bx
Boise EGP |27 15 55 43 23 53

FS 24 11 46 39 20 51
Roanoke MSP | 17 6 35 22 15 68
CIv |21 8 38 29 20 69

The mutagenicity of both the filter (fine particles) and the XAD-2 (SVOCs) for both
cities by both daytime and nighttime are shown in Table 2 in revertants per cubic meter of
air. There is little difference in the total mutagenicity between the daytime and nighttime
samples in the Boise airshed. However, the mutagenicity increases in the nighttime samples
in the Roanoke airshed. This increase in mutagenicity between the daytime and nighttime
correlates with the increase in EOM seen in Roanoke.

Table 2. Comparisons of Primary Site Daytime and Nighttime Mutagenicity in Boise and
Roanoke. (Revertants per cubic meter)

City Site | Fiter |XAD |Total |Fiter |XAD | Total
, AM | AM A PM PM

Boise | EGP | 67 31 98 67 33 100
FS 73 26 99 67 31 98

Roanoke | MSP | 35 19 54 73 30 103
CIv 56 49 105 119 40 159

The contribution of the semivolatiles (XAD-2) to the total mutagenicity at the
primary site for the daytime samples is very similar between the residential primary sites in
Boise and Roanoke (EGP and MSP). However, the mutagenic contribution of the
semivolatiles from the daytime samples at the Roanoke mobile source primary site (CIV)

is greater than that of the Boise mobile source primary site (FS).This is shown graphically
in Figure 1.
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This difference in  semivolatile
contribution to the total mutagenicity is not
seen in the nighttime samples in Roanoke.
The nighttime mutagenicity at the CIV in
Roanoke is mostly from the particles on the
filter. This suggests that the composition of
the airshed in Roanoke varies more {rom
daytime to nighttime than the Boise
airshed. The contribution of the filter and
XAD to the total has a very similar profile
in Boise for both daytime and nighttime.
The nighttime comparison of the primary
sites is shown in Figure 2. The increase in
nighttime total mutagenic potency at MSP
would appear to be related to a different
species collected on the particles. Whereas
the difference in the mutagenic potency of
the mghttime sample at the CIV could be
related to not only the different species on
the filter but also the increase in the mass
of the particles collected.
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Indoor and Qutdoor Mutagenicity

The residential mutagenicity in both
Boise and Roanoke was analyzed to
determine indoor and outdoor relationships.
Comparisons were made between: homes
with wood burning or oil burning (In/With);
homes without these heating sources
(In/Without); and outside the homes (Out).
These samples were composited for the
weekend, weekday, daytime, and nighttime
sampling periods.

The mutagenic potency as measured

Figure 2
Comparison between
Roanoke (TA98 +S59)

Boise

Nighttime Primary Site
and

in revertants per cubic meter for the homes
in Boise and Roanoke is shown in Table 3.
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Table 3. Comparisons of Residential Sites Daytime and Nighttime Mutagenicity in Boise
and Roanoke (Revertants per Cubic meter)

| Eiter | XAD " | Total | Filter | XAD | Total
Boise Out 61 42 103 61 26 87
In/ 21 16 37 24 21 45
Without
In/With 28 22 50 27 34 61
Roanoke | Out 40 21 61 54 15 68
In/ 27 13 40 24 15 39
Without A
In/With 15 |23 38 27 27 54
b In With: Boise homes - heating source wood; Roanoke homes - heating source oil
In Without: Boise and Roanoke homes - heating source either natural gas or electric
Out: Boise and Roanoke -- outside the homes using either natural gas or electric

The r1esidential outside mutagenicity in Boise was consistent with the EGP
mutagenicity measured in both the daytime and nighttime. The Boise daytime mutagenicity
was 98 rev/m® at EGP (Table 2) and outside the homes the average was 103 rev/m® (Table
3). The correlation in Roanoke during the daytime was still similar with MSP at 54 rev/m?
(Table 2) and outside the homes at 61 rev/m® (Table 3). The daytime mutagenicity inside
the homes in Roanoke was similar between the homes with and the homes without but was
somewhat lower than the outside air. The daytime mutagenicity in Boise was slightly higher
in the homes with ,in comparison to the homes without but as in Roanoke the outside air
was significantly higher. This relationship in Boise could be influenced by one home where
the wood stove was known to be leaking and therefore increased the inside emissions.

Correlation analysis of the particle mutagenicity showed the mutagenicity inside the
homes was correlated with the mutagenicity of the outside air. When the revertants per
cubic meter were plotted for all the homes on the same graph the inside mutagenicity
increased and decreased with the outside air. This was observed in both the Boise and
Roanoke study.
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ABSTRACT
The use of radiocarbon ('4C) as a unique discriminator of fossil and modern combustion aerosols has
been applied to a number of studies for the purpose of apportioning specific sources of atmospheric pollutants.
It has been used previously as part of the measurement program of the U.S. Environmental Protection
Agency's Integrated Air Cancer Project (IACP). The objective of the work reported here was to determine the
relative contribution of modemn and fossil sources on wintertime organic aerosols in wintertime Roanoke, VA
(1988 - 1989), as part of the IACP. Radiocarbon measurements were performed on the extractable organic
matter (EOM) separated from the fine size fraction of particulate samples collected in Roanoke. Results of
these analyses suggest that biogenic carbon, derived primarily from residential wood combustion, was the
dominate source of atmospheric aerosol EOM at both the residential and rural background sampling sites. The

in town traffic site was more heavily influenced by fossil carbon, derived primarily from motor vehicle

emissions.

INTRODUCTION

The use of radiocarbon ('*C) as a unique discriminator of fossil and modern combustion aerosols has
been applied to atmospheric source apportionment studies of both particles and gases (Klouda, et al., 1986,
Sheffield, et al., 1991). In particular, it has been used in several studies conducted as part of the IACP
(Klouda, et al., 1987, Klouda, et al., 1991). The objective of the work reported here was to determine the

relative contribution of modemn and fossil sources to wintertime organic matter extracted from the fine size

!Contribution of the National Institute of Standards and Technology; not subject to copyright.

197



fraction of particulate samples coilected in Roanoke during the winter of 1988 - 1989. In all, radiocarbon
measurements were made on twenty nine samples and nine filter blank EOM extracts. This paper presents the
results of experimental methods, quality control (QC) procedures and 14C analyses performed in support of

this study by us at the National Institute of Standards and Technology (NIST) .

SAMPLE HISTORY
The field sampling and EOM extractions portions of this study were carried out by EPA contract

‘laboratories. These procedures are summarized here.

Field Sampling: Fine particulate material, with an aerodynamic diameter of <2.5 um, was collected on
high purity quartz-fiber filters (ca. 395 cm?) using high-volume samplers equipped with Sierra impactor inlets
in accordance with IACP sampling protocols. The aerosol samples were collected for 12 hour periods
(beginning at 0700h and 1900h) at three separate locations. The sampling locations in Roanoke were (1)
Morningside Park (MSP), an in-town residential area, (2) the Civic Center (CIV), an in-town traffic site, and
(3) Carvin Cove (CC), a rural background site. Subsequently, the EPA's Atmospheric Research and Exposure
Assessment Laboratory (AREAL) selected a subset of these samples and extracted them with dichloromethane
(DCM) to obtain corresponding liquid samples of extractable organic matter (EOM).-

EOM Extraction: Aerosol sample filters and filter blanks were extracted for 21-23 hours with 150
mL of DCM in 35/45 Soxhlet extractors to separate all nonvolatile organic material for 14C analysis. The
extracts were then filtered using 0.2 pm FG type Millipore filters and concentrated to less than 5 mL using
rotary evaporation. After quantitatively transferring the samples to 10 mL volumetric flasks and diluting to
volume with DCM, duplicate 400 pL gravimetric determinations were made. Aliquots of § mL were
transferred to sample vials for carbon separation and '“C analysis, and the residual sample volume was

archived at AREAL.

EXPERIMENTAL METHODS AND QUALITY CONTROL

At NIST, Roanoke sample extracts and filter blanks extracts were characterized for their carbon
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concentration, prepared as AMS targets, and then analyzed for He . To accomplish this, three separate

analytical procedures were utilized.

Carbon Separation Procedure: Carbon in the EOM (e.g., carbon emanating from the sample and/or the
DCM and filter blank) was separated from both the samples and filter blanks by evaporating the DCM solvent,
followed by closed tube combustion of the carbon in the sample residue to CO,. First, extract aliquots of 500
- 2000 pul. were quantitatively transferred to clean Vycor tubes. Filtered nitrogen gas was passed over the
sample until the aliquot reached dryness. Next, a stoichiometric excess of copper(II) oxide and silver wire
were added to the Vycor tube to provide oxygen for combustion and to remove oxides of sulfur. The sample
tube was evacuated, sealed, and heated at 900 °C for 3 - 5 hours. The evolved CO, was separated
cryogenically and the mass of carbon was determined manometrically in a calibrated volume. The sample
CO, was then transferred to a sealed sample vial for storage prior to AMS target preparation. A more
detailed description of the evaporation and combustion procedure can be found in Sheffield, et al., (1990) and
Klouda et al., (1991).

