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FOREWARD

The Clean Air Act as amended in 1977 requires manufacturers of
automobiles to certify that the emissions of automobiles represent no
unreasonable risk to the public health and safety. EPA's role in enforcing
this section of the Act has been to formulate methods and procedures by
which toxic pollutants which might be emitted from various kinds of
automobile engines could be measured and assessed. The Environmental
Sciences Research Laboratory contributes to this overall agency effort

( through programs engaged in
T studies to identify and measure toxic pollutants in source
emissions and in the ambient air.

development of methods and procedures to measure air pollutants

development of modeling procedures which permit prediction
of ambient air quality impacts from source emissions data.

This report is the second of two similar documents relating the
. development of analytical methods for measuring trace toxic pollutants in
mobile source exhaust gas. The first of these reports provided fully tested
procedures for 10 toxic gases in the exhaust of gasoline engines. The
current report deals with many of the same compounds and methods now
fully qualified for use with distillate-fueled engines such as diesel
or gas-turbine powerplants. It is intended that this report serve as a
working guide to the automotive industry and to a variety of government
and academic research institutions, providing well-tested analytical
methods for studying hazardous pollutant emissions from automotive
powerplants.

A.H. Ellison
Director
Environmental Sciences Research Laboratory



ABSTRACT

This research program was initiated with the objective of developing,
codifying and testing a group of chemical analytical methods for measuring
toxic compounds in the exhaust of distillate-fueled engines (i.e. diesel,
gas turbine, Stirling, or Rankin cycle powerplants). It is a part of a
larger effort to characterize these components from a number of prototype
powerplants and, thus, represents a logical first step in the process.

Methods of collection and analysis for aldehydes and ketones, for hydro-
gen cyanide and cyanogen, for hydrogen sulfide, carbonyl sulfide and
organic sulfides, for ammonia and amines, for nitrous oxide, sulfur
dioxide, individual hydrocarbons, for soluble sulfate and N-nitrosodi-
methylamine, benzo-a-pyrene, and phenols were studied in detail. Ten
analytical procedures were developed and codified. Interference studies
and proof-tests in diesel engine exhaust were conducted with every
procedure and the results of these experiments are reported in detail.

A11 of the procedures were found to be suitable for use in exhaust
emissions characterization studies. The sampling parameters were found
to be adequate for the collection of trace levels of exhaust components
using standard CVS sampling techniques. Interferences were, in general,
minimal although there were two significant problem areas. Phthalate
ester interferes with crotonaldehyde determinations and this contaminant
must be avoided in the procedure. In the hydrogen sulfide method, S02
decreases the apparent sulfide, and its presence must be corrected for.
While other interferences were noted, all could be avoided with the
appropriate precautions noted in the final procedure.

Qualification tests were conducted by introducing known quantities of
these pollutants into the exhaust of a diesel engine operating on a
standard emissions test CVS tunnel. The results of these experiments
indicated completely quantitative recovery for aldehydes and ketones,
S02, nitrous oxide, total cyanide and phenols. Hydrogen sulfide is lost
to the extent of ten percent at normal exhaust levels. Amines, ammonia
and organic sulfides can be lost in sampling in significant amounts in
the CVS apparatus. These losses must be taken into account when calcu-
lating exhaust contributions.

iy
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SECTION 1

INTRODUCTION

The objective of this project is to evaluate the emissions of regulated
and nonregulated pollutants in the exhaust of vehicles having advanced-con-
cept powerplants. Examples of engine types which are being considered for
testing in this project include gas turbines, Stirling cycle, turbocharged
Diesel, Rankine cycle, stratified charge, and advanced Otto-cycle. The
first phase of this project includes the development of analytical techno-
logy to provide qualitative and quantitative measurements of unregulated
exhaust products of the engines to be tested. This report is a summary of
the results of this phase of the project.

Candidate analytical procedures were selected for each of the following
compounds or groups of compounds.

aldehydes and ketones nitrous oxide

hydrogen cyanide + cyanogen -sulfur dioxide
hydrogen sulfide individual hydrocarbons
organic sulfides + carbonyl sulfide phenols

ammonia N-nitrosodimethylamine
organic amines benzo-0~-pyrene

soluble sulfate

The procedures selected represent an assessment of the optimum proce-
dures available at the time of this report and with the approval of the
project officer will be used to measure the appropriate unregualted pollu-
tants. Reviews of the literature, procedural development work, validation
experiments, and qualification experiments are discussed for ten of these
analytical procedures.

These ten analytical procedures are listed in the following paragraphs
along with the appropriate section of the report in which they are discussed
as well as a brief description of the procedure.



Aldehydes and Ketones (Section 2) - The collection of aldehdyes
(formaldehyde, acetaldehyde, isobutyraldehyde and hexanaldelyde) and ketones
(acetone and methylethylketone) is accomplished by bubbling CVS diluted
exhaust through glass impingers containing 2,4-dinitrophenylhydrazine (DNPH)
in dilute hydrochloric acid. The aldehydes and ketones (also knwon as
carbonyl compounds) react with the DNPH to form their respective phenyl-
hydrazone derivatives. These derivatives are insoluble or only slightly
soluble -in the DNPH/HC1l solution and are removed by filtration followed by
pentane extractions. The filtered precipitate and the pentane extracts are
combined and then the pentane is evaporated in the vacuum oven. The remain-
ing dried extract contains the phenylhydrazone derivatives. The extract
is dissolved in a quantitative volume of toluene containing a known amount
of anthracene as an internal standard. A portion of this dissolved extract
is injected into a gas chromatograph and analyzed using a flame ionization

detector.

Total Cyanide (Hydrogen Cyanide plus Cyanogen) (Section 3) - The
collection of total cyanide is accomplished by bubbling CVS diluted exhaust
through glass impingers containing a 1.0 N potassium hydroxide absorbing
solution. This solution is maintained at ice bath temperature. An aliquot
of the absorbing reagent is then treated with KHyPO4 and Chloramine-T. A
portion of the resulting cyanogen chloride is injected into a gas chromato-
graph equipped with an electron capture detector (ECD). External CN~- stan-
datds are used to gquantify the results.

Individual Hydrocarbons (Section 4) - For measurement of selected
individual hydrocarbons, methane (CH4), ethane (CyHg), ethylene (CyHjy),
acetylene (CHp), propane (C338), propylene (C3Hg), benzene (CgHg), and
toluene (C7Hg), a sample of CVS diluted exhaust is collected in a Tedlar
bag. This bagged sample is then analyzed for individual hydrocarbons using
a gas chromatographic system containing four separate columns and a flame
ionization detector. The peak areas. are compared to an external calibration
blend and the individual hydrocarbon concentrations are obtained using a
Hewlett-Packard 3354 computer system.

Organic Amines (Section 5) - The collection of organic amines {mono-
methylamine, monoethylamine and dimethylamine, trimethylamine, diethylamine,
and triethylamine) is accomplished by bubbling CVS diluted exhaust through
glass impingers containing dilute sulfuric acid. The amines are complexed
by the acid to form stable sulfate salts which remain in solution. A
portion of this solution is then injected into a gas chromatograph equipped
with an ascarite loaded pre-column. and a nitrogen phosphorus detector (NPD).
External amine standards in dilute sulfuric acid are used to quantify the
results.

Sulfur Dioxide (Section 6) - The concentration of sulfur dioxide in
dilute exhaust is determined as sulfate using a ion chromatograph. Sulfur
dioxide is collected and converted to sulfate by bubbling dilute exhaust
through two glass impingers containing a 3 percent hydrogen peroxide ab-
sorbing solution. The samples are analyzed on the ion chromatograph and
compared to standards of known sulfate concentrations.




Nitrous Oxide (Section 7) - For measurement of nitrous oxide, a sample
of the CVS diluted exhaust is collected in a Tedlar bag. This bagged sample
is then analyzed for nitrous oxide using a gas chromatograph equipped with
an electron capture detector. Calibration blends are used to quantify the

results. Gas chromatograph peak areas are obtained using a Hewlett-Packard
3354 computer system.

Hydrogen Sulfide (Section 8) - The collection of hydrogen sulfide is
accomplished by bubbling CVS diluted exhaust through glass impingers con-
taining a buffered zinc acetate solution which traps the sulfide ion as
zinc sulfide. The absorbing solution is then treated with N,N-dimethyl-
paraphenylene diamine sulfate and ferric ammonium sulfate. Cyclization
occurs, forming the highly colored heterocyclic compound methylene blue
(3,9-bisdimethylaminophenazothionium sulfate). The resulting solution is
analyzed with a spectrophotometer at 667 nm in a l-cm or 4-cm pathlength
cell depending upon the concentration.

Ammonia (Section 9) - Ammonia in CVS diluted automotive exhaust is
measured in the protonated form, NHy*, after collection in dilute H2SO4.
The acidification is carried out in a glass impinger maintained at ice bath
temperature. A sample from the impinger is analyzed for ammonia in an
Ion Chromatograph and the concentration in the exhaust is calculated by
comparison to an ammonium sulfate standard solution.

Organic Sulfides (Section 10) - The collection of carbonyl sulfide (COS)
and the organic sulfides, methyl sulfide (dimethylsulfide, (CH3),S), ethyl
sulfide (diethylsulfide, (C,Hg),S) and methyl disulfide (dimethyldisulfide,
(CH3) S5}, is accomplished by passing CVS diluted exhaust through Tenax
GC traps at -76°C. At this temperature the traps remove the organic sul-
fides from the dilute exhaust. The organic sulfides are thermally desorbed
from the traps into a gas chromatograph sampling system and injected into
a gas chromatograph equipped with a flame photometric detector for analysis.
External organic sulfide standards generated from permeation tubes are used
to quantify the results.

Phenols {(Section 1l1) - The collection of phenols (phenol; salicyl-
aldehyde; m-cresol and p-cresol; p-ethylphenol, 2-isopropylphenol, 2,3-
xylenol, 3,5-xylenol and 2,4,6,-trimethyliphenol; 2,3,5,-trimethylphenol;
and 2,3,5,6,-tetramethylphenol) is accomplished by bubbling CVS diluted
exhaust through two Greenburg-Smith impingers containing 200 mf of 1 N KOH.
The phenols react with the KOH and remain in solution. The contents of each
impinger are acidified and extracted with ethyl ether. The samples are
partially concentrated, combined and then further concentrated to about 1 m{.
An internal standard is added and the volume is adjusted to 2 mR. The final
éample is analyzed by the use of a gas chromatograph and concentrations of
individual phenols are determined by comparison to external and internal
standards.

These ten analytical procedures underwent a series of validation and
qualification experiments. The validation experiments were carried out to
determine if the sampling and instrument parameters were appropriate for the



quantitative analysis of dilute exhaust. The gualification experiments were
carried out to determine if the compounds of interest could be guantitatively
recovered from the Constant Volume Sampler (CVS)-dilution tunnel with and
without the presence of exhaust in the tunnel.

Validation experiments included checks for sample stability, sample
collection efficiency, detector linearity, interferences, extraction effi-
ciency and repeatability, and analysis repeatability.

Sample stability checks were performed using repeated analyses of the
same sample at intervals over a specified period of time and comparing the
results to the initial analysis. Aldehydes and ketones (after extraction),
total cyanide, individual hydrocarbons, organic amines, sulfur dioxide,
nitrous oxide, ammonia, and phenols (after extraction) were found to be
stable for several days. The organic sulfides and hydrogen sulfide samples
were found to be stable for approximately one day.

Sample collection efficiency experiments were performed by passing a
known concentrations of sample through a series of impingers or traps and
analyzing each impinger or trap individually for the compound of interest.
All the procedures discussed in this report have a collection efficiency of
98% or better. Detector linearity experiments were performed by preparing
several samples of various known concentrations and plotting resulting
peak areas (or heights) versus the concentrations. All instruments demon-
strated linearity of response for expected concentration ranges (sample
concentrations above the linear range must be diluted to concentrations that
fall within the linear range of the instrument). The organic sulfides must
be monitored carefully as traps containing over 200 ng of sample fall beyond
the linear range of the flame photometric detector. The sample flow rate
can be lowered to prevent overloading the collecting Tenax trap.

To determine the interferences for each procedure, known exhaust com-
ponents were introduced into the sample to determine their effect on the
resultant measurements. Interferences were checked and documented for each
procedure. Phthalates were found to interfere with the aldehyde and ketone
procedure and may cause erroneous results for crotonaldehyde and benzalde-
hyde. In the hydrogen sulfide procedure, sulfur dioxide decreases the
apparent hydrogen sulfide concentration, and its presence or absence must
be recorded. Thiophene and ethyl sulfide can not be effectively separated
with the normal gas chromatographic operating conditions and therefore,
thiophene must be included as a possible source of error in the analysis
for ethyl sulfide. The other procedures have interference that can be
avoided if care is taken.