The following Standard Reference Materials and reference solutions were used to validate the carbon
separation procedure and to maintain quality control throughout sample processing: NIST archived DCM
extracts of 1) SRM 1648, ( St. Louis Urban Particulate Matter) and 2) SRM 1650, (Diesel Soot Particulate
Matter). These solutions were used to evaluate the precision of the carbon separation procedure. Triplicate
analyses from single extract samples of these two SRM extracts yielded carbon concentration estimates of
10.41 £ 0.44 mg/mL (sd, n = 3), and 12.88 = 0.23 mg/mL (sd, n = 3), for SRM 1648 and SRM 1650,
tespectively. The precision of the carbon separation procedure, in terms of the relative standard deviations
was, therefore, 2 - 4 percent. These results are consistent with those reported for the Boise IACP study by
Klouda, ef al., (1991) .

To evaluate the accuracy of the carbon separation procedure, the following reference solutions,

prepared in our laboratory for this study, were used:

PAH #1: Cy, - Cp, 0.427 + 0.01 mg C/mL DCM
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PAH #2: C |, - Cy, 91.43 £ 0.21 mg C/mL DCM

Pure polycyclic aromatic hydrocarbons (PAH) were weighed and dissolved with DCM, then diluted to a
known volume. The carbon concentration value was obtained by multiplying each PAH concentration by iis
respective percentage of carbon and summing the individual carbon concentrations. The average recovery for
these reference solutions was 100.7 £ 1.6% (sd, n = 10), translating into an accuracy of 2%.

Finally, a NIST laboratory DCM Blank was processed for the purpose of evaluating the potential
carbon contamination associated with the evaporation and combustion procedures. For each set of five
samples, a 1 or 2 mL aliquot of High Performance Liquid Chromatography DCM was processed. These DCM
aliquots spanned the volume range of the EOM extract carbon separation aliquots. The average DCM blank,
normalized to 1 mL, was 2.81 = 0.81 pg C (sd, n = 10). This is less than 2% of the sample carbon and less
than 5% of the filter blank carbon processed for '4C analysis.

AMS Fe-C Target Preparation: The final step of sample preparation was the production of an Fe-C
target for AMS analysis. Target preparation was carried out in a system described by Verkouteren, ef al.,
(1987) and Verkouteren and Klouda (1991). Sample CO, was quantitatively transferred to a 6 mm OD quartz
tube adapted to a vacuum manifold. The CO, from sample combustion was next reduced to graphite on iron
wool at thermodynamically favorable temperatures in the presence of hydrogen and zinc, then fused into an
Fe-C bead using a hydrogen-oxygen flame.

Prior to transferring sample CO, to the reduction manifold, the sample carbon was once again
quantified by manometry in the reduction manifold calibrated volume. As an estimate of the sample transfer
efficiency, the ratio of this carbon mass determination to that obtained from the carbon separation procedure
was calculated yielding a result of 95.9 + 5.7% (sd, n = 56). As an additional quality control check of the
reduction procedure, RM 21 (14C blank graphite) was processed in parallel with the filter samples, for the
purpose of estimating the level of the '“C blank resulting from the target preparation and measurement
processes. Additionally, the oxalic acid '4C standards, SRM 4990b [HOx(I)] and 4990c [HOx(ID)], processed
at the same carbon mass ranges as those of the samples, were combusted and prepared as Fe-C targets.

AMS Radiocarbon Measurement Procedures: Accelerator mass spectrometry measurements were made
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on sample Fe-C targets at the NSF-University of Arizona Accelerator Facility for Radioisotope Analysis
according to the protocol outlined by Linick er al., (1986) and Donahue (1991). For each 32 position target
wheel, a minimum of one pair of oxalic acid radiocarbon standards {HOx(I)] and (HOx(II)] plus an RM 21
blank was measured. During each rotation of the sample wheel, individual targets were exposed to the
accelerator's cesium beam for approximately 10 minutes. During this time, the 14C and C counts were
measured by cycling between the two for 40 and 4 seconds, respectively. The number of complete wheel

rotations for the Roanoke samples ranged from 3 to 6.

RESULTS

Fraction of Modern Carbon. The measured "“C/'3C signal ratios of the HOX(I) and HOx(II) pairs

were converted to the fraction of Modern Carbon (fy, ) according to equation 1.

( e / uc)mh(mw
(“C 1 ey signar * 095

Ju - ®

The resulting fy4 ratio was then compared to the NIST certified value for this ratio, 1.3406 + 0.0008, to yield
the accuracy of the AMS measurements, expressed as A%. The uncertainty of the fraction of Modem Carbon
for both standards and samples was based on the weighted counting statistics of the measured ¢3¢ ratio
signals. The accuracy of the '*C measurements for the Roanoke study ranged from -0.09 to 1.4%, for targets
ranging from 32 to 599 pg C. The mass of 14C blank was calculated from the RM 21 data by multiplying the
fyy value of RM 21 by the target carbon mass. The average mass of 14C contamination was 3.9 + 0.7 ug C
(sd, n = 2). This calculation assumed that the contamination is modern carbon.

The fraction of Modern Carbon (fy, ) for samples was also calculated according to Eq. 1 by replacing
the numerator with (14C/ Bc) sample signal® The uncertainty of the calculated sample f,; was derived by

propagation of the errors (see Ku, 1966) of the measured “C/13C ratio signal of the sample and its associated
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HOx(I) standard. The precision of the fy, results for all samples and blanks was 2% or less.

Blank Corrections. Before these fy, results can be used to model atmospheric concentration, a
correction for filter blank contributions must be made and a confidence interval estimated. The correction for
filter blank carbon contributions to the mass and fy; of a sample was calculated according to Eq. 2, where
the mean value of the filter blank mass of carbon and fy,, corresponding to the sample extract set (1 or 2) was

used.

fu (Corr.) = fmml _— (:ﬁ * fM(ﬂJ)) (3]
£

where:

&, = mass fo C
i (mass sample C + mass fo C)

The mean filter blank mass and fy for extract set 1 was 69.7 + 33.0 ug C and 0.54 = 0.12 (sd, n=6),
respectively, yielding relative standard deviations of 47% and 22%. Additionally, we noted a linear correlation
between these two variables. The mean filter blank mass and fy; of extract set 2 was 27.1 + 4.7 ugC and
1.22 + 0.35 (sd, n = 3), yielding relative standard deviations of 17% and 29%, respectively.

Conventional error propagation to estimate uncertainties is a reliable method to propagate errors
through linear functions. When functions are non-linear, such as Eq. 2, and relative errors of the variables are
small, an approximate solution can be obtained by expanding the function using a Taylor's series and assuming
that only the lower order terms are necessary to describe the function. This assumption breaks down when the
relative errors of a variable are large, particularly if they are associated with the non-linear portion of the
function, as is the case for the Roanoke filter blanks. These errors could be evaluated by expanding the
Taylor series function to include higher order terms, however, this would result in a very complicated function.

Instead, Monte Carlo error propagation simulations were used to calculate the uncertainties and construct
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approximate 90% confidence intervals for the Roanoke fy; (Corr.) data. The results from these simulations
yielded asymmetric confidence intervals for fy; (Corr.) in which the width ranged from 0.03 to 0.67. (Note:

confidence intervals routinely calculated as CI - £ & 1 *& yield confidence intervals symmetric about the

estimated value of x.) We have chosen an approximate 90% confidence interval width of 0.30 as a cut off
beyond which the results may not be useful for further modeling of the 14C contribution to the EOM in
Roanoke. Seven of the filter samples fell within this category. Two additional samples may also not be
useful for modeling calculations because the recovered carbon mass was inconsistent (e.g., too high or too
low) with the EOM mass data. The results of the f), (Corr.) calculation and error propagation are presented in
Figure 1. The nine samples discussed above are indicated by dashed lines or asterisks. The resuits are
summarized by sampling site and time. .