To determine extraction efficiency and repeatability for the aldehyde
and ketone and the phenol procedures, several samples of known concentra-
tions were prepared and a number of analyses were performed. The extrac-
tion efficiency is approximately 100 percent for the aldehyde and ketone
procedure, however the overall repeatability varies up to 15 percent at
concentrations of 0.2-2.0 mg derivative per mf{ toluene. The results of
extraction repeatability experiments for aldehyde and ketone DNPH derivative



concentrations below 0.025 mg DNPH derivative per m{ toluene indicate that
the variability in the extraction process can be very significant (i.e.,
0.24 percent for benzaldehyde at 0.016 mg/ml). This variability needs to
be taken into account when evaluating data obtained using this procedure.
The extraction efficiency for the phenol procedure is only about 68 percent
due to unavoidable problems in the drying down process. This value is
repeatable if the extraction procedure is followed closely. These losses

must be taken into account when analyzing data obtained from the phenol
procedure.

To determine analysis repeatability, several samples of known concen-
trations were prepared and a number of complete analyses were performed at
each concentration. The results of these tests were then compared to
determine analyses repeatability. The test-to-test repeatabilities are
documented for all procedures in this report. 1In most cases, repeatability
is difficult to obtain at the lower concentrations, while the repeatability
at high concentrations is easily obtained.

The qualification experiments were performed to determine if the com-
pounds of interest could travel the length of the dilution tunnel in the
presence of dilute exhaust without significant loss by reaction with exhaust
or the tunnel itself. The compounds were introduced at the same point at
which the exhaust enters the tunnel and were sampled at the normal sampling
point (see Section 12).

Qualification experiments were carried out on the aldehyde and ketone,
organic amine, sulfur dioxide, nitrous oxide, hydrogen sulfide, total
cyanide, organic sulfide, ammonia, and phenol procedures to determine the
recovery of known amounts of each pollutant from the CVS tunnel with and
without exhaust (phenols CVS dilution tunnel with exhaust only). Aldehydes
and ketones, sulfur dioxide, nitrous oxide, total cvanide and phenols can
be recovered guantitatively from the CVS dilution tunnel with and without
(not done for phenols) exhaust. There is a 10 percent loss of hydrogen
sulfide with and without exhaust present. The organic amines, ammonia,
and the organic sulfides experience significant losses in the CVS dilution
tunnel with and without exhaust present.

Despite the fact that the analytical procedures for the organic amines
and the organic sulfides have procedural detection limits of 2 and 0.2 ppb
respectively, the losses in the dilution tunnel could prevent the detection
of organic amines at levels lower than 20 ppb and the detection of organic
sulfides at levels lower than 10 ppb in dilute exhaust. At ammonia levels
of 5-10 ppm there is a 25 percent loss of ammonia to the dilution tunnel and
an additional fifteen percent loss to exhaust.

The procedures discussed in this report have been found to be the
optimum procedures at the time of this report for collecting and analyzing
dilute exhaust samples and are recommended for use in this project.



A finalized copy of the analytical procedures discussed in Section 2-11,
the BCA sulfate procedure, and DMNA procedure, sampling conditions for DMNA,
and an outline for BaP collection and analysis are included as an appendix.
The literature search, procedural development work, and validation experi-
ments for some of the compounds were carried out under another EPA Contract,
68-02-2497 (1). The procedures discussed in this report were developed for
the measurement of pollutants in dilute exhaust. The use of these procedures
for the measurement of pollutants in raw exhaust is not recommended without

additional validation and qualification work to document the acceptability
of the procedures.



SECTION 2

ALDEHYDE AND KETONE PROCEDURE

LITERATURE SEARCH

The individual aldehydes and ketones that are included in this analysis
are: formaldehyde, acetaldehyde, acetone, acrolein, propionaldehyde, iso-
butyraldehyde, methylethylketone, crotonaldehyde, hexanaldehyde, and benz-
aldehyde. Acetone, acrolein, and propionaldehyde are not resolved from each
other under normal gas chromatographic operating conditions and all three
are reported together as acetone. The common names, the International Union
of Chemists approved names, the chemical formulas, the molecular weights,
the melting points, the boiling points, the densities, the molecular weights
of the 2,4 dinitrophenylhydrazone derivatives, and the melting points of the
2,4 dinitrophenylhydrazone derivatives are presented in Table 1. The alde-
hydes and ketones have a characteristicly pungent odor, are flammable, are
photochemically reactive, can cause respiratory problems, and are severe eye
irritants. The 1976 American Conference of Government Industrial Hygienists
has recommended threshold limit values for several of the aldehydes and ke-
tones (2). These values range from 0.1 ppm for acrolein to 1000 ppm for
acetone. Other values listed were 2 ppm for formaldehyde and crotonaldehyde,
100 ppm for acetaldehyde and 200 ppm for methylethylketone.

PROCEDURAL DEVELOPEMENT

A procedure, which is already in use at Southwest Research Institute,
developed by the Mobile Source Emissions Research Branch of the ESRL-EPA at
Research Triangle Park, North Carolina, was selected for the analysis of the
aldehydes and ketones (3). This procedure involves bubbling exhaust through
glass impingers containing 2,4 dinitrophenylhydrazine (DNPH) in dilute hydro-
chloric acid. The exhaust sample is collected continuously during a test
cycle. The aldehyde and ketones (also known as carbonyl compounds) react
with the DNPH to form their respective phenylhydrazone derivatives. These
derivatives are either insoluble or only slightly soluble in the DNPH/HC1
solution and are removed by filtration followed by pentane extractions.

The filtered precipitate and the pentane extracts are combined, and the pen-~
tane is evaporated in a vacuum oven. The remaining dried extract contains
the phenylhydrazone derivatives. The extract is dissolved in a quantitative
volume of toluene containing a known amount of anthracene as an internal
standard. A portion of this extract is injected in to a gas chromatograph
and analyzed using a flame ionization detector. A copy of this procedure as
used by the Department of Emissions Research at Southwest Research Institute
will be included as an attachment to this report.



TABLE 1.

PHYSICAL PROPERTIES OF THE ALDEHYDES AND KETONES (4,5)

Molecular
Weight
Chemical Molecular Melting Boiling DNPH Melting
Aldehyde or Ketone ICYU Name Formula Weight = _Point Point Density Derivative Point Der.
Formaldehyde Methanal CHy0 30.03 - 92 - 21 0.815 210.15 167
Acetaldehyde Ethanal CH5CHO 44.05 -121 21 0.783 224.19 168
Acetone 2-Propanone CH3COCH3 58.08 - 95 56 0.790 238.21 128
Propionaldehyde Propanal CH3CH,CHO 58.08 - 81 49 0.806 238.21 156
Acyolein Propenal ClI5 : CHCHO 56.07 - 87 53 0.841 236.20 165
Isobutyraldehyde 2~Methylpropanal CH3CH(CH3)CHO 72.11 - 65 63 0.794 252.23 182
Methylethylketone 2-Butanone CH3COCH7CH3 72.11 ~ 84 80 0.805 252.23 -
Crotonaldehyde trans2-Butenal CH3CH : CHCHO 70.09 - 74 105 0.850 250.21 190
Hexanaldehyde Hexanal CH3 (Cliy) 4CHO 100.16 - 56 128 0.814 279.28 104
Benzaldehyde .Benzenecarbonal  CgH5CHO 106.13 - 26 178 1.042 286.25 237



VALIDATION EXPERIMENTS

Several experiments were carried out to determine the validity of the
DNPH procedure for the analysis of the aldehydes and ketones. These experi-
ments included checks for: GC injection variability, linearity of detector
response, sample stability in the DNPH absorbing solution and in toluene,
trapping efficiency of the DNPH/HCl solution, interferences, and extraction
plus injection repeatability.

The finalized sampling conditions used to collect the aldehydes and
ketones are listed below as is a discussion on their selection. Two glass
impingers in series, each containing 40 mf of 2 N HC1/2,4 dinitrophenyl-
hydrazine, are used to collect the aldehydes and ketones. The two impingers
together trap 98+ percent of the carbonyl compounds. This collection effi-
ciency was determined by bubbling known amounts of the aldehydes and ketones
through a series of impingers and analyzing each impinger separately. No
advantage was found in using more than two impingers. There was no observed
difference in analyzing the contents of the two impingers separately or com-
bined. Since the analysis of the two impingers combined is less manpower
intensive, the two impingers are analyzed together. During sampling, the
two impingers are kept in a 0°C ice bath. The ice bath offers no signifi-
cant advantage in collection efficiency over room temperature, but does
provide a stable sampling temperature during the test. The 0°C temperature
also lowers the vapor pressure of the aqueous absorbing solution and thus
prevents loss of any significant amount of water from the absorbing solution
during sampling. The sample flow rate through the impingers is maintained
at 4 liters a minute. This flow provides the largest amounts of sample to
flow through the absorbing reagent without loss in absorbing efficiency or
the physical loss of any absorbing reagent. A heated filter is used to pre-
vent diesel particulate from contaminating the sampling system. The filter
and the line connecting the filter to the dilution tunnel are heated to
375°F to prevent the aldehydes and ketones from being retained on the removed
particulate. A Teflon line connecting the filter to impingers is heated to
175°F in order to prevent water from condensing in the sample line. Some of
the aldehydes and ketones are water soluble, and the condensation of water
in the sample line could cause a significant loss of sample in the sample
line.

The HCl/DNPH absorbing reagent has been found to be stable over several
days; however, to prevent the possibility of contamination or the inadver-
tant use of "old" absorbing reagent, the solution is prepared daily as
needed.

The samples have been found to be stable for at least two days in the
absorbing reagent. However, to prevent the possibility of contamination of
the samples by their standing in the lab for prolonged periods, the samples
are extracted, dried, and dissolved in toluene all in the same day. Once
the saimple is dissolved in toluene it is stable for relatively long periods
of time. Samples run and re-run over a period of two weeks showed no signi-
ficant change in concentrations.



To determine the GC injection repeatability for the procedure over a
wide range of concentrations, four standards containing 1.6, 0.2, 0.02 and
0.002 mg of each aldehyde and ketone DNPH derivative per ml of toluene were
prepared. These are the concentration ranges expected when sampling dilute
exhaust. Each standard was injected into the GC five consecutive times.

The concentration determined by the procedure for each of the derivatives was
averaged over the 5 runs, and a standard deviation as well as a percent
standard deviation was calculated. The results of these injection repeata-
bility experiments are presented in Table 2. The injection repeatability is
good for the 1.6 mg derivative/mf toluene standard (percent deviation ranges
from 1.1 percent for formaldehyde to 9.6 percent for benzaldehyde) and the
0.2 mg derivative/m{ toluene standard (percent deviation ranges from 0.5
percent for acetaldehyde to 5.9 percent for benzaldehyde). At the two lower
concentrations, the stardard deviation in the injection repeatability was
found to be much larger. The 0.02 mg derivative/mf toluene standard gave
percent deviations ranging from 3.7 percent for acetone to 32 percent for
benzaldehyde. The 0.002 mg derivative/m{ toluene standard gave percent
deviations which ranged from 10 percent for formaldehyde to 110 percent for
benzaldehyde. It appears from the data that the injection repeatability is
good at higher derivative concentrations, but much more erratic at very low
concentrations.

To determine the linearity of the detector for the concentration ranges
of interest for each of the derivatives, seven standard solutions were pre-
pared which contained 8.0, 4.0, 1.6, 0.8, 0.2, 0.02, amd 0.002 mg of each
derivative/mf toluene. These standards were made by weighing out required
amounts of each derivative and dissolving them in the appropriate amount of
toluene to give the required concentrations. The solution containing 0.2 mg
of each derivative/mf toluene was used as the standard and the other six
solutions were compared to this standard. Figures 1~8 show plots of the pro-
cedure determined concentration vs the actual concentration on a log-log
scale. Acetone, methylethylketone, and crotonaldehyde give linear plots
throughout the region of interest. Formaldehyde, acetaldehyde, isobutyr-
aldehyde and hexanaldehyde give linear plots except at the lower concentra-
tions (<0.02 mg derivative/m{ toluene). Benzaldehyde gives a plot which is
not linear above 2.0 mg/mi toluene. The benzaledhyde-DNPH derivative is not
soluble in toluene at concentrations greater than 2.0 mg/mf. This fact
should be taken into account if high concentrations of benzaldehyde are ex-
pected (>5 ppm for a 23 minute sampling period at 4 f£/minute).

An experiment was carried out to determine the extraction repeatability
for the DNPH procedure at low concentrations of DNPH-aldehyde derivatives.
One liter of DNPH absorbing solution containing small amounts of pure for-
maldehyde, acetaldehyde, acetone, methylethylketone, crotonaldehyde, hexan-
aldehyde, and benzaldehyde DNPH derivatives was prepared. Seven extractions
(80 mf for each extraction) were carried out over a period of two weeks.