Residential Wood Combustion (RWC)’Contribuﬁon: Roanoke, VA is assumed to have three major
carbon based emission sources: 1) residential wood combustion (biogenic carbon), 2) motor vehicle exhaust
(fossil carbon), and 3) residential heating oil combustion (fossil fuel). The two fossil sources cannot be
distinguished by '#C analysis and thus, the model reduces to two components; biogenic and fossil carbon. To
estimate the relative source contributions, blank- corrected fy, results [fy, ( Corr.)] were normalized to the e
abundance of the average age of wood burned during the Roanoke IACP sampling period. Our estimate of the
average age of wood burned in Roanoke during the winter of 1988-89 was 30 - 60 years. The relative

contribution of RWC to the EOM fraction, is given as fpyc according to Eq. 3:

f)zwc = (fM EOM) | (fM WOOD) €)

Note that the calculation of RWC is a systematic correction to the sample fM (Corr.) value, which
depends on the value chosen for fyy Wood.  Using an equal mass tree ring model, the f, value for wood
between 30 - 60 years is 1.19 -1.40. ( see Klouda, et. al., 1991). The fy value for an average age of 45 years

is 1.26. Thus, the conversion of fyy (Corr.) to RWC adds an additional ancertainty to the fy, (Corr.) values of

810 11%.
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CONCLUSIONS

Radiocarbon measurements were made on twenty nine EOM sample extracts and nine filter blanks
separated from fine particle filters collected in Roanoke, VA during the winter of 1988 -1989. The fraction of
Modern Carbon was calculated from the measured '“C/'*C signal ratios of the sample and its associated oxalic
acid radiocarbon standard (SRM 4990b). All sample fy, values were corrected for filter blank contributions to
the carbon mass and fraction of Modern Carbon. Monte Carlo error simulations were employed to estimate
the uncertainty of the blank comected fraction of Modern Carbon because of the large relative errors in the
mean values of the filter blank mass and fraction of modern carbon. A total of seven samples have
approximate 90% confidence interval widths that exceed 0.30. Further use of the data from these seven
samples requires rigorous evaluation of the error imparted by these large confidence intervals. Nevertheless,
the results indicate that residential wood combustion was the dominant source of atmospheric aerosols EOM
for both the day and night at the residential site (Morningside Park) and the rural background site (Carvin
Cove). The traffic site (Civic Center) yielded lower fy, (Corr.) values overall, due mainly to the impact of
motor vehicle emissions. Additionally, the fy,( Corr.) data suggest that on average, the nighttime samples have
higher concentrations of 14C . Use of these results to model modern carbon contribution to the EOM fraction

in Roanoke are reported elsewhere in these proceedings, Lewis, ef al., (1993).
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Fig. 1: Blank corrected fraction of Modern Carbon in Roanoke VA., during the winter of 1988 - 1989.
Open symbols represent daytime samples. Filled symbols represent nighttime samples. Error bars
represent the approximate 90% confidence interval. Note the asymmetry of the confidence intervals.
Those samples indicated by dotted lines have confidence interval widths that exceed 0.30. Further
use of these data reqguire rigorous attention to the error structure (see text for details). Two additional
samples, indicated by asterisks, are also not suggested for further use because of inconsistencies
between the EOM and carbon mass results.
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ABSTRACT

During the 1988-1989 winter the U.S. EPA conducted a
comprehensive field study in Roanoke VA as part of its Integrated Air
Cancer Project (IACP). This paper presents results of the source
apportionment of fine particle extractable organic matter (EOM) and
its associated mutagenicity (Salmonella typhimurium TA98 +S9 and
TA98 ~S9). The source apportionment methodology is based on multiple
linear regression (MLR) using a variety of tracer species: !¢,
metallic elements and volatile hydrocarbons (VHC) whose ambient
concentrations were measured simultaneously with the EOM and
mutagenicity. The results are compared with those from previous IACP
studies in other locales.

INTRODUCTION

As part of the IACP the U.S. Environmental Protection Agency
has conducted a series of wintertime field studies in U.S. cities to
measure ambient concentrations of fine particle EOM and associated
mutagenicity. Receptor modeling has been employed with these
measurements to determine the quantitative contributions of various
emissions sources to both EOM and mutagenicity. The present work
gives receptor modeling results for the 1988-1989 field study in
Roanoke VA, an airshed whose principal sources of ambient EOM were
anticipated to be woodsmoke, mobile sources and residential distillate
oil combustion (RDOC).

EXPERIMENTAL

Overviews of the Roanoke ambient field sampling program have been
given!?, The results that follow are from analyses of 12-h fine
particle (0 - 2.5 um dia) and VHC samples collected simultaneously at
the two primary sites -- Morningside Park (residential site) and cCivic
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Center (roadway site). The analyses followed previous IACP procedures
and generated an ambient data set of the following parameters:
elemental composition of fine aerosol from x-ray fluorescence (XRF)%;
fine EOM from dichloromethane Soxhlet extraction®; TA98 +S9 and TA98 -
S9 mutagenicities of the EOM from plate incorporation bioassays®; “C
content of the EOM from accelerator mass spectrometry‘; and VHCs from
gas chromatography-flame ionization detection®.

MLR RECEPTOR MODELING

The same MLR modeling approach was used as in earlier IACP work.
The measured concentration of the pollutant of interest (i.e, EOM or
mutagenicity) is represented by a sum of individual source
contribution terms, with each term being the product of the measured
concentration of a tracer species for that source and an initially
unknown coefficient that is subsequently determined by an MLR
calculation. A non-zero intercept is allowed for, which can be
regarded as the average contribution of additional sources not
represented in one of the explicitly identified source terms.

In previous IACP work the concentration of fine-particle Pb was
used as a mobile-source tracer. In recent years, however, this has
become less tenable, because of the phaseout of leaded gasoline.
During the preceding IACP study in Boise -- while Pb was still a
satisfactory tracer -- the use of any one of several VHC species as
tracers was shown to give estimates for the mobile source contribution
which were virtually identical to those produced with PkS. For the
Roanoke data however the VHC species were clearly superior to Pb, as
judged from the quality of the MLR fits that could be achieved
(largest r? value). The unimpressive Pb-Br correlation (r? = 0.65)
exhibited by the Roanoke data also suggested that Pb was not a
reliable mobile source tracer. Consequently, the VHC species 2-
methylhexane (2MeHx) was used instead of Pb in the present work, as it
produced a slightly better MLR fit than the other VHCs.

Fine particle soil-corrected potassium (K') has proven to be very
useful as a woodsmoke tracer in previous IACP work. In the planning
stage of the Roanoke project, it was conjectured that K' might serve
as a tracer of overall residential heating. This was because RDOC as
well as wood combustion were anticipated to be important contributors
to ambient EOM concentrations, and the expected similar diurnal
emission patterns of these two source categories would frustrate their
separate estimations by an MLR technique. As shown below however
RDOC was so small in comparison to wood combustion that K' retained
the same role for Roanoke as it had in previous IACP work. Ondov et
al.” report a similarly small estimate of the RDOC contribution,
through use of an enriched isotope of samarium as an intentional
tracer.

RESULTS
Modeling

Multiple linear regression of the measured concentrations of EOM
(kg m?) and Ry, and Ry . mutagenicities (revertants m?) resulted in the
following equations:

[EOM); = (40 * 3)[K'], + ( 656 * 83 )[2MeHx]; - 0.3 #* 0.7 (1)

r? = 0.92, n = 40;
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[Rg,); = (32 £ 6)[K']; + (1960 * 140)[2MeHx]);, + 2.6 + 1.1 (2)
r =0.92, n = 37;

[Rg.};, = (21 + 4)[K'], + (1100 * 130)[2MeHxX]; + 4.2 * 0.9 (3)
r» = 0.86, n = 38.

The units of the tracer concentrations [K'] and [2MeHx] are ug m? and
ppmC, respectively, and

[K'} = [K] - (0.22 % 0.01) [Fe]. (4)

The numerical coefficient in equation 4 is the average potassium-to-
iron ratio measured in the coarse-particle (2.5 - 10 um dia) fraction,
as done previously?®.

The cases used in each of the three fits were approximately
equally divided between the Civic Center and Morningside Park sampling
sites, and between day and night. The quality of the fits, as judged
by the r? values, were similar to or better than those achieved in the
three earlier IACP studies, each of which involved approximately the
same number of cases as in the present study.

Table I shows the average source contributions to the measured
concentrations of EOM and mutagenicity, averaged over both sampling
sites as well as day and night. The source contributions were
calculated by inserting the averages of the measured values of [K']
and [2MeHx] into equations 1 - 3. Table I also gives the calculated
mutagenic potency of the EOM associated with each source. The source
potency (revertants (pg EOM)?) is simply the ratio of the R to EOM
regression coefficient for that source. For comparison Table I also
includes corresponding results from the three earlier studies (Boise,
Albuguerque and Raleigh). The latter results are from Lewis et al.?,
which gives references to the original work. It is important to note
that the source potency values listed in Table I are derived entirely
from ambient measurements.