The results from the extractions are presented in Table 3. These results
were determined in units of mg DNPH derivative/m% of toluene. Th:2 values
for each of the seven extractions, the average, and the standard deviation
are listed for each of the aldehydes and ketones. Multiple injections were
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DNPH Aldehyde

or Ketone
Derivative
Formaldehyde
Acetaldehyde
Acetone
Isobutyraldehyde
Methylethylketone
Crotonaldehyde

Hexanaldehyde

Benzaldehyde

1.6 mg derivative/ml

TABLE 2., INJECTION REPEATABILITY

0.2 mg derivative/ml

0.020 mg derivative/ml

0.002 mg derivative/ml

Standard Standard Standard

Avg. for Std. % Avg. for std. % Avg. for std. % Avg. for

5 Inject. Dev. Dev. 5 Inject. Dev. Dev. 5 Inject. Dev. Dev. 5 Inject.
1.567 0.018 1.1 0.188 0.007 3.7 0.022 0.002 9.1 0.007
1.727 0.022 1.3 0.201 0.001 0.5 0.024 0.002 8.3 = ——e—-
1.617 0.018 1.1 0.210 0.002 0.9 0.027 0.001 3.7 0.002
1.561 0.017 1.1 0.208 0.002 1.0 0.020 0.001 5.6 @ e—=e-
1.575 0.029 1.8 0.206 0.003 1.5 0.024 0.001 4.2 0.003
1.781 0.053 3.0 0.206 0.003 1.5 0.015 0.001 6.7 0.002
1.682 0.105 6.2 0.204 0.003 1.5 0.015 0.001 6.7 0.001
1.710 0.165 9.6 0.222 0.013 5.9 0.025 0.008 32 0.001

Standard
std.
Dev.

'0.0007

0.0037
0.0007
0.0007

0.0011

%
Dev.

10

23
35

70



Concentration determined by procedure (mg formaldehyde-DNPH derivative/ml toluene)
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Figure 1. Plot of the formaldehyde-DNPH derivative concentration
determined by procedure vs actual concentration,
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Concentration determined by procedure (mg acetaldehyde-DNPH derivative/ml toluene)
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Figure 2. Plot of the acetaldehyde-DNPH derivative concentration
determined by procedure vs actual concentration,
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Concentration determined by procedure (mg acetone-DNPH derivative/ml toluene)
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Figure 3. Plot of the acetone-DNPH derivative concentration
determined by procedure vs actual concentration.
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Figure 4.
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Concentration determined by procedure (mg methylethylketone~DNPH derivative/ml toluene)
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Plot of the methylethylketone-DNPH derivative concentration
determined by procedure vs actual concentration.
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Concentration determined by procedure (mg crotonaldehyde~DNPH derivative/ml toluene)

0.05 -

0.021

0.005 p-

0.002 }

| i | i i i { { i | i {

0.001
0.002 0.005 0.01 0.02 0.05 0.1 0.2 0.5 1.0 2.0 5.0 10.0

Actual concentration (mg crotonaldehyde-DNPH derivative/ml toluene)

Figure 6. Plot of the crotonaldehyde-DNPH derivative concentration
determined by procedure vs actual concentration,
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Figure 7. Plot of the hexanaldehyde-DNPH derivative concentration
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Concentration determined by procedure (mg benzaldehyde~DNPH derivative/ml toluene)
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Pigure 8. Plot of benzaldehyde-DNPH derivative concentration
determined by procedure vs actual concentration.
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TABIE 3. MULTIPLE EXTRACTIONS OF DNPH SOLUTIONS
(All units are mg DNPH derivative/m{ of toluene)

Form- Acet~ Cronton- Hexan- Benz-
Extraction aldehyde aldehyde Acetone MEK aldehyde aldehyde  aldehyde

First 0.018 0.011 0.005 0.000 0.003 0.001 0.014
Second 0.023 0.037 0.015 0.003 0.004 0.002 0.027
Third 0.020 0.032 0.015 0.000 0.003 0.001 0.044
Fourth 0.009 0.013 0.005 0.000 0.002 0.000 0.000
Fifth 0.014 0.019 0.007 0.000 0.003 0.002 0.014
Sixth 0.020 0.031 0.014 0.004 0.005 0.002 0.004
Seventh 0.014 0.027 0.043 0.014 0.004 0.000 0.007
Averagde 0.017 0.024 0.015 0.003 0.003 0.001 0.016
Standard

Deviation +0.005 *0.010 +0.013 *0.005 $0.001 +0.001 $0.015



also carried out on each sample over the two week period. The values ob-
tained generally did not vary more than 0.002 mg derivative/m% toluene (ex-
cept for two acetone DNPH values). This finding indicates, for several of
the compounds, that a large part of the variation in values was due to the
extraction process and not the lack of injection repeatability.

The results of these experiments indicate that the variability in the
extraction process for concentrations of aldehyde DNPH and ketone DNPH
derivatives below 0.025 mg DNPH derivative/ml toluene can be very signifi-
cant (i.e., 94 percent for benzaldehyde at 0.016 mg/ml). This variability
needs to be taken into account when evaluating data obtained using this
procedure. At higher DNPH derivative concentrations (0.2-2.0 mg derivative
per mf toluene) the overall test variability (trapping, extraction and
injection) is approximately 15 percent. This value was obtained from the
standard deviation of tunnel recovery and trapping efficiency experiments.

The DNPH analysis for the aldehydes and ketones has given abnormally
high concentrations of crotonaldehyde and benzaldehyde in isolated occassions.
A gas chromatography-mass spectroscopy study was carried out on three samples
obtained from a gasoline powered vehicle. The three samples either contained
abnormally high concentrations of crotonaldehyde=-DNPH derivative or benz-
aldehyde-DNPH derivative or both. The results from this study revealed that
neither crotonaldehyde nor benzaldehyde was present in the samples. Further
gas chormatography-mass spectroscopy studies were carried out on two of the
samples to determine what compounds were present. In both samples, the
crotonaldehyde peaks were due to a phthalate, and the benzaldehyde peaks
could not be identified. This study revealed that the samples contained
several other phthalates as well as di-2-ethylhexyladipate (a fuel stabi-
lizer). Many phthalate esters (e.g., dioctyl, dibutyl, dimethyl, etc.,)
are found in lubricants and plastics. It is possible that the phthalate
peaks found in the above samples were due to contamination in the extraction
process (e.g., from a pipette bulb, etc.). In subsequent testing, extreme
care will be taken to assure the samples do not come into contact with
plastics and other materials which could cause contamination. It is also
possible that some of the phthalates which are found in small quantities in
the samples are from the exhaust (orignating from lubricants) and are
possible interferences in tlhie procedure. Also, the di-2-ethylhexyladipate
appears to produce a minor interference.

QUALIFICATION EXPERIMENTS

Qualification experiments were carried out using a Mercedes 240D vehicle.

Hot FTP (23 minute test) driving cycles were followed to generate exhaust

for the vehicle baseline emissions and for the tunnel plus vehicle experi-
ments. Aluminum cylinders containing 1350 and 436 ppm propionaldehyde in
balance nitrogen were used as the source for aldehydes in the experiments.

The cylinders were named using the aldehyde-DNPH procedure. The fiow of
propionaldehyde into the tunnel was regulated to give concentrations of 0.5-
2 ppm propionaldehyde in the dilution tunnel. Injections of propionaldehyde
into the tunnel without exhaust gave recoveries that ranged from 85 to 115
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percent with an average of 102 percent (Table 4). The recovery of propion-
aldehyde in the presence of vehicle exhaust and without a heated filter
ranged from 59 percent to 89 percent with an average of 76 percent (Table 4).
The recovery of propionaldehyde from the dilution tunnel in the presence of
exhaust while using a heated filter ranged from 82 to 120 percent for an ,
average of 99 percent (Table 4). The injections with the vehicle were cor=-
rected for the vehicle baseline emission of propionaldehyde. If a heated
line and filter is used to remove particulate and if propionaldehyde is re-
presentative of the aldehydes, then it appears that there is little or no
loss of aldehyde in the dilution tunnel with or without vehicle exhaust.

TABLE 4. PERCENT RECOVERY OF PROPIONALDEHYDE

Tunnel + Vehicle Tunnel + Vehicle

Tunnel Only No Heated Filter Heated Filter

Run Recovery % Run Recovery Run Recovery
1 85 1 83 1 86
2 115 2 86 2 82
3 99 3 89 3 120
4 96 4 76 4 106
5 110 5 64 5 85
6 106 6 59 6 107
Avg 102 + 11 Avg 76 + 12 7 103
8 103

Avg 99 + 13

RESULTS AND CONCLUSIONS

The concentration of aldehydes and ketones in dilute exhaust can be
determined by (1) trapping the aldehydes and ketones in a DNPH/HCl absorbing
solution, (2) removing the resulting derivative from the absorbing solution
by filtration and extraction with pentane, (3) evaporating off the pentane
(4) dissolving the dried extract in toluene, and (5) analyzing the resulting
solution with a gas chromatograph equipped with a flame ionization detector.
The aldehydes and ketones are effectively trapped in the absorbing solution
at a flow rate of 4 %/minute. The procedure has a minimum detection limit
of approximately 5 ppb. This carbonyl concentration in the exhaust gives a
corrsponding concentration of 0.002 mg/m% in toluene.
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The accuracy of the procedure in the 0.5-20 ppm concentration range for
the aldehydes and ketones in dilute exhaust is approximately 10-15 percent.
The accuracy of the procedure in the 0-0.05 ppm range is not as good and
values can vary as much as 100 percent. The gas chromatograph system gives
a linear response for acetone, methylethylketone, and crotonaldehyde DNPH
derivative concentrations between 0.002 and 8 mg derivative/ml toluene and
gives a linear response for formaldehyde, acetaldehyde, isobutyraldehyde and
hexanaldehyde DNPH derivative concentrations between 0.02 and 8 mg derivative/
m{ toluene. The benzaldehyde-DNPH derivative gives a linear response in the
0.02 to 2 mg derivative/m{ toluene concentration range. The benzaldehyde
derivative is not soluble at concentrations greater than 2 mg/mf toluene.

Phthalates and di-2-ethyhexyladipate were found by mass spectroscopy
to be interferences in the procedure. Many phthalate esters (e.g., dioctyl,
dibutyl, dimethyl, etc.) are found in lubricants and plastics, and di-2-
ethylhexyladipate is used as a fuel stabilizer. Contamination from phtha-
lates could occur in the extraction process or in sample storage if the
sample is allowed to come into contact with plastics, a pipette bulb, a
lubricant, etc. It is also possible that some phthalates originate from the
exhaust (from lubricants) and are possible interferences in the procedure.
The benzaldehyde and crotonaldehyde values can be affected by these inter-
ferences. The interfering peak in the region of benzaldehyde is usually
broad and the benzaldehyde peak, if present, can be observed on top of this
interference. If care is taken, a reliable value can be determined for the
benzaldehyde. Any value reported for crotonaldehyde may be artifically
high due to possible phthalate contamination. Extreme care must be taken
when handling the sample in order to eliminate any possibility of contami-
nation after collecting the sample and before analysis.

Propionaldehyde can be recovered quantitatively from the dilution tunnel
with or without diesel exhaust present if a heated filter is used. If pro-
pionaldehyde is representative of the aldehydes and ketones, there is little
or no loss of the aldehydes in the dilution tunnel with or without exhaust
present.

Overall the DNPH procedure should provide a relatively accurate method

for determining the concentration of aldehydes and ketones in dilute exhaust,
and its use is recommended for this project.

23



SECTION 3

TOTAL CYANIDE PROCEDURE

LITERATURE SEARCH

Hydrogen cyanide is a flammable, toxic, and colorless liquid at room
temperature and has the characteristic odor of bitter almonds. Some synonyms
for hydrogen cyanide are hydrocyanic acid, prussic acid, and formonitrile.
Hydrogen cyanide is a covalent molecule and dissociates in an aqueous solu-
tion as do the hydrogen halides. Hydrogen cyanide (HCN) has a molecular
weight of 27.03, a boiling point of 24.70°C, and a melting point of -13.42°C.
It is a linear molecule with C-H and CEN bond distances of 1.06 and 1.15 R,
respectively. It is a weak monoprotic acid with a dissociation constant of
2.1 X 10-9. This highly poisonous compound is a respiratory inhibitor and
irreversibly combines with the iron complex in the blood, stopping the oxi-
dation processes in tissue cells and causing death by asphyxiation. Com-
mercially, hydrogen cyanide is prepared by reacting methane, ammonia, and
air over a platinum catalyst at 1000-1200°C, by the reaction of nitric oxide
and gasoline at 1400°C, the reaction of hydrocarbons, ammonia and oxygen
at 600-1500°C, and many other methods. Reactions similar to these may be
responsible for the hydrogen cyanide produced in exhaust.

Cyanogen is a flammable, toxic, and colorless gas at room temperature
and like hydrogen cyanide, has the characteristic odor of bitter almonds.
Some synonyms for cyanogen are dicyan, oxalic acid, dinitrile, and oxaloni-
trile. Pure cyanogen is stable, although the impure gas may polymerize to
paracyanogen between 300° and 500°C or by exposure to ultraviolet light.
Cyanogen dissociates into CN radicals and can oxidatively add to lower valent
metal atoms, giving dicyano complexes. It resembles halogens in the dis-
proportionation reaction in basic solution:

(CN), + 200 — CN + OCN + H,0
Cyanogen (CyNj) has a molecular weight of 52.04, a freezing point of -27.9°C
. and a boiling point of -21.17°C. Cyanogen is a symmetrical and linear mo%e-
cule with a C=C bond distance of 1.37 A and a C=N bond distance of 1.13 A.
Its physiological effect on living tissue is similar to that of hydrogen
cyanide. Cyanogen is prepared by many methods: air oxidation of hydrogen
cyanide over a silver catalyst at 300-600°C, passage of hydrogen cyanide over
cuprous oxide at ambient temperatures, reaction of hydrogen cyanide and
chlorine over a surface-active material such as activated charcoal at >700°C,
any many others. 1In all cases above, cyanogen is produced from hydrogen
cyanide. Although none of these are exactly applicable for an automotive
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system, a similar process may be responsible for any cyanogen that is produced.

The analyses for hydrogen cyanide, cyanogen, and/or cyanide ion has been
performed by several basic analytical techniques: titration, colorimetry,
specific ion electrode, and gas chromatography. The Liebig determination of
cyanide ion by titration with silver ion was discarded as a means of analysis
because of the low concentrations that were expected from exhaust samples.
Colorimetry has previously been used by SwRI and has been found to be man-
power intensive. An alternative procedure was sought with this factor in
mind . The best means of analysis was with either a specific ion electrode
or a gas chromatograph.

Three acceptable procedures were selected from the literature. Sekerka
and Lechner (6) reported the use of a cyanide ion-selective electrode for the
analysis of cyanide ion in waste water. The spacific ion electrode was used
in conjunction with a colorimetric technique to determine the reliability of
the procedure. The samples were collected in sodium or potassium hydroxide
and analyzed potentiometrically. The minimum detectable limit reported was
about 2 ppb. The second technique required the use of Tedlar bag samples and
subsequent analysis with a gas chromatograph using a nitrogen phosphorus
‘detector (NPD). The third technique reported by Valentour et al (7) was used
with biological samples (blood, urine, and gastric contents). The samples
were collected in sodium of potassium hydroxide and the trapped cyanide ion
was reacted with chloramine-T to produce cyanogen chloride. The cyanogen
chloride was then analyzed with a gas chromatograph using an electron capture
detector (ECD). After preliminary experiments, the final analytical procedure
selected was a significant modification of the Valentour et al procedure.

PROCEDURAL DEVELOPMENT

Attempts to analyze hydrogen cyanide and cyanogen separately were un-
successful and the details are reported below. The inability to analyze
hydrogen cyanide and cyanogen separately led to consideration of several
specific procedures for the analysis of hydrogen cyanide and cyanogen in the
form of cyanide ion.

Initially, it was decided to determine the concentration of hydrogen
cyanide and cyanogen by collecting a bag sample of the dilute exhaust and
analyzing it with a gas chromatograph using a nitrogen phosphorous detector.
This detector was selected because of its specificity to carbon-nitrogen
compounds. Hydrogen cyanide and cyanogen can be resolved with a 6' X 1/4"
0.D. glass column packed with 100/120 mesh Porapak QS. Isothermal column
temperature operation at 50°C and a helium carrier gas flow rate of 60 mi/min
were the column conditions. A glass lined injector and interface were also
used to preserve sample integrity.

Bag stability experiments with hydrogen cyanide and cyanogen were con-
ducted to determine if sample integrity could be maintained over a short
period of time. Bag stability is necessary due to time required to collect
the sample and the subsequent waiting period before the sample can be analyzed.
The bag sample lifetime should be at least two hours after a sample is
collected. Clear and aluminum foil tape covered Tedlar plastic bags were used
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to conduct bag stability experiments. Dark bags (aluminum foil tape covered)
were tested to determine the effect of photochemical decomposition on hydro-

gen cyanide and cyanogen.

A list of bag stability experiments which were conducted is shown in
Table 5. Each bag contained approximately one cubic foot of the dilute gas.

TABLE 5. EXPERIMENTS CONDUCTED FOR HCN AND C N2BAGSTABILITY

2
Compound Clear Bags Dark Bags
Nitrogen Air Exhaust Nitrogen Air Exhaust
HCN X X X X X X
C2N2 X X X X X X
HCN & C2N2 X X X X X
*
HCN & C2N2 X

* Blend of hydrogen cyanide and cyanogen in humid nitrogen.

Experiments were conducted with nitrogen, air, dilute exhaust and humid nitro-
gen. Dilute exhaust was selected at random from bag samples generated during
other tests, and humid nitrogen was generated by passing nitrogen through

an impinger containing deionized water. Hydrogen cyanide and/or cyanogen were
then added to each bag to give a nominal concentration of about 2 ppm. At
twenty to thirty minute intervals, 5 m{ of the gas was removed with a glass
gas-tight syringe and injected into the gas chromatograph. The percent change
in the concentration was then calculated using the initial injection. Figures
9 through 13 show the effect of elapsed time on the stability of hydrogen
cyanide and cyanogen. Figure 9 demonstrates the stability of hydrogen cyanide
in clear and dark bags with a variety of atmospheres. Peak areas for hydro-
gen cyanide remained within the nominal range of injection variability for at
least 80 minutes, and no definite trends were observed. (The nominal range
of injection variability was set at * 7 percent and is indicated in all
figures by a dotted line). On the other hand, cyanogen showed a considerable
percent loss in the clear bags with both nitrogen and exhaust (Figure 10).

In the dark bag, cyanogen remained stable except in the presence of exhaust.

Figures 11 and 12 show the effect of a blend of hydrogen cyanide and
cyanogen in clear and dark bags with the various atmospheres. Again, hydro-
gen cyanide was stable within the limits of injection variability for a short
period of time. 1In both cases, hydrogen cyanide was stable on the order of
about 60 minutes. Cyanogen behaved similarly to hydrogen cyanide in the
clear bag, but a steady decrease in concentration was observed in all atmos-
pheres with the dark bag.

In humid nitrogen (Figure 13) there was a 70 percent loss of hydrogen
cyanide after only 20 minutes. After this initial loss, the level of hydro-
gen cyanide remained relatively constant. Cyanogen under the same conditions
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showed only a slight decrease in concentration.

The short bag lifetime of hydrogen cyanide and cyanogen prevent the use
of grab samples of exhaust. At this point, the alternative procedures were
investigated for the analysis of hydrogen cyanide and cyanogen. These tech-~
niques required samples to be collected in an aqueous solution.

At the same time the work with bag samples was underway, efforts to
develop a procedure using the specific ion electrode were being conducted.
Potassium cyanide standard solutions were prepared with 0.1 M potassium
hydroxide. A calibration curve was to be determined by plotting the measured
potential in millivolts as a function of the log of the cyanide ion concen-
tration. Instability of the potentiometric measurement was observed in all
concentration ranges, especially in the low concentration range. Attempts
to improve the electrode stability and potential drift were unsuccessful.
Efforts using the specific ion electrode were abandoned for another pro-
cedure using gas chromatography.

A gas chromatograph procedure, which did not require bag samples for the
collection of hydrogen cyanide and cyanogen, was investigated. This procedure
used a chemical collection of cyanide ion in sodium or potassium hydroxide.
Initially, the analysis was to be conducted by reacting chloramine-T with the
trapped cyanide ion in an acid buffered solution to produce cyanogen chloride.
Cyanogen chloride was then extracted by hexane and analyzed with an electron
capture detector. The electron capture detector was chosen because of its
high sensitivity and selectivity to halogenated compounds and relative in-
sensitivity to hydrocarbons. Problems with impurities in the hexane caused
broad peaks with an excessive analysis time. To eliminate the problem, the
following items were tried:

1. Temperature program sequences
2. Column backflush

3. Column changes

A. 6' X 1/4™ 0.D. glass column packed with 100/120 mesh Porapak QS

B. 6' X 1/4" 0.D. stainless steel column packed with 50/80 mesh
Porapak Q

C. 6' X 1/4" 0.D. stainless steel packed with 7 percent Hallcomid
M-18 on 90/100 mesh Anakrom ABS

4. Hexane purification with charcoal
5. Other extracting solvents (i.e., cyclohexane, etc.)

None of these proved to be satisfactory and long analysis times were the
result.

A modification of the above procedure was tried by eliminating the
hexane layer and conducting the analysis in the same manner as described above,
except that the sample was placed in an air tight reaction vial with a 1 m%
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head space and a septum cap. A sample development period of 5 minutes was
required. After vigorously shaking the vial for 5 seconds, 100 uf of the
head space was injected into the gas chromatograph. An electron capture
detector was used for the analysis. As a result of this modification, a

rapid analysis time was achieved. The finalized analytical procedure is
included as an attachment of this report.

VALIDATION EXPERIMENTS

After selecting an analytical method, validation experiments were con-
ducted to determine detector linearity, detection limits, injection repeat-
ability, stability of reagents and sample, sampling parameters, etc. Once
the validation experiments were complete, the procedure was considered
ready for testing.

Collection parameters were determined with a series of experiments de-
signed to check sample flow rates, absorbing reagent concentration, absorbing
reagent temperature, impingers or fritted glass bubblers, and collection
efficiency. All of these experiments were conducted with hydrogen cyanide.

The first experiments conducted were to determine the effects of stopper

tip, sample flow rate, the reagent concentration on the collection efficiency.
The results of these experiments are shown in Table 6. A set of three of the

TABLE 6. THE EFFECT OF STOPPER TIP AND ABSORBING
REAGENT CONCENTRATION ON COLLECTION EFFICIENCY AT ROOM TEMPERATURE

Ug CN~/ft3 sample

Collection Sample 1.0 N KOH 0.1 N KOH
Device Flow Run 1 2 3 1 2 3
impinger 1.0 1 93.47 7.71 1.55 50.02 7.08 6.21
impinger 1.0 2 65.71 9.26 2.61 60.13 6.06 0.00
impinger 1.0 3 74.28 6.38 0.00 49.92 6.16 5.48

Avg 77.82 7.78 1.39 53.36 6.43 3.90
bubbler 1.0 1 11.44 0.00 0.00 4.64 1.40 2.73
bubbler 1.0 2 0.00 0.00 0.00 1.11 0.00 0.00
bubbler 1.0 3 0.00 0.00 0.00 2.57 0.00 0.00

Avg 3.81 0.00 0.00 2.77 0.47 1.37
impinger 4.0 1 37.15 5.35 0.67 29.60 3.53 0.77
impinger 4.0 2 29.18 3.18 0.60 27.20 3.24 1.08
impinger 4.0 3 28.96 2.90 0.35 27.24 2.69 0.62

Avg 31.76 3.81 0.54 28.01 3.15 0.82
bubbler 4.0 1 20.20 1.41 0.00 15.14 1.85 0.00
bubbler 4.0 2 25.30 2.96 3.52 7.42 0.85 0.00
bubbler 4.0 3 18.94 2.10 0.32 16.21 1.78 0.00

Avg 21.48 2.16 1.28 12.92 1.49 0.00
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same type collection devices (impinger or fritted glass tipped b?bblersz were
filled with 1.0 N or 0.1 N potassium hydroxide. A hydrogen cyanide calibra-
tion blend that contained a nominal 2 ppm concentration in a balance of nitro-
gen was passed through the absorbing reagent at 1.0 and ?.0 /min. Each
experiment was repeated three times. All of these experlmenFs were ?onduct?d
in a special blending building, which was external to the main buildlng. This
building did not have the normal temperature controls within the building and
the ambient temperature fluctuated with the weather. The room temperature
ranged from about 15 to 30°C during the experiments.

After careful examination of the data, several trends can be observed.
First, in all cases, more cyanide ion was collected with the stronger absorb-
ing reagent. Secondly, more cyanide ion was trapped with the impinger than
the fritted glass tipped bubbler. The possible reason for this was a flow
restriction due to the fritted glass tip. Finally, the higher flow rate
produced more consistent results with both concentrations of the absorbing
reagent.

The next set of experiments took into account the results of the first
set plus the effect of reagent temperature. Five sets of three impingers
filled with 25 m® each of 1.0 N potassium hydroxide absorbing reagent were
used. The sample flow rate was set at 4.0 %/min. The first set of impingers
was sampled at ambient room temperature (16-29°C) and a second set of im-
pingers was sampled at ice bath temperatures. The sample collection effici-
ency for the ambient temperature experiments showed a high degree of vari-
ability. The collection efficiency for the first impinger was between 70
and 100 percent. At this temperature three impingers would be necessary to
collect the entire sample even at low concentrations. With the ice bath, the
first bubbler was sufficient to collect the entire sample as well as giving
more consistent results. The data for these experiments is shown in Table 7.

Detector linearity was demonstrated for two cyanide ion concentration
ranges. A linear response was observed in the 0 to 2 and the 0 to 10 g
CN"/m? ranges. Table 8 and Figures 14 and 15 show the detector linearity.
All samples are expected to be within this concentration range. If samples
are obtained that are not in these regions, the samples will be diluted to
a concentration which falls within the linear response of the detector.

Sample injection reproducibility is essential for an gas chromatography
technique which does not involve the use of internal standard. To establish
sample injection reproducibility, two nominal cyanide ion concentrations,
2.0 and 0.2 ug/mf , were used. Five separate samples of each concentration
were developed and injected. The results are shown in Table 9.

Three separate experiments involving the sample storage and sample
stability were also conducted. Three separate samples of known concentration
were developed for the required time and injected as usual. At thirty-
minute intervals, 100 uf of the remaining head space was also injected. The
decay of the peak areas for a two-hour period is shown in Figure 16. Five
separate samples of equal concentration were developed for varying lengths
of time. The first sample was injected immediately, the second after 30
minutes, the third after 60 minutes, the fourth after 90 minutes, and the
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10/11/77
10/13/77
10/11/77
10/17/77
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10/12/77

Run
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TABLE 7.