Validation by ¢

Since C is absent from fossil fuels, its presence in fine
particle atmospheric samples is a direct (non-statistical) indication
of the contribution of contemporary carbon sources, assumed to be
essentially only residential woodburning in the wintertime Roanoke
airshed. The “c-derived estimate of woodsmoke EOM concentration in a
sample i is given by

[Woodsmoke EOM]; = [EOM]; (frwc);: (5)

with fpyc being the fraction of residential wood combustion carbon in
the sample. On the other hand the term in equation 1 involving [K'];
is an independent statistical estimate of the same quantity. Thus the
right side of equation 5 and [K']; should be linearly related, with a
slope that is the same as the regression coefficient for [K'] in
equation 1, and with no intercept. Figure 1 shows [EOM];*(fpwc); values
for all available data (n = 20) recommended for use by Klinedinst et
al*, plotted vs [K']. The straight line in the figure is the product
of [K'] and its regression coefficient from equation 1, with the
dotted band representing the coefficient's uncertainty.
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For the most part the points in Figure 1 cluster around the line,
showing that the potassium-traced portion of EOM is wood combustion-
related, and indicating by inference that the RDOC portion must be
small in comparison. This conclusion is also supported by a Roanoke
TSP emissions inventory specific to the 1988-1989 wintertime period of
the IACP field study which indicates an RDOC emissions rate that is
only a few percent of that for wood combustion®.

CONCLUSIONS

The Roanoke results presented in this paper together with
corresponding results from the previous IACP studies (Table I) show
some very clear consistencies across four geographically scattered
U.S. airsheds: (1) ambient EOM is dominated by woodsmoke, rather than
mobile sources emissions, for these wintertime studies; (2) the
mutagenic potency (Salmonella typhimurium TA98 +S9) of ambient
woodsmoke is approximately 1 revertant per microgram of EOM; (3) the
mutagenic potency of ambient mobile source emissions is about three
times that of woodsmoke. These consistencies span a period of four
years, and depend neither on the type of wood used nor on the choice
of a mobile source tracer (particulate Pb or volatile hydrocarbons).
The use of “C measurements have served to confirm the MLR-based
apportionment of EOM.

The woodsmoke domination of EOM may not be surprising for
Albuquerque and Raleigh, since the sampling site for both was in a
residential neighborhood. For Boise and Roanoke however the results
come from the combining of measurements at both residential and
roadway sites, and woodsmoke still dominates EOM overall. The choice
of sampling site locations within the cities presumably had 1little
effect on the potency values that were obtained.

The Roanoke results for TA -98 mutagenicity and potency are the
first known ambient-derived values for these parameters.
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TABLE I Average ambient concentrations (EOM, TA98 +S9, and TA98 -§9)
and mutagenic potencies attributed to woodsmoke and mobile sources in

four U.S. cities during wintertime.

The apparent relative importance

of the sources depends on the the location of sampling sites within
each city and season, and are not necessarily representative of annual

city-wide ratios.

Non-Roanoke results are from Ref. 3.

Woodsmoke Mobile Intercept Meas.
Sources Total

Roancke VA (1988-89)°
n = 37 - 40
EOM Conc'n® 8.1 * 0.6 4.0 + 0.5 ~-.3 .7 12
Ry, Conc'n® 5.9 = 1.1 10 £ 1 2.6 + 1.1 19
Ry, Potency® 0.80 .16 3.0 + 0.4 - -
Ry Conc'n® 4.5 £ 0.9 5.8 + 0.7 4.2 + 0.9 15
Ry, Potency® 0.53 + .11 1.7 £ 0.3 -—- -—=
Boise ID (1986-87)¢
n = 40
EOM Conc'n® 14 + 2 6 + 2 2 2 22
Ry, Conc'n® 12 + 3 18 + 3 3 %4 32
Ry, Potency’ 0.84 * .25 3.0 £ 1.1 —-— -—
Albuquergque NM (1984-85)°
n = 44
EOM Conc'n" 15 £ 1 3 1 1+1 19
Ry, Conc'n® 19 + 2 11 = 3 33 32
Ry, Potency® 1.3 £ .2 3.7 £ 1.5 —-—— -
Raleigh NC (1984-85)°
n = 40
EOM Conc'n? 16 + .5 1+ .3 0.1 1 17
Ry, Conc'n® 12 £ 1 4 £ 1 1+1 18
Ry, Potency’ 0.78 + .07 3.7 £ 1.5 - -
*ug /[ w
® revertants / m’®
¢ revertants / ug EOM
¢ residential and roadway site
e

residential site only
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ABSTRACT

This paper compares the emissions from residential oil furnaces and
residential woodstoves. The comparison is based on a number of analyses that were
performed on the emissions, including total mass, filterable particulate, total
extractable organics, and mutagenicity. The emission samples were gathered as part
of the Integrated Air Cancer Project and included the field testing of oil furnaces
in Roanoke, VA, during the 1988-89 winter; field testing of woodstoves in Boise, ID,
during the 1986-87 winter and laboratory tests to support both field studies. The
results show that woodstoves produce higher emissions than even poorly tuned oil
furnaces. Mutagenicity of emissions from both types of heating systems is about the
Same on a revertants per microgram basis but, because of their much higher emission
rate, woodstoves have a higher mutagenic potential on a per hour of operation basis
énd per unit heat input in the fuel. Although there are 2-3 times more oil furnaces
in use in the U.5. than woodstoves, of the two, woodstoves still have a higher
mutagenic potential.

INTRODUCTION

Consumption of wood as a home heating fuel declined markedly during the early
decades of the 20*" century as it was displaced by coal which was then displaced by
fuel oil. 1In the last 20 years, fuel o0il has itself been displaced in many homes by
natural gas, so that more than half of all homes are heated with natural gas.
Electrical heating ranks second, followed by fuel oil and lastly wood. Wood
consumption increased markedly during the 1970s with the sharp increase in fossil
fuel prices. Although some wood burners have tired of using wood there continues to
be a market for about 200,000 new stoves each year. 1In addition, fireplaces
continue to have widespread appeal; approximately 60% of all new homes built today
have a fireplace. Adding a fireplace is one of the most cost effective renovations
one can make to a home.

This paper presents results of continuing work performed under the aegis of
EPA’s Integrated Air Cancer Project (IACP) to characterize and compare air emissions
from combustion of wood and fuel o0il for residential heating. This paper emphasizes
the analyses of stack emission samples collected from oil furnaces in Roanoke, VA,
during the IACP’s winter 1988-89 field study and supporting oil furnace and
woodstove laboratory projects.

EXPERIMENTAL APPROACH
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Roanoke, VA, 0il Furnaces

Ten homes with o0il furnaces in Roanoke, VA, were selected for source testing,
Although a cross section of furnace technologies was desirable, primary emphasis was
on pairing each home with an oil furnace (and not using wood heat) to a non-0il non-
wood heated home in the same neighborhood. Furnace performance was measured using
standard procedures employed by furnace repair firms.

Laboratory 0Oil Furnace

A single Williamson residential oil furnace was tested in the laboratory,
first with an old technology (pre-1970) atomizing gun burner and then with a modern
retention head burner. The furnace and burners have been described previously!

Laboratory Woodstoves

Two woodstoves were tested at EPA’s woodstove test facility at the
Environmental Research Center, Research Triangle Park, NC. One was a conventional,
uncontrolled Lopi model 330/440, and the other was a low emission noncatalytic Lopi
model Answer. The latter stove was certified to EPA’s Phase 1 emission standard.

Emission Sampling Equipment

The basic device used for air emission sampling was the Source Dilution
Sampler (SDS) which has been described previously*®. For the experiments reported
here the basic sampler was modified to include:

. A cyclone located just before the SDS filter designed to remove particles
>2.5 pm aerodynamic equivalent diameter

. Two fine particle samplers in parallel which extract a 4 lpm slip stream
of the diluted stack sample just ahead of the SDS filter. They are
identical except that one uses a Teflon® filter and the other a quartz
filter for elemental/organic carbon and trace metals, respectively. Both
samplers have a cyclone ahead of the filter to remove particles >2.5 pm,

. A sampler which extracted a 0.15 lpm sample of the diluted gas just ahead
of the SDS filter for aldehyde analysis. The sample was collected in
cartridges containing dinitrophenylhydrazine (DNPH) coated silica gel.

. An evacuated canister which extracted a 0.5 lpm slip stream between the
SDS filter and XAD-2 cartridge for hydrocarbon analysis.

A block diagram of the sampler with these modifications is shown in Figure 1.

In Roanoke, sampling was conducted at each home for 4 days starting Saturday
at 7 am and ending Wednesday at 7 am. The 4 days were further divided into eight
12-hour sampling periods representing daytime (7 am 7 pm) and nighttime (7 pm - 7
am). In some cases, results are presented as weekday daytime, weekday nighttime,
weekend daytime, and weekend nighttime averages.

RESULTS
Roanoke, VA, 0Oil Furnaces

The furnace model and burner information, stack carbon dioxide (CO,) and
Bacharach smoke number taken before the barometric damper are shown in Table I. No
adjustments were made to the furnaces; however, homeowners were advised if the
furnace appeared to need adjustment.

Chimney exit total extractable organic emissions for each Roanoke home are
presented in Table II. In Table II the results have been aggregated into weekday
daytime and nighttime and weekend daytime and nighttime averages. Also included is
the average percent of time the furnace was on (burner running) for each aggregated
sample period. The emission results are calculated on the basis of the total sample
period, not just the time the burner was on.
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Laboratory 0il Furnaces

The majority of the laboratory oil furnace test results have been published
previously! There was a general correlation between smoke number and emission
rate. Even under best tuned conditions the old style burner’s emissions were 2-4
times higher than those of the new technology burner. The old burner’s emissions
consisted of about equal parts of organic and elemental carbon whereas the new
burner’s emissions consisted of 20 parts organic carbon to 1 part elemental carbon.
Bioassay results using the microsuspension assay’ showed that potency ranged from 7
to 18 revertants/microgram (rev/jg) of organic for both burners. Because the
retention head burner emitted substantially less extractable organics per hour, its
mutagenic emission rate was 0.006 rev/J heat input compared to 0.02 rev/J for the
old style burner,

Laboratory Woodstoves

Laboratory and field woodstove test results have been widely
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Table I. Summary of furnaces tested in Roanoke, VA, IACP field study.

Resi- Furnace description Stack gases, ¥ Bacharach Stack Efficiency, %
dence amoke draft, in.
number H,0*
co, o

RO1 Climate Control, burner model 72-6, 30 6.3 12.5 3-4 0.04 76.2
yrs old, 1.27 MJ rating

RO4 (no model data), 40 yrs old, 4.2 L/hr 8.5 8.0 [} 0.10 -
fuel nozzle

RO7 Lennox model CC-358-363, burner model 6.3 9.8 1-2 0.03 79.2
LD1-75, 40 yrs old

R10 Homart furnace and burmer, >30 yrs old 7.5 10.3 10 0.05 7.0

R13 Hueller Climatrol model 227-110, burner 9.0 6.8 2 0.03 74.0
model 487-75, >30 yrs old, 9.3 MJ rating

R1E ARCO Flame model Al-3, no burner model 7.5 1.0 5 0.045 70.5
MHo.

R19 Kewanee model VT-510, Series 2X, burner 6.3 9.6 2-3 0.04 79.5

i
Petro model P-9-70-KA, installed in 1951

R22 Heil, burmer Wayne model M-SR, 1.1 MJ 12.5 5.2 <1 0.03 81.5
rating, new furnace

R2§ Airtemp, burner model 5813-1, 3.8 L/hr 9.0 9.5 <1 0.03 72.2
fuel nozzle, 20 yrs old

R28 Hueller Climatrol, burner model 88-88, 6.5 12.6 1-2 0.05 67.0
2.5 L/hr fuel nozzle

a One inch of water pressure = 249 Pa
b Insufficient data to calculate efficiency

reported®®7?. The
current work can best be

compared to a laboratory 60
study’ supporting the = Fonvemtiore ! comorttional
IACP field study in S 50+ ° [riove. pire  CtvS, ot
Boise, ID. The combined e X °
Boise and Roanoke o 401 .{';w':"::.';. "S’J:.“'Zﬂﬂ
laboratory woodstove 5 r x » o
results for total SDS C 30- X o
train catch are shown in c r x
Figure 2. All of the o 20f °
conventional stove data @ Fox X x
(with the exception of Z10F o % @ 8
one data point) follow & o
the expected trend - Q L L L

0.5 1 1.3 2 2.5 3 3.5

higher emissions as
burnrate decreases below Burnrate. kg/hr

2-2.5 kg/hr. Both of

the low emission stoves

produced lower emissions Figure 2. Total SDS emissions.

compared to the

conventional stove.

They also exhibited a narrower burnrate range. Emission of aldehydes (available for
Roanoke woodstoves only) showed a trend of increasing emission rate with increasing
burnrate. The range was from 0.1 to 0.5 g/hr total aldehydes.. Formaldehyde was the
largest fraction (37%) followed by acetaldehyde (20%).

The mutagenic potential (plate incorporation assay, TA98+S9) of the Boise and
Roanoke woodstove SDS filter (particle bound) catch results is shown in Figure 3.
One can draw the conclusion that emissions from burning pine are much more mutagenic
than emissions from burning oak. There also appears to be a trend of increasing
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Table II. Total extractable organics in samples from Roanoke, VA, oil furnaces.

Emission rate, g/hr (burner on time, %)

Residence weekend day weekend night weekday day weekday night
RO1 1.90 (17.3) 1.37 (17.3) no sample?® no sample?®
RO4 4.63 (19.8) 2.66 (29.7) 3.45 (18.6) 5.67 (43.6)
RO7 0.85° (46.7) 1.02° (46.7) 1.02° (46.7) 1.79° (46.7)
R10 0.85° (46.7) 1.28% (46.7) 9.05" (46.7) 1.04° (46.7)
R13 1.20° (47.8) 0.99% (34.1) 1.54 (40.5) 1.47 (48.3)
R16 1.97° (35.6) 1.83 (38.8) 1.94 (47.2) 6.21 (53.4)
R19 1.71° (84.3) 1.22 (44.4) 1.81 (77.9) 3.42 (57.6)
R22 1.13 (24.3) 1.17 (24.3) 0.69 (24.3) 1.13 (24.3)
R25 4.17 (35.7) 3.92 (13.0) 3.30 (22.8) 3.83  (6.8)
R28 6.01 (72.6) 5.11 (79.4) 2.44 (54.8) 4.00 (83.8)

a Samples lost
b Filter samples lost
c XAD-2 total chromatographable organics sample lost

potency with increasing
burnrate, especially when
burning pine. This trend
has been noted previously’®
Similarly, a trend of
increasing polycyclic
aromatic hydrocarbons (PAH)
emission rate with burnrate
was seen again which
correlates well with the
mutagenic potential trend if
it is assumed that most of
the mutagenicity is caused
by the PAHs.
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Comparing total SDS
emissions in Figure 2 and Figure 3. Mutagenic potency.
Table II, one can see that
the conventional woodstoves
emission rate is 5-20 times higher than the emission rate for oil furnaces.
Emission rates from low emission woodstoves are 2-5 times higher than for oil
furnaces. The dominant component of oil furnace organic emissions is unburned fuel
0il, whereas wood smoke consists of a very broad mixture of organic compounds. For
this comparison the woodstove data in Figure 2 were reduced by 20% to arrive at an
approximation of the extractable organic fraction.

A comparison of overall average woodstove and oil furnace emission mutagenic
factors' (microsuspension assay) yielded:

conventional woodstove average 0.6 rev/J fuel energy input
low emission woodstove average 0.1 rev/J fuel energy input



old technology ©il burner 0.02 rev/J fuel energy input
new tecnology oil burner = 0.006 rev/J fuel energy input

SUMMARY AND CONCLUSIONS

Total SDS emission rates from woodstoves vary from as low as 5 g/hr for low
emission stoves to as high as 50 g/hr for a conventional stove. Emission rates from
Roanoke residential oil furnaces tested with the same sampling train ranged from
0.85 to 6 g/hr.

Aldehyde emissions from woodstoves ranged from 0.1 to 0.5 g/hr, increasing
with increasing burnrate.

on the basis of equal heating value, the conventional woodstove mutagenic
emission factor is about 30 times higher than the one for old technology oil
furnaces and about 100 times more mutagenic than the one for new technology
retention head oil burners. The mutagenic emission factor for new, low emission
woodstoves is about 5 times higher than the one for old technology oil burners and
about 20 times higher than the factor for new technology retention head oil burners,
Further analyses are underway to determine the carcinogenicity of oil furnace
emissions.
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STRATEGIES USED TO MANAGE AIR QUALITY IN MANNED SPACECRAFT

John T. James
NASA Johnson Space Center - SD4
Houston, TX 77058

ABSTRACT

The quality of respirable air in crew compartments has been a concern since the earliest
days of manned space flight. Air contaminants are controlled by limiting the offgassing of
flight hardware and by removing contaminants using high-capacity air revitalization systems.
Air quality has been monitored retrospectively by ground-based analysis of samples obtained
during flights; however, on-board instruments are under development to measure
contaminants during flight. This requires that spacecraft maximum allowable concentrations
(SMACs) be established for brief and long-term exposures so that appropriate actions can be
taken promptly when contaminants exceed those limits.