Absorbing Reagent

Temperature
°F °c
72 22
61 16
63 17
73 23
44 29
32 0
32 o]
32 0
32 0
32 0

THE EFFECT OF ABSORBING REAGENT TEMPERATURE
ON HCN COLLECTION EFFICIENCY

Time Flow ug CN-/ft3 ug N~ /m3 ppm CN™
min £/min 1 2 3 Total 1 2 3 Total 1 2 3 Total
20 4.0 48.61 4.39 0.00 53.00 1716.6 155.0 6.0 1871.7 1.54 0.14 0.00 1.68
20 4.0 64.98 0.00 0.00 64.98 2294.7 0.0 0.0 2294.7 2.07 0.00 0.00 2.07
20 4.0 35.27 7.02 3.76 46.05 1245.5 247.9 132.8 1626.2 1.12 0.22 0.12 1.46
20 4.0 30.06 i0.33 3.95 44.34 1061.6 364.8 139.5 1565.8 0.97 0.33 0.13 1.43
20 4.0 24.46 8.09 2.26 34.81 863.8  285.7 79.8 1229.3 0.80 0.26 0.07 1.13
Avg 40.68 5.97 1.99 48.64 1436.7 210.7 70.3 1717.4 1.30 0.19 0.06 1.55
20 4.0 55.76 0.00 0.00 55.76 1968.1 0.0 0.0 2147.1 1.77 0.00 0.00 1.77
20 4.0 51.96 0.00 0.00 51.96 1834.9 0.0 0.0 1834.9 1.67 0.00 0.00 1.67
20 4.0 57.86 0.00 0.00 57.86 2043.3 0.0 0.0 2043.3 1.86 0.00 0.00 1.86
20 4.0 54.00 0.00 0.00 54.00 1907.0 0.0 0.0 1907.0 1.92 0.00 0.00 1.92
20 4.0 51.05 0.00 0.00 51.05 1802.8 0.0 0.0 1802.8 1.65 0.00 0.00 1.65
Avg 54.13 0.00 0.00 54.13 1911.6 0.0 0.0 1947.2 1.77 0.00 0.00 1.77



TABLE 8. CALIBRATION CURVE LINEARITY AT SEVERAL CYANIDE CONCENTRATIONS

Background
CN Conc. GC Sample Corrected

Test Date Uug/ml ‘Attn height area height area
1 10/11/77 9.64 X256 45 4650 44 4600
4.82 X256 26 2644 25 2594

1.93 X256 11 1182 10 1132

0.96 X256 5 583 4 533

0.00 X256 1 50 0 0

2 10/12/77 9.64 X256 40 4102 40 4102
4.82 X256 24 2448 24 2448

1.93 X256 9 953 9 953

0.96 X256 5 518 5 518

0.00 X256 0 0 0 0

3 10/03/77 1.93 X64 80 7939 79 7816
0.96 X64 42 4146 41 4023

0.48 X64 19 1247 18 1824

0.19 X64 8 817 7 694

0.00 X64 1 123 0 0

4 10/04/77 1.93 X64 68 6813 68 6813
0.96 X64 36 3538 36 3538

0.48 X64 17 2027 17 2027

0.19 X64 6 643 () 643

0.00 X64 0 0 0 0
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TABLE 9. SAMPLE INJECTION REPEATABILITY FOR
TWO CYANIDE CONCENTRATIONS

Nominal GC Peak

Sample Ppm Attn Height Area
1 2.0 X256 62 6807
2 2.0 X256 60 6550
3 2.0 X256 61 6675
4 2.0 X256 61 6703
5 2.0 X256 63 6913
% 61.4 6730
Sx 1.1 137.5
Cv 1.°© 2.0
1 0.2 X32 66 6621
2 0.2 X32 70 7095
3 0.2 X32 68 6838
4 0.2 X32 65 6711
5 0.2 X32 64 6544
X 66.6 6762
Sx 2.4 216.0
Cv 3.6 3.2
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fifth after 120 minutes. The sample decay, as a function of time, is also
shown in Figure 16. 1In both cases, the concentration of cyanogen chloride in
the head space is dependent on the length of time in which the sample was
developed. The third experiment involves the effect of real exhaust samples
that have been stored over a period of time. Sample storage stability is
necessary when samples cannot be processed immediately or if confusing data
is to be checked at a later date. A random sample was chosen and reprocessed
periodically for 50 days. The results are shown in Figure 17. As a result,
samples can be stored for a period of several weeks without adverse effects.

The freshness and stability of the reagents is also very important for
the quantitative analysis of total cyanide. Solutions of both chloramine-T
and the buffer were stored for various lengths of time. Samples developed
with these stored solutions were found to be inferior to freshly prepared
reagents. For these reasons, the reagents should be prepared daily.

Several ions were tested for interference with the production of cyanogen
chloride or the production of other compounds with similar retention times in
the column. Those ions tested were sulfate, phosphate, permanganate, nitrate,
carbonate, chloride, bromide, cyanate, thiocyanate, and ammonium ions. The
potassium salts of each of these ions wére prepared in 100 ppm and 1 ppm
concentrations in the presence of 4 ppm cyanide ion. The sulfate and nitrate
salts of ammonium ion were then tried after the potassium salts of the sulfate
and nitrate ions were found not to interfere. Aliquots of each were then
developed for cyanogen chloride. Sulfate, phosphate, nitrate, carbonate, and
ammonium ions showed no effect on the development of cyanogen chloride in the
100 ppm or 1 ppm ranges. Chloride, bromide, and permanganate ions produced
little or no effect at low concentrations. At high concentrations, both
bromide and permanganate ions decreased the concentration of cyanogen chloride
produced. On the other hand, chloride ion increased the concentration.
Cyanate and thiocyanate ions produced a positive interference at both concen-
trations. Apparently, these two ions also form a halide in the presence of
chloramine~T with the same retention times as cyanogen chloride.

QUALIFICATION EXPERIMENTS

Qualification experiments for the total cyanide procedure were conducted
with a Mercedes 240D. Hot FTP (23 minute test) driving cycles were followed
to generate exhaust for the vehicle baseline emissions and for the tunnel
(18 inch diameter) injection + vehicle experiments. A cylinder containing
485 ppm hydrogen cyanide in balance nitrogen was used as the source for hydro-
gen cyanide. The flow of cyanide into the tunnel was regulated to give a
concentration of 0.5 to 1 ppm hydrogen cyanide in the dilution tunnel.

The baseline emission rate for the Mercedes 240D was ~ 0.0l ppm. Injec-
tion of hydrogen cyanide into the tunnel without exhaust gave recoveries
that ranged from 82 percent to 108 percent with an average of 98 percent
(Table 10). The recovery of hydrogen cyanide in the presence of vehicle
exhaust without a filter to remove particulate from the sampled exhaust gave
recoveries that ranged from 68 to 84 percent with an average of 76 percent
(Table 11). The recoveries ranged from 75-85 percent (Table 11) when a non-
heated 0.5 U Fluoropore filter was used to remove particulate from the sampled
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TABLE 10. TOTAL CYANIDE GASEOUS RECOVERY

BY DIRECT CVS INJECTION

Nominal Flow Calculated

3,
Actual ppm Rate, ft /min ppm HCN

Percent

Cbserved Recovery

*
Concentration corrected for background levels and

vehicle baseline emissions
%* %

Particulate removed from exhaust stream with
non~heated 0.5 y Fluoropore filter

43

Injected HCN Blend CVS Run Sample dilute ppm* HCN
485 0.35 270 1 1 0.60 0.60 100
485 0.35 270 1 2 0.60 0.61 102
485 0.35 270 1 3 0.60 0.62 103
485 0.35 270 2 1 0.61 0.60 98
485 0.35 270 2 2 0.61 0.66 108
485 0.35 270 3 1 0.60 0.57 95
485 0.35 270 3 2 0.60 0.58 97
485 0.35 270 3 3 0.60 0.49 82

Average 98 t 8%
*
Background subtracted from observed concentration (0.03 ppm)
TABLE 11. TOTAL CYANIDE RECOVERY FROM DILUTE EXHAUST
WITHOUT FILTER OR WITH NON-HEATED FILTER
Total Cyanide Conc. as HCN, ppm
© Actual ppm Calculated Percent
Injected Run Sample Amount Observed Corrected* Recovery
non-filtered
485 1 1 0.60 0.42 0.41 68
485 1 2 0.60 0.47 0.46 77
485 2 1 0.61 0.50 0.49 80
485 3 1 0.62 0.53 0.52 84
485 3 2 0.62 0.44 0.43 69
Average 76 T 7%
filtered/non-heated**
485 4 1 0.60 0.46 0.45 75**
485 5 1 0.61 0.50 0.49 80**
485 6 1 0.62 0.54 0.53 85%%

Average 80 t 54



exhaust stream. Higher recoveries of 88-113 percent (average 99 percent)
were obtained when a heated glass fiber filter (375°F) was used to remove
particulate from the sampled exhaust stream. (Table 12).

TABLE 12. TOTAL CYANIDE RECOVERY FROM DILUTE EXHAUST
WITH HEATED FILTER

Total Cyanide Conc. as HCN, ppm

Actual ppm Calculated Percent
Injected Run  Sample Amount Observed Corrected* Recovery
485 1 1 0.54 0.61 0.58 107
485 1 2 0.54 0.54 0.51 94
485 1 3 0.54 0.64 0.61 113
485 1 1 0.55 0.54 0.51 93
485 1 2 0.55 0.54 0.51 93
485 1 3 0.55 0.61 0.58 105
485 1 1 0.57 0.53 0.50 88
485 1 2 0.57 0.58 0.55 _96

Average 99 + 9%

*
Concentration corrected for background levels and for

vehicle baseline emissions

RESULTS AND CONCLUSIONS

The measurement of hydrogen cyanide and cyanogen in dilute exhaust can
be conducted with a gas chromatography technique. Cyanide ion is trapped in
a potassium hydroxide solution and reacted with chloramine-T to produce
cyanogen chloride. Injection of the cyanogen chloride determines the con-
centration of cyanide ion in the sample. This procedure has a minimum
detection limit of 0.0l ppm cyanide ion.

The effect of interfering ions in the absorbing reagent was investigated.
The ions investigated included sulfate, phosphate, permanganate, nitrate,
carbonate, chloride, bromide, cyanate, thiocyanate, and ammonium ions.
Sulfate, phosphate, nitrate, carbonate and ammonium ions exhibited no effect
on the cyanide ion concentration while chloride, bromide, and permanganate
ions interfered only at high concentrations. High concentrations of chloride,
bromide, and permanganate ions are not expected in dilute exhaust and the
cyanide ion concentrations should not be affected by these ions. The
presence of cyanate and thiocyanate ions affect the cyanide ion concentration,
and therefore, the definition of total cyanide must take into account the
possible existence and interference of these ions.
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As a result of preliminary testing with real exhaust, it was discovered
that two bubblers were necessary to efficiently trap the cyanide ion that
was present in exhaust. Two factors which might necessitate the use of two
bubblers instead of one are presented below. First, cyanogen has a much
lower trapping efficiency than hydrogen cyanide in potassium hydroxide. This
difference in trapping efficiency was discovered while naming high concentra-
tion cylinders which were to be used in the qualification experiments.
Secondly, the temperature of the exhaust stream is somewhat higher than the
temperature of the gases used in the determination of the sampling parameters.
The same breakthrough can be expected as with ambient conditions because the
sample gas is not cooled effectively by only one impinger in the ice bath.
Two impingers are therefore necessary for complete sample recovery. The
final sampling parameters are listed below:

1. 25 mf of 1.0 N potassium hydroxide absorbing reagent.

2. Absorbing reagent held at ice bath temperature (0°C-5°C).
3. Sample flow rate of 4.0 2/min.

4, Impingers rather than fritted glass bubblers.

5. Two impingers in series.

These parameters were sufficient to collect a sample from dilute exhaust
within the detection limits of the procedure.

The measurement of hydrogen cyanide in the presence of cyanogen is dif-
ficult if wet chemical techniques are used. In clear or dark Tedlar bags,
hydrogen cyanide is stable for at least 60 minutes, if the humidity within
the bag is not too high. High humidity increases the possibility of hydrogen
cyanide condensation on the walls of the bag. Cyanogen, on the other hand,
cannot be quantitively stored in the presence of exhaust. Therefore, bag
samples for the measurement of cyanogen is only a qualitative tool which can
determine if cyanogen is actually produced in exhaust.

Injection repeatability, sample stability, and sample storage are three
basic requirements for most analytical methods. The injection repeatability
is well within the expected nominal 5 percent limit for a gaseous syringe
injection. The concentration of cyanogen chloride within the head space is
dependent upon the volume of the head space, the room temperature, and con-
centration of cyanide ion present. A 5 m{ reaction vial with a septum cap is
used in the analysis. A total of 4 m{ of the various solutions is added to
this vial. When the vial is tightly capped, a 1 m{ head space remains above
the solution. This head space remains constant unless the vial is not tightly
capped or the wrong volumes of reagents are pipetted into the vial. Cyanogen
chloride obeys Henry's law in the head space. Henry's laws states that the
mass of a slightly soluble gas that dissolves in a definite mass of a liquid
at a given temperature is very nearly proportional to the partial pressure of
that gas. Henry's law holds for gases which do not chemically unite with the
solvent and is obeyed by a variety of gases in dilute solutions and all gaseous
solutions at the limit of extreme dilution. The sample stability is maintained
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for only a short time after complete development. The sample may be stored
undeveloped in the potassium hydroxide absorbing reagent for at least three
weeks.