At present, SMACs are being set for chemical exposures ranging from 1 hour to 180 days
using a scientific approach developed in cooperation with the National Research Council.
Original toxicity studies are reviewed for quality and completeness and all toxic effects
induced by a chemical are analyzed to determine the most sensitive effect. Human inhalation
data are preferred, but often extrapolations must be made from animal data, from
noninhalation data, or by structure-activity analysis. In addition, the biological changes
caused by space flight, including loss of red cell mass, changes in immune function, and
cardiac dysrhythmias, are factored into the analysis. The approach is illustrated by describing
the results for indole, Freon 113, and octamethyltrisiloxane (OMTS).

INTRODUCTION

Air that is safe to breathe is the most immediate environmental need of space crews.
NASA has learned several important lessons about managing air quality during its experience
with manned space exploration. Chemically induced illness in test subjects during a closed
environmental test led to strict controls on the chemicals used to clean interiors and the
products permitted to offgas into the closed environmentl. Review of the cause of the tragic
ground fire during the testing of Apollo 1 resulted in stricter controls on flammability of
materials and reduction of the oxygen percentage of the atmosphere in spacecraft?. The value
of redundancy was underscored during the flight of Apollo 13 when explosion of an external
oxygen tank resulted in the potential for accumulation of life-threatening concentrations of
carbon dioxide. Only an unplanned "jury rig" of the Command Module's carbon dioxide
removal system enabled the crew to maintain a safe atmosphere in the lunar module, where
they had taken refuge, until an Earth landing could be executed2. The historic Apollo-Soyuz
mission nearly ended in tragedy for the American crew because of entry of toxic propellants
{nitrogen dioxide and possibly methylhydrazine) into the cabin during descent through the
Earth's atmosphere3. The design of modern spacecraft and operational procedures after
extravehicular activity (EVA) minimize the risk of crew exposure to propellants. The most
serious air-quality risk in modern spacecraft is the potential for thermodegradation of
polymers associated with electrical hardware. The most significant of these occurred aboard
the Shuttle in June 1991 when a refrigerator motor overheated and caused the release of
formaldehyde and ammonia into the crew compartment. More thermal-overload protection
has been placed on electrical motors since this incident.
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The Russian experience with air-quality problems is not as well known to us as the NASA
experience; however, there are several interesting references to problems they have
encountered4. During a 150-day mission on Salyut 7 (an early space station), a problem in the
air revitalization system was believed to have generated "acrid odors” that nearly exceeded the
crew's ability to tolerate them. During 140 and 175-day missions cosmonauts were reported to
have developed sensitivity to formaldehyde. The authors concluded that formaldehyde
concentrations in cabin atmospheres needed to be reduced.

The incidents listed above illustrate that air contaminants can originate from a variety of
sources and that unexpected releases must be anticipated. Chemical contamination routinely
enters the spacecraft air from hardware offgassing, use of utility chemicals, and metabolism of
the crew. As a result of accidents, chemicals can originate from payload experiments, fluid
systems, thermodegradation of electrical devices, anomalies in the air revitalization system,
and entry of chemicals that are normally present outside the spacecraft (propellants). In the
past, strategies to manage these risks have depended heavily on Earth-based resources;
however, as missions lengthen and become more remote from Earth, the resources to manage
air quality problems must be available on the spacecraft. A major part of this strategy is on-
board monitoring of air contaminants and the setting of contaminant limits that address both
short-and long-term exposures. The overall strategy of air quality management will be
described first, then the focus will be shifted to methods available to set contaminant limits for
spacecraft air.

STRATEGY FOR CONTROL OF AIR CONTAMINANTS
NASA uses five steps to manage air quality in spacecraft; the steps limit known risks to
air quality, but also recognize the need to be prepared for unexpected releases.

Offgas Testing of Hardware and Materials

The risk of air contamination is severely limited by offgas testing of all nonmetallic
hardware and materials that constitute the cabin interior. Test items are warmed in a sealed
chamber for 72 hours at 120 °F and all volatile contaminants released into the test chamber are
analyzed by gas chromatography and mass spectrometry (GC/MS). No item may release
contaminants that collectively exceed a total toxicity value of 0.5. Total toxicity value (T value)
is defined as the sum of the ratio of each ¢contaminant concentration (indexed to the spacecraft
volume in which it will be used) to its 7-day SMAC. Space modules are also assessed by
mathematically summing the individually-measured products from all hardware in that
module and by measuring contaminants released inside the assembled module before launch.
Typically, the mathematical assessment of a module gives T values an order of magnitude
greater than the T values measured in the module before launch.

Containment of Hazardous Chemicals

NASA classifies the toxic hazard from a chemical into one of three categories. The lowest
category is called a nonhazard and would allow no more than mild, transient eye irritation
that does not require therapy. A critical hazard is one that could cause up to moderate eye
irritation, can last longer than 30 minutes, and may require therapy, but is unlikely to cause
lasting eye damage. Finaily, a catastrophic hazard is one that poses a risk of permanent eye
damage, systemic toxicity that impairs performance of the mission, or delayed serious injury.
NASA requires that experiments or systems that pose a critical hazard must have single-fault-
tolerant containment and those that pose a catastrophic hazard must have double-fault-
tolerant containment. Building fault tolerance into hardware can be expensive and consumes
valuable weight and volume resources. Hence, the toxicological assessments must not be
overly conservative. '
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Air Revitalization Systems

Spacecraft air purification systems typically contain elements to replenish oxygen and
remove carbon dioxide, carbon monoxide, trace organic contaminants, and particles. These
systems are designed to handle normal loads on the spacecraft air, with adequate overdesign
margins. However, they are not designed to deal with accidental large releases of
contaminants into the atmosphere. Strategies such as coupling the odor/bacteria filter to a
hand-held vacuum or turning the condensing heat exchanger to full cool have been devised to
decontaminate the Shuttle in the event of a serious contamination problem. The last-resort
sohution is to depressurize the contaminated module and repressurize it with clean air as was

done during Skylab.

Monitoring Airborme Contaminants

Until recently, methods that met the severe weight and power constraints of space flight
were not available to measure volatile contaminants on board spacecraft. Traditionaily,
contaminants had been trapped in evacuated steel cylinders or on adsorbent resins for
identification and quantitation by GC/MS after the mission. Clearly, this approach is not
useful during a mission. Because of concerns over thermodegradation of electronic devices, a
combustion-products analyzer has been flown aboard the Shuttle since 1990. The device,
which weighs approximately 1 kg, uses electrochemica! s~nsors to measure selected toxic
products of combustion. For high-risk EVA missions, a hydrazines monitor has been available
in the air lock since 1991 to monitor selected propellants at ppb levels using ion mobility
spectrometry (IMS). Instruments under development for Space Station Freedom include an
IMS for rapid, nonspecific detection of volatile hydrocarbons and a GC/IMS device for
periodic monitoring of 20 to 30 targeted chemicals that are often detected in spacecraft air. For
the first time, short-term limits for contaminant exposure will be needed to interpret the
monitoring results.

Setting Airborne Exposure Limits

New SMACs were needed to provide monitoring goals for on board instruments, to deal
with accidents where crew exposures last several hours, and to set limits for long-term
exposures expected on the Station. The existing 7-day SMACs had been set many years ago
without detailed documentation. Much has been learned recently about seti..» 3 chemical
exposure limits and more is known about the adverse effects of space flight on humans. The
approaches described below have been developed in cooperation with the National Research
Council Committee on Toxicology.

METHODS USED TO SET SPACECRAFT CONTAMINANT LIMITS

Goals of Short and Long-Term Limits

Setting specific limits in any situation requires that goals of the limits be clearly
delineated. Short-term SMACs (1 and 24 h) are set for rare, accidental releases of chemicals
into the air. Mild transient effects that do not limit a crewmember's performance are allowed.
For example, mild headaches or eye irritation are acceptable; mild visual impairment would
not be allowed. Long-term limits are set to protect the crew from any adverse effect to a
reasonable level of risk. For example, the acceptable level of risk for a carcinogen was taken as
the lower 95% confidence limit of a concentration that would impart a 0.01% excess risk of
getting cancer as calculated using the linearized multistage model. In setting limits, the goal
was to rely on high quality data, preferably from human exposure studies; however, animal
data, noninhalation data, and structure-activity analyses often must be used to derive
defensible values.
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The guidelines described below should be viewed as a template for setting exposure
limits. Databases for each chemical differ and it is often possible to argue scientifically from a
database that certain factors or methods are not appropriate. The guideline is meant to be
used when the database on a chemical is limited and no logical basis exists for selecting
alternate factors or approaches.

Threshold-Type Effects vs. Cumulative-Type Effects

Once original references have been obtained via a thorough literature search, each toxic
effect induced by a chemical is reviewed and an acceptable concentration (AC) set for that
specific effect and time of exposure. If an effect does not occur below some threshold
concentration (e.g., central nervous system depression), then the ACs for that effect may be
independent of time of exposure. On the other hand, many effects (e.g., liver damage) become
more severe with prolonged exposure, so the AC will decrease with increasing exposure time.
Because chemicals can induce both threshold and cumulative effects, the distinction between
the two becomes uncertain. For example, a chemical may cause a cumulative effect at high
concentrations, but below some threshold concentration an adverse effect is not induced no
matter how long the exposure.

Application of Human Data

Human data come from controlled exposures in a clinical environment, accidental
industrial exposures, and long-term relatively low concentration exposures. Typically, the
former are useful for setting short-term SMACs if the endpoints measured were relevant and
there were 4 or more test subjects. Such studies are used to derive a no observed adverse effect
level (NOAEL); because only a sample (n) of the population has been tested, the NOAEL is
divided by / n/10. For effects that are tolerated for short times (e.g., headache) a
semiquantitative dose response curve may be useful for estimating the mild-effect level.
Accidental exposures and epidemiology data are seldom used because exposure
concentrations often are unknown, endpoints are not carefully observed, or confounding
factors obscure relationships between variables. Epidemiology data can be used to check
predictions made from other data.

Estimates from Animal Inhalation Data

Animal data must be reviewed with several reservations in mind. The first questions are
whether the effects observed are adverse (or adaptive), and whether the animal model is
appropriate to humans. For example, the hydrocarbon nephropathy induced in male rats
seems to be irrelevant to humans, and hence should not be used for human risk assessment5.
A change in organ weight in the absence of histopathological changes is considered adaptive.
Adverse effects that do not follow a plausible dose-response relationship should be viewed
with suspicion. Finally, some endpoints (e.g., narcosis) are gross indicators of serious effects
and should be used with caution when predicting a NOAEL in humans. Usually, a NOAEL is
estimated from animal data; however, under some conditions (when a dose response curve is
well established), the "bench mark" approach has proven useful.

The factor typically used in extrapolating an animal NOAEL to a human NOAEL is ten.
The extrapolation is intended to account for "worst case” differences in metabolism and target
tissue susceptibility between the model and humans. The extrapolation is done from the most
sensitive species, although nonhuman primates can be more suitable models than a sensitive
rodent species. However, if metabolic data show that the species-extrapolation factor should
be less than ten, a smaller number is used in the estimate.
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Noninhalation Data

Inhalation data often are not available for a specific chemical. If toxicity data are available
from other routes of administration, then they are used; when no toxicity data are available,
structure-activity analysis is used. For noninhalation data, assumptions are necessary to relate
the comparative absorptions of the chemical via inhalation and via the available route.
Caution must be exercised if the chemical could induce local effects on the lung rather than
systemic effects that would be evident from the noninhalation data. When no toxicity data are
available on the specific chemical, structurally related chemicals are reviewed. Uncertainty
factors applied to this analysis are based on the structural similarity of the chemicals involved,
the consistency of the toxic properties of the chemicals, and the number of chemicals for which
data are available.

Space-flight Induced Changes

Some of the physiological changes that occur during space flight could leave astronauts
more susceptible to certain toxicants. A safety factor of five has been determined for cardiac
arrhythmogenic chemicals, and a factor of three for hematotoxicants and immunotoxicants.
Cardiac arrhythmias are not common during space flight, but because of their potential
seriousness, a relatively large factor was selected. After a few days in space, an astronaut's red
cell mass decreases by approximately 10%; certain immune functions appear to decrease as
well. Hence, a factor of three has been applied to hematotoxicants and immunotoxicants to
estimate safe ACs for astronauts.

RESULTS FOR SELECTED CHEMICALS

Indole

Indole has never been detected in spacecraft air because of analytical limitations;
however, it is undoubtedly present from metabolic sources. Short exposures cause nausea
(human data) and prolonged exposures cause hematological effects and possibly leukemia
(animal data). The new short-term SMACs were based on avoiding significant nausea and the
longer-term SMACs were based on avoiding hematological effects which had been observed in
mice, rats and monkeys exposed continuously for 90 days. A lower limit of 0.05 ppm on the
long-term SMACs was set because this exposure would increase the normal load of indole
from the gut by only 5% and indole causes only systemic toxicity (i.e.., inhaled indole would
not cause selective lung damage). The leukemogenic effects of indole were demonstrated by
injection only and the data were not considered sufficient to develop a human risk estimate by
the inhalation route.

Freon 113 (1,1,2-trichloro-1,2,2-trifluoroethane)

Freon 113 is comunonly used to clean electronic hardware before launch and is invariably
found in samples of spacecraft air. Like most Freons it is not regarded as very toxic; however,
experiments with dogs have demonstrated that Freon 113 can cause cardiac sensitization to
arthythmogenic chemicals. Applying a species extrapolation factor of 10 and a space flight
factor of 5 to the 2500 ppm NOAEL observed in dogs gave a SMAC of 50 ppm. This was
considered a threshold-type effect; therefore, the value was applied to all exposure times.

Octamethyltrisiloxane (OMTS)

Siloxanes are common offgas products found in spacecraft air samples. A thorough
literature search revealed no toxicity data for OMTS; however, data were available on
hexamethyldisiloxane (HMDS) and dodecamethylpentasiloxane (DMPS). Comparison of
HMDS and DMPS data by routes other than inhalation showed that HMDS was the more
toxic. An inhalation study of HMDS in rats and guinea pigs showed that 4400 ppm (15 to 20
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7 h exposures) caused no more than 10% decreases in liver and kidney weights without
histopathological changes. The 4400 ppm NOAEL in rodents, after exposure time and species
extrapolation adjustment, was used to calculate a NOAEL for HMDS. This NOAEL was
reduced by a structure-activity factor of 3 to estimate a NOAEL for OMTS, the compound in
question. The magnitude of this factor was judged from the fact that data were available on
chemicals that structurally "bracketed” OMTS, but inhalation data were not available for one of

them.

CONCLUSIONS

Setting safe contaminant limits is an integral part of the strategy used to manage
spacecraft air quality. A consistent framework has been established to interpret human and
animal toxicity studies and to derive exposure limits ranging from 1 hour to 180 days. Where
appropriate, the potential for increased susceptibility from space-flight-induced physiological
changes has been incorporated into the analysis. Structure-activity analysis has been used
when no specific toxicity data are available on the chemical of interest.
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ABSTRACT

The quality of the internal atmosphere of the Space Shuttles is maintained by removal of carbon dioxide, carbon
monoxide, and some volatile organic compounds (the latter for odor control), and the replenishment of oxygen and
nitrogen as necessary from storage tanks. The National Aeronautics and Space Administration (NAS A) has long
recognized the importance of monitoring spacecraft atmospheres to protect crew health and safety in these partially
closed systems. Until recently, archived samples collected during flight and returned to Earth for subsequent analysis
had been the only means of determining the quality of the Shuttle's atmosphere. Two real-time monitors have been
developed within the past three years for use on the Shuttle, and two additional instruments are being built for Space
Station Freedom (SSF).

This paper will present the methods used by the Toxicology Laboratory at Johnson Space Center (JSC) to
collect and analyze samples from Shuttle atmospheres. Observed trends in constituents from samples of this
"confined” atmosphere will be presented using data from recent missions. Finally, the "real-time" monitoring
instruments currently used on Shuttle and those being built to monitor the SSF atmosphere will be described as
well.

INTRODUCTION

The partially closed-loop natiure of spacecraft environments dictates the need for assessing and monitoring the
air quality of the internal atmosphere. Toward this end, the National Aeronautics and Space Administration's
(NASA) Toxicology Laboratory at Johnson Space Center (JSC) has been investigating and developing techniques to
sample, analyze, and monitor the contaminants in spacecraft atmospheres. Sources of contamination in spacecraft
can include: nonmetal material, human metabolism, hygiene products, food, utility and payload chemicals, fire
extinguishant and clothing. The spacecraft's environmental control and life support system (ECLSS) is designed to
maintain acceptable air quality in the spacecraft by removing carbon dioxide, carbon monoxide, trace volatile
organics, and excess heat and moisture.