When a heated filter is used to remove particulate from the sampled ex-
haust stream, 99 percent of the hydrogen cyanide injected into the dilution
tunnel can be recovered. When a non-heated filter or no filter is used, only
76~-80 percent of the cyanide can be recovered. From these experiments, it is
recommended that a heated filter be used in the sampling system to increase
recoveries and to prevent contamination of the sampling system.

This procedure provides a rapid and sensitive method for the analysis of
total cyanide in dilute exhaust. The analysis of a single sample requires two
minutes for reagent addition, five minutes for sample development, and five
minutes for the total peak elution time. Total sample processing time is
twelve minutes per sample. The simplicity and ease of analysis makes this
procedure ideal for repetitive analysis.
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SECTION 4

INDIVIDUAL HYDROCARBON PROCEDURE

LITERATURE SEARCH

The eight individual hydrocarbons (methane, ethane, ehtylene, acetylene,
propane, propylene, benzene, and toluene) have been measured by innumerable
techniques. One of the most efficient techniques for the individual determi-
nation of all of these compounds in a single analysis is with gas chromato-
graphy. Because of its efficiency, this means of analysis was selected over
any of the other available techniques.

Hydrocarbons are of interest as exhaust components because of their po-
tential for photochemical smog formation. Hydrocarbons are placed into four
classes according to their participation in atmospheric reactions. Methane,
ethane, acetylene, propane, and benzene are placed in Class I, the non-
reactive category. The Class II reactive category includes the C4, and higher
paraffins, while the Class III reactive category encompasses all of the aro-
matics except benzene. The olefins are placed in the Class IV reactive cate-
gory. When olefins such as ethylene react with ozone

=CH > = y + .
03 + H2C 5 H2C 0 + HO HCO
the precursors of photochemical smog are formed. These free radicals then
participate in other atmospheric reactions that result in oxidant formation.

Dimitriades and Seizinger (8) proposed a three-column system capable of
analyzing at least 22 hydrocarbons. Two packed columns were required to re-
solve the C; and C, hydrocarbon components and an open tubular column was
used to resolve the other components. The complete analysis consisted of two
different sample loop sizes. This procedure was considered time consuming
and the number of compounds to be analyzed was excessive.

Papa et al (9) presented a procedure for the analysis of C; through Cj)
hydrocarbons in automotive exhaust. This dual column system consisted of a
packed column with a mixture of stationary phases for the resolution of Cj
and Cy hydrocarbons and an open tubular column. About 200 individual peaks
were obtained from the method. This procedure also required two sample loop
injections. Excessively low temperatures were required for resolution of Cj
and Cy, hydrocarbons with this analytical system.

Klosterman and Sigsby (10) proposed a simple analytical system for the
determination of hydrocarbons according to their potential for photochemical
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smog formation. A flame ionization analyzer was used in their work, though
this technique did not employ the use of a gas chromatograph. A column
similar to that used by Klosterman and Sigsby was used to scrub the oxygenated
hydrocarbons and olefins from benzene and toluene by Black et al (11). This
method utilizes four packed analytical columns for the resolution of the de-
sired compounds. Methane, ethane, ethylene, acetylene, propane, and propylene
are resolved with the first two columns; and benzene and toluene are resolved
with the other two. As with the other procedures, two sample loops are re-
quired for the combined analysis of paraffins, olefins, and aromatic hydro-
carbons. This procedure was also designed as a simple and inexpensive method
for the determination of smog related compounds. Table 13 lists the compounds
of interest, along with chemical formulas, boiling and melting points, syn-
onyms, and molecular weights.

PROCEDURAL DEVELOPMENT

The gas chromatogarph procedure that will be used for the determination
of the individual hydrocarbons is similar to the procedure used by Black et
al (11) and consists of a four column system that is capable of resolving
eight individual hydrocarbons. Columns I and II in the system consist of
an 8' x 18" stainless steel tube packed with 80/100 mesh Porapak Q and a 4'

x 1/8" Teflon column packed with 35/60 mesh type 58 silica gel, respectively.
ColumnIII consists of 15' x 1/8" stainless steel tube packed with 15 percent,
1, 2, 3-tris(2-~cyanoethoxy) propane on 60/80 mesh Chromosorb PAW; and Column
IV consists of a 2' x 1/8" stainless steel tube packed with 40 percent mer-
cury sulfate (HgSO4) and 20 percent sulfuric acid (H3SO4) on Chromosorb W.
Columns II, ITI, and IV are used isothermally and Column I undergoes a tem-
perature program sequence. The primary purpose of Column I is to resolve
methane from air, while Column II resolves C, and C3 hydrocarbons. Columns
IIT and IV resolve benzene and toluene from the other aromatics, paraffins,
olefins, acetylenes, and oxygenated hydrocarbons. Three timers, four sole-
noid valves, and five six-port gas sampling valves are required to accomplish
the complicated sample flow through the columns. When exhaust from diesel
powered vehicles is analyzed, higher molecular weight hydrocarbons have been
found to interfere with the analysis. The compounds can be effectively re-
moved by simply passing the exhaust sample through an ice trap before it
enters the analytical system. The actual analytical procedure is included
as an attachment to this report.

VALIDATION

This gas chromatographic procedure has been used with much success on
a variety of projects. The validation of this procedure consists of the
injection repeatability for all eight components of the calibration blend
and bag sample stability. All other parameters were determined from previous
experience with this analytical procedure.

The injection repeatability for the individual hydrocarbon procedure
was conducted on two separate occasions. Table 14 shows the data accumulated
on each occasion. The injection repeatability for the two 10 mf sample loops
is not greater than *2 percent.
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TABLE 13. IMPORTANT FACTS ON INDIVIDUAL HYDROCARBONS

Melting

Molecular Boiling

Compound Formula Weight Point Point Synonyms

Methane CHy 16.04 -~182.48 -164 marsh gas, methyl hydride

Ethylene CoHy 28,05 -169.15 -103.71 ethene, elayl, olefiant gas

Ethane CyHg 30.07 -183.3 - 88,63 bimethyl, dimethyl, methylmethane,
ethyl hydride

Acetylene CyH, 26,04 - 80.3 - 75 ethyne, ethine

Propane CyHg 44,11 -189.69 - 42.Q07 dimethylmethane, propyl hydride

Propylene C3Hg 42,08 -185.25 - 47,4 propene, methylethylene, methyl-
ethene

Benzene C6H6 78.12 5.5 80.1 benzol, phene, cyclochexatriene

Toluene C4Hg 92.15 - 95 110.6 methylbenzene, phenylmethane,

toluol, methacide



TABLE 14. INJECTION REPEATABILITY ON TWO SEPARATE OCCASTIONS
Individual Peuk Area, Kelative Counts (fest 1)
Injection Methane Ethylene Ethan Avetylene Propane Propylene Benzehe toluene”
1 7283 10097 37 12034 14809 15569 13697 1534y
2 7527 10467 $d7 s | IR B 19042 16724 sl 1474
3 7792 10621 TOu3y 12803 15352 16152 Piwl/ 15406
4 7566 10479 94542 1200 14825 15910 1397/
5 7585 10495 Y 12074 150616 15899 138l 247
6 7387 10300 969U 12398 14925 15441 i4041 1?:5 I
7 7700 10575 9994 12753 15147 15931 14av42 15 /80
8 7455 10307 9724 12460 14702 15629 1iubo 15799
9 7680 10493 Y878 12624 14933 15842 14049 15459
10 7618 10481 9885 L2714 14996 15857 13943 15783
Average 7559.30 10431.50 9847.20 12563.30 14979.70 15795.40 13933.1u 15584.33
Standard
Deviation, 152.98 154.55 13,90 224,65 187.42 206.43 125,33 166,20
Sy
Coefficient
of variation, 2,02 1.48 1.9 .79 1,25 1.31 [V 1.07
Cy
Individual Peah s1ea, Kelative Counts (Test 2)
Injection Methane Ethylene Ethane Acutylone Propang Propyleny I8 izt Tolusiie
1 8593 11893 Lu9is 14803 15705 17867 16460 18546
2 8633 11937 11011 14992 15912 18020 oo 18537
3 8602 11993 116w/ 15139 15722 17818 16553 18735
L 8640 11885 Lov /7 19170 15775 17926 1,409 18479
5 8702 12022 111 15371 15825 17850 1o2a/ 18530
6 8561 11900 10946 15252 15879 17955 lod33 18562
Average 8622 11938 11015 15121 15803 17906 led55 18565
Standard
Deviation, 48,59 57.20 &3.70 200.07 83.77 75.1u Ty, 2 87.45
Sx
Coefficient
of variation, 0.56 0.48 UL 1.sz 0.53 w42 o w47
C
v
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The bag sample stability experiment was conducted on a random sample
from an emissions test. The sample was collected during the driving cycle
and analyzed immediately afterward. This sample was then reprocessed peri-
odically for several days. A bag sample of the calibration standard and a
bag sample of exhaust doped with the calibration standard were also processed
periodically. The time-sample decay curve for each compound is shown in
Figures 18, 19 and 20. The sample integrity can be preserved for approxi-
mately five days.

QUALIFICATION EXPERIMENTS

The analysis of individual hydrocarbons in dilute exhaust has previously
been conducted on many projects. On the request of the Project Officer, no
qualification experiments were conducted with the CVS for this procedure.
Also, long term experience with this procedure has given an insight into the
sample integrity for the complete analytical system.

RESULTS AND CONCLUSIONS

The measurement of individual hydrocarbons in dilute exhaust is con-
ducted with a gas chromatography technique. Tedlar bags are filled with

dilute exhaust during each driving cycle. Analysis of the bag sample
requires a complicated system of four analytical columns with backflush and

temperature program capability. Sample concentrations are determined by com-
parison to a calibration blend of all eight hydrocarbons. The minimum detec-
table limit is 0.1 ppmC to 0.2 ppmC. The higher molecular weight compounds
approach the higher minimum detectable limit.

Injection repeatability and bag sample stability were demonstrated for
the system. The largest injection variability was with methane and acetylene
and the smallest was with benzene and toluene. A 2 percent variability can
be expected for the six compontents of the first sample loop and first two
columns (C; - C3), and a 1 percent variability can be expected for the

second sample loop and second two columns (benzene and toluene). This
agreement is much better than can be expected of a syringe sample injection.

The bag sample stability shows that dilute exhaust samples will be stable for
about five days. Only propylene, benzene and toluene were shown to have a
large decrease in concentration over a period of time in exhaust. With the
standard only sample, all compounds showed the same decrease in concentration.
A leak in the bag is suspected as a cause of this drastic change in concen-
tration. However, even with a leak in the bag, the sample concentration is
stable for about five days. Samples must be analyzed before this time to
maintain confidence in the sample concentrations obtained. Otherwise, the
sample integrity is lost due to sample decay, bag leakage, and/or permeation
through the walls of the bag.

This procedure provides an effective means for the analysis of indivi-
dual hydrocarbons in dilute exhaust. A single bag requires about four minutes
to purge the sample loops, 23 minutes for total peak elution, and five minutes
to cool the oven temperature back to room temperature and reset the instru-
mentation. The total analysis time per sample is about 32 minutes. The auto-
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Figure 18. Time-sample decay curve (exhaust only).
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mated system provides a simplified operation for an otherwise complicated
procedure and enables routine analysis for a large quantity of samples.
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SECTION 5

ORGANIC AMINE PROCEDURE

LITERATURE SEARCH

The individual amines that are included in this analysis are monomethyl-
amine, dimethylamine, monoethylamine, trimethylamine, diethylamine and tri-
ethylamine. The chemical formulas, molecular weights, boiling points,
freezing points, and synonyms for these low molecular weight aliphatic
amines are presented in Table 15. In general, these amines have a fish-type
odor at lower concentrations, but more of an ammoniacal odor at higher
levels. The 1968 American Conference of Governmental Industrial Hygientists
has recommended a threshold limit value of 10 ppm.

The measurement of individual low molecular weight amines has been con-
ducted using a variety of gas chromatograph techniques. Hoshike (13,14) re-
ported gas chromatographic separation of lower aliphatic amines in the free
form and as their Schiff base derivatives. A glass column was employed to
provide a separation of 11 amines using temperature programming and a ther-
mal conductivity detector. This work was directed toward achieving a satis-
factory separation rather than being concerned with minimum detection limits.
Sze (15), et al reported separation of methyl amines, ammonia, and methanol
using a mixture of tetrahydroxyethylethlenediamine and tetraethylenepenta-
mine. O'Donnel and Mann (l16) used Dowfax 9N9, Carbowax 400, and Carbowax
20M to separate mixtures of aliphatic amines, aromatic amines, and aliphatic
amines, This work was performed using synthetic blends on a gas chromato-
graph with a thermal conductivity detector. McCurdy and Meiser (17) used a
gas chromatograph with a flame ionization detector to determine fatty amines
in trace quantities. The fatty amines were converted to trifluoracetyl
derivatives, providing a sensitivity of 0.05 ppm fatty amine in water.

Smith and Waddington (18) used aromatic polymer beads to seperate a

wide range of aliphatic amines. Peak tailing was found to exist because of
two types of active sites on the polymer: simple acidic sites which can be
neutralized by treatment with base, and metal ions which must be deactivated
by addition of an involatile complexing agent. Glass columns were used in a
gas chromatograph with a flame ionization detector. Synthetic blends rang-
ing from C;-Cg were separated and analyzed using this approach. In another
study Carbopak B/4 percent Carbowax 20 M/0.8 percent KOH (19) and 28 percent
Pennwalt 223/4 percent KOH (20) have been reported to give satisfactory sep-
arations of lower aliphatic amines.

Analysis of amines as derivatives has been shown to be a valuable ana-
lytical tool to determine trace quantities (21). Thirteen different deri-

57



85

TABLE 15. LIST OF INDIVIDUAL ORGANIC AMINES
INCLUDED IN THE EMISSIONS CHARACTERIZATION INVENTORY

Carbon Chemical Molecular Boiling Freezing
Name No. Formula Weight Point, °C Point, °C Synomyms
Monomethylamine (12) 1 CH N, 31.058 -6.32 -93.5 Methylamine,
. aminomethane

Monoethylamine (12) 2 c 2HE_}NH P 45.085 16.58 -81.0 Ethylamine,
aminoethane

Dimethylamine (12) 2 (cH 3) oNH 45.085 6.88 -92.19 None

Trimethylamine (5) 3 .(CH3) 3N 59.112 2.87 ~-117.08 None

Diethylamine (5) 4 (C,ZHS) oNH 73.14 56.3 -50. None

Triethylamine (5) 6 (C2H5)3N 101.19 89.3 -114.7 None



vatives were evaluated in terms of FID and ECD response characteristics.
This work was limited to primary amines, and under optimum conditions amines
down to 10 picograms could easily be quantified using an ECD detector.

Clark and Wilk (22) used an ECD to evaulate the properties of halogenated
amine derivatives. No increase in the sensitivity for the trifluoroacetyl
amine derivatives using ECD was observed.

Mosier (23), et al quantitatively measured aliphatic amines volatilized
from cattle feedyards. Direct gas chromatograph injection of acid solutions
and GC separation of the pentafluorobenzoyl derivatives of the malodorous
volatiles were used in identification. The derivatized amines were analyzed
using a gas chromatograph equipped with an electron capture detector.

Methylamine and ethylamine were detected in irradiated beef by Burks
(24), et al. Several techniques, including colorimetric paper chromato-
graphy and gas chromatography, were used in quantifiying results. Gas chro-
matographic determination of free mono-, di-, and trimethylamines in biolog-
ical fluids were performed by Dunn (25), et al. A flame ionization detector
was used to quantitatively separate the lower aliphatic amines. Separation
of mono-, di-, and trimethylamine from extracts of fish tissue was achieved
by Gruger (26).

Andrea (27), et al developed a precolumn inlet system for the gas chro-
matographic analysis of trace quantities of short-chain aliphatic amines,
Losses inherent in the collection and direct gas chromatograph analysis of
field air samples containing volatile amines necessitated an indirect ana-
lytical scheme. A Teflon tube (3" x 5/16" OD) was filled with 20/30 mesh
Ascarite and placed in the injector inlet of the gas chromatograph. Samples
were collected in dilute sulfuric acid and aliquots were injected into the
pre-column of the GC. Release of the free amines was found to be sufficient-
ly reproducible for quantification of results. This technique avoided the
problems encountered by Umbreit (28), et al, and Hardy (29) when using base
loaded columns to analyze acidified aqueous solutions of amines from fish.
The in situ release of the free amines from their salts produced a chroma-
tographic column that changed with every injection. 1In addition, the column
had a very short usable lifetime and lacked reproducibility after extended
use.

Bowen (30) described a gas chromatograph procedure for the analysis of
aromatic amines using an adsorption technique. Quantitative adsorption and
desorption of aromatic amines using Tenax GC was demonstrated at the nanogram
level. Samples were pulled through the Tenax GC trap for specific sampling
periods, thermally desorbed at 250°C, and analyzed in a GC with a FID. The
author recommended use of a NPD to increase sensitivity for aromatic amines
on the tail of hydrocarbon solvents and eliminate venting the solvent.

PROCEDURAL DEVELOPMENT

From the results of the literature search it was determined that the
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analysis of the amines should be conducted by the use of gas chromatography.
A Perkin-Elmer 3920B gas chromatograph was dedicated for this purpose. This
instrument has a dual/differential electrometer and has linear temperature
programming capabilities along with a sub-ambient oven accessory. The in-
strument has been equipped with a flame ionization detector (FID), a nitrogen
phosphorus detector (NPD), and an electron capture detector (ECD) and can be
connected to a chemiluminescent detector. Of the specialty detectors avail-
able for the analysis of the amines, the NPD appeared to be the prime candi-
date and initial work was carried out using this detector. Because the amines
are notorious for tailing and reacting with metal sites, a glass lined heated
injector port and a glass interface were installed so that with the use of

a glass column, the system would be glass throughout.

Lecture bottles of methylamine, dimethylamine, trimethylamine, and
ethylamine, along with pure liquids of diethylamine and triethylamine, and
a Tracor Model 412 Permeation Calibration System containing permeation tubes
of all six amines were used as sources of the organic amines in the proce-
dural development experiments. These sources allowed a method for preparing
blends of varing concentrations of the organic amines.

Several column packing materials (all were developed especially for the
analysis of amines) and column lengths were evaluated to determine which
could provide the best peak separation with the shortest analysis time. The
columns evaluated included: 12' x 1/4" glass columns packed with 28 percent
Pennwalt 223 amine packing, a 6' x 4 mm (id), 6' x 2 mm (id) and a 12' x 1/4"
glass column packed with 4 percent Carbowax 20 M and 0.8 percent KOH on
Carbopak B, and a 6' x 4 mm (id) glass column packed with 2 percent KOH on
Chromasorb 103. Several column temperatures, programming rates, and carrier
flow rates (helium) were tried for each of the columns.

The best separation was accomplished using the 4 percent Carbowax 20 M
and 0.8 percent KOH on Carbopak B packing material in the 6' x 4 mm (id)
glass column. This column would only partially separate diemthylamine and
ethylamine under conditions which gave very broad peaks at long retention
time. 1In order to increase sensitivity and shorten the analysis time an
initial temperature of 130°C was chosen. At this temperature, the dimethyl-
amine and ethylamine coalesce into a single sharp peak, and the analysis
time is under 30 minutes.

The FID, NPD, and chemiluminescent detector were evaluated as detectors
for the organic amines. The NPD was more sensitive than either the FID or
the chemiluminescent detector. Also the NPD is only sensitive to compounds
containing both carbon and nitrogen, eliminating many interferences that
would be present using the FID.

In order to analyze automobile exhaust for the organic amines, it was
found necessary to concentrate the amines in a trap or an absorbing reagent
to obtain enough sample for the satisfactory analysis. Two collection pro-
cedures were evaluated, one in which the amines are collected in a trap
filled with 1 gram Tenax-GC packing material, and another in which the amines
are collected by bubbling the amines through an acid solution. There was
some breakthrough of the amines through the Tenax-GC traps even at liquid
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nitrogen temperatures. Bubbling the amines through an acid solution proved
to be the superior method for collecting the amines.

A sulfuric acid solution was found to effectively trap the amines at
room temperature. To release the amines from the sulfuric acid solution into
the GC colum, an Ascarite loaded precolumn was installed into the injector
block of the GC. This precolumn was found to work very well in releasing
the amines into the GC column; however, the lifetime of the precolumn was
found to vary from one injection to several hundred. The 4 percent Carbowax
20 M and 0.8 percent KOH on Carbowax B packing material in the GC column was
designed to be used with agueous solutions and proved to be satisfactory
when used with aqueous sulfuric acid solutions.

The usefulness of the precolumn was usually terminated by the aqueous
injections temporarily dissolving the Ascarite and the Ascarite redrying to
form a plug, thereby preventing the sample from entering the column. Some
time was spent on trying to determine why some precolumns lasted for only
one injection while others for several hundred, but the results were incon-
clusive.

Poor injection repeatability resulted from a variety of problems. These
problems included previous GC injection history, glass syringe purging tech-
nique, precolumn conditioning, and column effects. Because of the problems
mentioned above, and alternate method of analysis was evaluated. This
method consisted of collecting the organic amines in glass impingers using
dilute sulfuric acid, converting the trapped amines to their pentafluoro-
benzoyl chloride derivatives, and analyzing for these derivatives using a
gas chromatograph equipped with an electron capture detector. It was hoped
that this method would (1) convert the amines to stable derivatives which
would improve sample injection repeatability, and (2) provide improved de-
tection limits with an electron capture detector.

This alternate procedure was found to be unsuitable for the detection
of amines at the ppb levels. Tertiary amines (trimethyl- and triethylamine)
cannot be detected by this procedure, and the secondary amines (dimethyl-
and diethylamine) had a low sensitivity that made detection in the ppb range
almost impossible. The peak areas of the primary amines (methyl- and ethyl-
amine were found to be time dependent. The GC peak areas of the methyl- and
ethylamine derivatives were plotted against the time they were allowed to
stand after initial mixing of the reagents to produce the derivatives. The
mixing procedure is included in Table 16. The standing time includes 2
minutes of vigorous shaking (1 minute for the 1 minute test) plus any re-
maining time the mixture was allowed to stand at room temperature before
injecting into the GC. The effect of elapsed time on peak area is shown in
Figure 21. This figure shows a rapid increase in peak area followed by a
rapid decrease in the area. In order to obtain reproducible data at ppb
levels, the injection time after mixing can vary by only seconds. Under
normal operating conditions this would not be possible. Because of the
time limitation, the procedure was abandoned for the quantitative analysis
of the organic amines.
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TABLE 16. MIXING PROCEDURE FOR PREPARATION OF
PENTAFLUORABENZOYLAMINE DERIVATIVES*

1. Pipette 1.0 ml of 0.01 N sulfuric acid containing 94 ppb methylamine
and 220 ppb ethylamine into a 10 m{ reacti-vial.
2. Pipette 3 mf of toluene into reacti-vial.

3. Pipette 1 m{ of pentafluorobenzoyl chloride (PFBC) solution (50 ug PFBC
in 100 m{ toluene) into reacti-vial.

4. Pipette 1 ml of 10 percent aqueous potassium hydroxide solution into
reacti-vial.

5. Shake and allow to stand for X minutes.

* General procedure from private communication with Arvin R. Mosier, USDA,
ARS, P.O. Box E, Fort Collins, Colorado 80521
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The GC-NPD procedure using the Ascarite precolumn has been reevaluated
and most of the problems involved with its use have been solved. The in-
consistent lifetime of the precolumn remains a problem in the procedure.

The syringes can be cleaned by purging several times with the next sample to
analyzed. Memory effects in the precolumn and GC column are not a problem
as long as a blank is injected into the system after injection of a sample
with an amine concentration greater than one ppm. This blank purges out

the system for the next sample. The repeatability of the system is also
improved if a series of 4-5 injections of a solution containing 1 ppm of
each of the amines is made into the system. This must be done each time the
instrument has been unused for periods of greater than one hour.

The procedure chosen for the analysis of the organic amines consists of
trapping the amines in dilute sulfuric acid solution and analyzing the
solution using a GC equipped with an Ascarite precolumn, a 6' x 4 mm glass
column packed with 4 percent Carbowax 20 M and 0.8 percent KOH on Carbopax B,
and a nitrogen-phosphorus detector. A finalized copy of the procedure is
included as an appendix to the interim report.

VALIDATION EXPERIMENTS

Several experiments were carried out to determine the validity of the
amine procedure for the analysis of the organic amines. The experiments
included checks for GC injection variability, linearity of detector response,
sample stability in the absorbing solution, and trapping efficiency of the
0.01 N sulfuric acid solution.

The finalized sampling conditions used to collect the organic amines are
listed below, as is a discussion of their selection. A single glass impinger
containing 25 m of 0.01 N sulfuric acid is used to collect the organic
amines. This single impinger traps 99+ percent of the organic amines at low
ppm and ppb amine concentrations. This collection efficiency was determined
by bubbling known amounts of organic amines through a series of impingers
and analyzing each impinger separately. No advantage was found in using
more than one impinger or higher concentrations of sulfuric acid except when
the concentration of the amines exceeded 5 ppm. The 0.01 N sulfuric acid
concentrations was selected over higher acid concentrations (0.1 and 0.1 N)
in order to prevent the neutralization of the ascarite in the precolumn any
sooner than necessary. The concentration of the organic amines in exhaust
should never approach the 5 ppm concentration; therefore, the single glass
impinger containing 0.01 N sulfuric acid should be sufficient to trap the
organic amines. Sulfuric acid was chosen over hydrochloric acid as the
absorbing acid because of its higher boiling point. Hydrochloric acid is
more volatile and could vaporize into the analytical column during analysis.
During sampling, the impinger is kept in a 0°C ice bath. The ice bath offers
no significant advantage in collection efficiency over room temperature, but
does provide a stable sampling temperature during the test. The 0°C tem-
perature also lowers the vapor pressure of the agueous absorbing solution
and thus prevents loss of any significant amount of water from the absorbing
solution during sampling. The sample flow rate through the impingers is
maintained at 4 liters a minute. This flow rate provides the largest
amount of sample flow through the absorbing reagent without loss in absorbing
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efficiency or the physical loss of any absorbing reagent.