Until recently, in addition to temperature and humidity, only oxygen and carbon dioxide concentrations were
routinely monitored in real time during Shuttle missions. However, air samples of the crew cabin are collected on
all Shuttle missions and returned to the Earth for analysis by the JSC Toxicology Laboratory. Concentrations of
methane, carbon monoxide, hydrogen and trace volatile organic compounds are determined from these archived
samples. Additionally, most of the volatile organic compounds are positively identified by gas
chromatography/mass spectrometry (GC/MS). Instantaneous "grab" samples are collected in evacuated cylinders near
the end of each Shuttle mission; during selected missions (i.e. spacelabs, refurbished Shuttles) daily 24-hour
integrated samples are collected on a sorbent resin.

Temporary degradations in air quality have occurred aboard the Space Shuttle]2 and must be anticipated during
any long-duration space flight. Although archival sampling provides postflight information on the severity of the
incidents, the goal of the JSC Toxicology Laboratory is to develop on-board monitors that can detect such events
early, in "real time", and be available to measure the effectiveness of air decontamination efforts. The major
obstacles to the development of real-time air monitors for Shuttle are the stringent requirements placed upon flight
hardware. An air monitor for Shuttle must be compact, lightweight, microgravity-compatible, impervious to the
vibration and shock of launch, and require minimal Shuttle resources such as power and
crew time,

A prototype combustion products analyzer (CPA), the first real-time monitoring instrument developed by the
JSC Toxicology Laboratory, has flown on each Shattle mission since October 1990. This instrument was
developed in response to minor thermodegradation incidents3+ that had occurred during Shuttle missions. A second
real-time monitor was constructed to detect the presence of hydrazines in the airfock following extravehicular
activities (EVA) since there is a risk of contaminating the airlock with these toxic propellants.
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Consideration of monitoring requirements for longer missions, with an increased risk of chemical accidents, has
led to the development of a prototype total hydrocarbon analyzer (THA) and a volatile organic analyzer (VOA) for
Space Station Freedom (SSF), Both instruments use the emerging technology of ion mobility spectrometry,

ARCHIVAL SAMPLES
Collection

Grab Samples. Volume and weight restrictions dictate the size of the stainless steel cylinders (350 cc). Before
they are stowed for flight, the cylinders are evacuated and certified clean by back-filling the cylinder v-ith pure helium
and running a GC/MS blank. The cylinder is then evacuated to at least 10-3 torr before being sent to Kennedy Space
Center (KSC) for stowage on board the spacecraft.

A prelaunch air sample is obtained just before the launch of each Shuttle, and at least two air-sample cylinders
are flown on each mission. One cylinder is used to collect a sample of the Shuttle's internal atmosphere on the last
day of the mission. The second cylinder is used if the crew detects an unusual odor or experiences symptoms (e.g.
eye irritation) that may be related to degradation of Shuttle air quality. During Spacelab missions, 3 or 4 extra
cylinders are stowed to collect samples of laboratory air when the crew first enters the spacelab module, and again
during the early, middle, and late phases of the mission. The inflight air sample cylinders are transferred to JSC for
analysis immediately upon the conclusion of the mission.

Integrated Samples. In addition to the air-sample cylinders described above an integrated sample is collected
daily on the first flight of new or refurbished spacecraft and on all spacelab missions. The solid sorbent air sampler
(SSAS) obtains integrated samples by pulsed sampling into a tube containing a solid sorbent. The SSAS consists
of 8 tubes (5 in. x 1/4 in.) joined to an 18-port valve. Tube 8, the designated "transport position", is open to the
atmosphere during all non-sampling times; therefore, it is not available as a sample collection tube. Each tube
contains approximately 400 mg of Tenax™ GC. Prior to flight, each SSAS tube is cleaned by heating it to 250°C
while helium is flowed over the sorbent. The cleanliness of all tubes is verified by GC/MS analyses before the
SSAS is sent to KSC for stowage on the Shuttle. The verification procedure involves flowing helium over the
heated tube (200°C) and collecting the volatile organics that are removed by a liquid nitrogen (LN3) cryotrap before
transfer to the GC column.

During flight use, an air pump with a variable duty cycle permits air samples of a specified size to be pulled
over the SSAS tube during a 24-hour period. Typical flow rates allow 1.0 to 1.5 liters of Shuttle air to be collected
per sampling tube. At the conclusion of the 24-hour sampling period, a rotary selection valve permits the
crewmember to switch to the next tube to collect another 24-hour integrated sample. This procedure is repeated each
day of the mission until the last flight day, when the rotary selection valve is moved to the tube "8" position, where
it remains until analyses are performed in the JSC Toxicology Laboratory. A unique feature of the SSAS is that
tube contamination is minimized since the tube is never exposed to the ambient environment except during
sampling.

Analysis

Grab Samples. Air-sample cylinders are generally returned to the JSC Toxicology Laboratory within one or two
days of landing. Sample cylinders stored aboard spacelabs are slower to retum, and weeks may elapse before analyses
can begin. Each cylinder is analyzed immediately by GC (Varian 3700) and GC/MS [HP 5890 GC and HP 5970
mass selective detector (MSD)]. Samples are pulled through a gas sampling valve into a GC sample loop by a
vacuum pump. Differential pressures are used to determine GC sample size. A Valco helium ionization detector
(HID) is used to ascertain the concentrations of carbon monoxide and methane. A second GC (Varian) with a
thermal conductivity detector (TCD) determines the hydrogen concentration in the sample. Screening runs on GCs
with flame ionization and electron capture detectors are used to determine the GC/MS sample size.

For GC/MS analysis of organic vapors, the sample eylinder is heated to 50°C for 30 minutes before a sample
volume (determined by the GC runs) is extracted into a (LN?2) cryotrap. A 50 m x 0.25mm (i.d.) capillary column
with a 1 pt film of carbowax is used to separate the multicomponent samples, The GC column is held at an initial
temperature of 35°C for 10 minutes, then the GC oven is ramped to 175°C at 2°C/min. The MSD detects ions over
a 25-350 dalton mass range; the lower limit permitting the identification and detection of methanol and acetaldehyde.

Integrated Samples. Integrated SSAS samples are analyzed with the same GC/MS method described above.
Each SSAS tube is individually heated to 200°C upstream from the LN cryotrap. Helium gas flowing at
approximately 10 cc/min is allowed to sweep the sample out of the heated tube and into the cryotrap. The cryotrap is
then heated to transfer the volatile organics compounds to the GC. The GC/MS conditions are identical to those
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used for the sample cylinders. A volume correction factor is applied to the final calculated concentrations of some
compounds to account for their relatively low retention volumes in Tenax™ GC.

Mission Results

Typically isopropanol, which used as a cleaning agent before launch, is the only compound found in preflight
samples; this result is testimony to the effectiveness of the prelaunch purge system used to remove the offgassed
organic vapors from the cabin. Results obtained from analyses of samples from the STS-26 through STS-52
missions are shown in Table 1. The many compounds detected (typically >80 each SSAS tube) are grouped into
chemical classes for clarity. Each class is divided further into the total number of times a member of a compound
class (can be more than one per mission) was seen at a concentration above or below 1 mg/m3 from STS 26 through
STS 52. With few exceptions, compounds in concentrations above 1 mg/m3 are the focus of the toxicological
assessments of Shuttle air quality. The concentrations (C) obtained on "n" contaminants from each flight are used to
estimate the aggregate toxicity (T value) of the air by comparison to the respective spacecraft maximum allowable
concentrations (SMAC) as follows:

T = C1/SMAC1 + Co/SMAC3 + Cn/SMACy

These mission analyses have never shown an unacceptable aggregate-contaminant concentration (T > 1) in the
Shuttle atmosphere.

Methane and hydrogen (Table 2) serve as qualitative internal standards because the concentrations of these
metabolic byproducts continuously increase during the mission since they are not removed efficiently by the
ECLSS. If these compounds are found in unusually low concentrations or are totally absent from the sample, this
suggests a sample-collection problem (i.e., valve leak). The data in Table 1 show that the contaminant classes of
alcohols, ketones, and halocarbons are present in the highest concentrations in the nominal Shuttle atmosphere. The
alcohols emanate from medical and hygiene supplies and the ketones from crew metabolism. Halocarbon sources
include the fire extinguishant and offgassing of residual compounds from manufacturing or component cleaning
processes.

REAL TIME AIR-QUALITY MONITORS

Archival samples unquestionably provide valuable information on Shuttle air quality; however the absence of
real-time data and the inability to detect some compounds such as formaldehyde, hydrazines, and inorganic acids has
led to the development of real-time Shuttle air quality monitors. There have been five minor thermodegradation
incidents during Shuttle flights. Although the crew did not experience any permanent adverse health effects, these
incidents clearly demonstrate the potential for significant air-quality degradation. The combustion products analyzer
(CPA) was developed in response to the early thermodegradation incidents that occurred aboard Shuttle. A hydrazine
monitor was required to detect the presence of hydrazines in the airlock after an EVA,

Combu