Samples have been found to be stable in the sulfuric acid absorbing
solution for months. A two month standard containing 0.1 ppm of mono-, di-,
and triemthylamine showed no significant decrease in concentration when com-—
pared to a freshly prepared standard. The absorbing solution is also stable
over long periods of time with the only worry being contamination from any
amines which might be present in the laboratory environment.

To determine the GC injection repeatability for the procedure over a
wide range of concentrations, three standards containing 0.01, 0.1, and 1
ppm of mono-, di-, and triethylamine were prepared. Each standard was
injected into the GC ten consecutive times. The area of each resulting peak
was averaged over the ten runs and a standard deviation was calculated. The
results of the injection repeatability experiments are presented in Table 17.
Injections of the 0.01 N sulfuric absorbing solution were also made into the
GC system. Peaks for monomethylamine and dimethylamine/monoethylamine (the
two compounds give one peak in the procedure and are analyzed together as
CyH7N) were detected in the absorbing solution and gave areas which corre-
sponded to 50 percent of the area for the monomethylamine and diemthylamine
in the 0.01 ppm standard and 20 percent of the monoethylamine in the 0.05
ppm standard. The procedure is not as sensitive to the ethylamines as it
is to the methylamines; therefore, higher concentrations of the ethylamines
(10, 1, 0.1 ppm) were used in the repeatability. experiments. For the meth-
ylamines the injection repeatability improves with increasing concentration
of the methylamines. The standard deviation for the 1 ppm standard con-
taining mono-, di-, and trimethylamine is 5-6 percent, while the deviation
for the 0.1 ppm standard is slightly higher at 7-8 percent. The standard
deviation for the 0.0l ppm standard is even larger at 12-21 percent. Con-
centrations at or below 0.0l ppm of the methylamines are difficult to
determine due to the poor injection repeatability and the interference from
the absorbing solution. The injection repeatability follows no definite
trend for the ethylamines. The standard deviations for mono-, di-, and tri-
ethylamine remain relatively constant at the three concentrations studied
(0.1, 1, and 10): 7-8 percent for monoethylamine, 4-7 percent for dimeth-
ylamine, and 7-10 percent for triethylamine. Concentrations below 0.05 ppm
of the ethylamines are difficult to determine due to thebroadness of the
diethylamine and triethylamine peaks and to the interference from the
absorbing solution.

To determine the linearity of the nitrogen-phosphorus detector for each
of the amines at the concentration ranges of interest, standard solutions
containing 0.01, 0.05, 0.1, 0.5, and 1 ppm of mono-, di-, and trimethylamine,
and 0.05, 0.1, 1, 5, and 10 ppm of mono-, di-, and trimethylamine were pre-
pared. These were made by weighing out required amounts of each of .the
organic amine-hydrochloric acid salts and dissolving them in the proper
amount of sulfuric acid absorbing solution. Figures 22-27 show plots of the
GC peak areas versus the concentration for each of the organic amines on a
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TABLE 17. INJECTION REPEATABILITY EXPERIMENTS

Concen- Average Standard Percent
Amine tration (ppm) Area Deviation Deviation
Monomethylamine 1 8803 533 6.1
0.1 2004 134 6.7
0.01 1305 276 21.1
Dimethylamine 1 7081 372 5.3
0.1 1385 96 6.9
0.01 1006 117 11.6
Trimethylamine 1 5778 276 4.8
0.1 1044 87 8.3
0.01 344 46 14.2
Monoethylamine 10 10,943 977 8.4
1 8189 626 7.6
0.1 2748 178 6.5
Diethylamine 10 7025 483 6.9
1 3460 134 3.9
0.1 724 32 4.4
Triethylamine 10 10,921 1014 9.3
1 5446 564 10.4
0.1 1481 110 7.4
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log-log scale. The relative GC areas for monomethyl-, dimethyl- and mono-
ethylamine were corrected for the background peaks found in the absorbing
solution. Mono-, di-, and trimethylamine give linear GC responses from

0.01 to 1 ppm and di-, and triethylamine give linear responses in the 0.05
to 10 ppm region. Monoethylamine gives a linear response from 0.05 ppm to
1 ppm, but shows some deviation from linearity in the 1.0 to 10 ppm range.

Ammonia at concentrations between 10-100 ppm in sulfuric acid does not
give as large a peak as does a 0.0l ppm solution of monomethylamine, and
therefore does not present any major problems as an interference. However,
the retention time (0.6 min) is close to that of monomethylamine (0.85 min)
and care must be taken not to confuse one peak for the other. Acetonitrile
(CH3CN) had been found in exhaust at concentrations near the 0.1 ppm level.
The NPD is sensitive to this compound and gives a peak in the chromatogram
at a retention time of 1.8 minutes. This retention time is near that of
trimethylamine (2.0 min) and care must be taken not to confuse the two com-
pounds. No other compounds in exhaust have been found to be interferences
in the procedure.

QUALIFICATION EXPERIMENTS

Qualification experiments were carried out using a Mercedes 240D vehicle.
Hot FTP (23 minute test) driving cycles were followed to generate exhaust
for the vehicle baseline emissions and for the tunnel plus vehicle exhaust
experiments. Two aluminum cylinders each containing three amines were used
in the experiments. One cylinder contained 174 ppm monomethylamine, 132
dimethylamine, and 107 ppm trimethylamine. The second cylinder contained
408 ppm monomethylamine, 241 ppm dimethylamine, and 123 ppm trimethylamine.
The cylinders were named by diluting the amine gas stream 300 fold with zero
air, collecting the diluted sample in 0.01 N sulfuric acid and analyzing the
sample with GC-NPD. The baseline emission values from the test vehicles
were found to be less than 0.005 ppm for all six amines investigated. A
test seguence was developed to determine the injection recovery for the
three methylamines from the CVS tunnel (18 inch diameter) without exhaust
present. Four tests were conducted for the amines at ppm levels ranging .
from 0.13 to 0.22 ppm. Each test was conducted on a sequence basis with
a 10 minute soak with the CVS off between each 23 minute collection interval.
The sample lines were heated to 175°F to prevent amine losses in the sample
lines. The results of these experiments are presented in Table 18. As
expected, the recovery of the methylamine was very low (0.7 - 10.2 percent)
for the amine injections. Dimethylamine recovery increased from 4.6 to
27.3 percent after four consecutive injections. Recoveries for trimethyl-
amine were more reasonable with 51.8 to 87.9 percent recovery for four con-
secutive tests. These results are similar to those obtained in qualification
experiments for gasoline-powered vehicles (1).

To determine the percent of amine recovery in the presence of exhaust,
a similar set of experiments was carried out. The Mercedes 240D was used
to generate exhaust during the 23 minute sampling period. All other para-
meters were the same as described above and in Table 18, with the exception
of adding a non-heated filter in the sample line. This filter was used to
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TABLE 18. ORGANIC AMINE RECOVERY FROM THE CVS DILUTION TUNNEL ONLY

ppm Nominal Flow Calculated

Amine Rate, ft3/min ppm amine Observed Percent*
Amine Injected Injected Amine Blend CvVs Run dilute ppm Recovery
Monomethylamine 174 0.4 320 1 0.22 0.001 0.7
Monomethylamine 174 0.4 320 2 0.22 0.003 1.4
Monomethylamine 174 0.4 320 3 0.22 0.008 3.7
Monomethylamine 174 0.4 320 4 0.22 0.022 10.2
Dimethylamine 132 0.4 320 1l 0.17 0.008 4.6
Dimethylamine 132 0.4 320 2 0.17 0.016 9.9
Dimethylamine 132 0.4 320 3 0.17 0.032 19.1
Dimethylamine 132 0.4 320 4 0.17 0.045 27.3
Trimethylamine 107 0.4 320 1l 0.13 0.069 51.8
Trimethylamine 107 0.4 320 2 0.13 0.119 89.1
Trimethylamine 107 0.4 320 3 0.13 0.087 66.7
Trimethylamine 107 0.4 320 4 0.13 0.118 87.9

* pll values are the average of three independent samples.



prevent particulate from contaminating the sampling system. Only trace
amounts of amines were recovered in these experiments. The tests were re-
peated using a heated filter and higher concentrations of the three methyl-
amines. The heated filter and the sample line connecting the dilution tunnel
and the heated filter were heated to 375°F. The line connecting the heated
filter and the sampling system was maintained at 175°F.

A new amine cylinder (higher in amine concentrations) and lower dilution
ratios was used to give expected ppm levels of 0.21 to 0.68 ppm in the di-
lution tunnel. The results of these experiments are presented in Table 19.
The methylamine recoveries ranged from 12.0 to 27.3 percent, dimethylamine
recoveries ranged from 18.6 to 44.2 percent and trimethylamine recoveries
ranged from 47.6 to 59.5 percent recovery. If a heated filter is used it is
possible to detect amines in exhaust at 0.2 ppm and higher levels. At levels
lower than 0.2 ppm, losses to the dilution tunnel and to the exhaust may
prevent the detection of the amines.

At this time, it is uncertain as to the precise reasons for the losses,
but all possible steps have been made to preserve the integrity of the
sampling system and the sample handling prior to injection into the gas
chromatograph. It is doubtful that any substantial improvement could be
made to the system without going to heating the tunnel, etc. The losses of
the low molecular weight amines were not unexpected and these experiments
confirmed those fears. In summary, methyl~ and dimethylamine had low recov-
eries in the tunnel with and without exhaust present., Trimethylamine recov-
eries were generally higher and improved with the number of consecutive in-
jections.

RESULTS AND CONCLUSIONS

The concentration of organic amines in dilute exhaust can be determined
by collecting the amines in 0.0l N sulfuric acid and analyzing the solution
with a GC equipped with an ascarite precolumn and a nitrogen phosphorus
detector. The amines are effectively trapped in 25 mf of 0.01 N sulfuric
acid absorbing solution at a flow rate of 4 %/min. For a twenty-three minute
test and a sample flow rate of 4 2/min, the procedure has a minimum detec-
tion limit of 2 ppb for each organic amine.

The accuracy of the procedure decreases as the concentration of the
amine in the absorbing solution decreases. At a 0.0l ppm concentration of
the organic amines in the absorbing solution, the present standard deviation
for the GC is 12-21 percent. The absorbing solution itself gives peaks
equal to 0.005 ppm monomethylamine and dimethylamine/ethylamine. At the
0.01 ppm level or lower it is difficult or impossible to determine the con-
centration of amines. This concentration is equivalent to 2 ppb of the
amines in dilute exhaust (23 minute test, sampling at 4 %/min.)

Acetonitrile and ammonia have been found in exhaust samples and give
peaks in the chromatograms. Ammonia at concentrations of 10-100 ppm gives
a peak approximately the size of a 0.01 ppm methylamine peak. The separation
of the ammonia and the methylamine peak is 0.25 minutes, but the two can
easily be distinguished if care is taken. Acetonitrile has a retention time
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TABLE 19. ORGANIC AMINE RECOVERY FROM THE CVS DILUTION TUNNEL WITH EXHAUST

ppm Nominal Flow Calculated

Amine Rate, ft3/min ppm amine Observed Percent¥
Amine Injected Injected Amine Blend CVS Run dilute ppm Recovery
Monome thylamine 408 0.5 300 1 0.68 0.092 12.0
Monomethylamine 408 0.5 300 2 0.68 0.156 22.9
Monomethylamine 408 0.5 300 3 0.68 0.186 27.3
Dimethylamine 241 0.5 300 1 0.40 0.074 18.6
Dimethylamine 241 0.5 300 2 0.40 0.139 34.7
Dimethylamine 241 0.5 300 3 0.40 0.177 44.2
Trimethylamine 123 0.5 300 1 0.21 0.098 47.6
Trimethylamine 123 0.5 300 2 0.21 0.112 54.9
Trimethylamine 123 0.5 300 3 0.21 0.122 59.5

* All values are the average of three independent samples



that differs from trimethylamine by only 0.2 minutes, but the two can also
be easily distinguished.

The amines are notorious for sticking to metal sites. The qualifica-
tion experiments represent another example of this problem. The amines had
low percent recoveries from the CVS dilution tunnel with and without exhaust
present. The percent recovery increased directly as the number of injections
into the tunnel increased. This phenomenon is probably due to the gradual
coating of the tunnel with the amines, thus neutralizing the number of metal
sites in the tunnel. It is possible that if the amines are present in con-

centrations of less than 0.2 ppm, the percent recovery may be very low or
essentially zero.

The organic amine procedure should provide a relatively accurate method
for determining the concentration of the organic amines exiting the CVS

tunnel; however, amine losses in the CVS tunnel must be taken into account
when reporting these concentrations.
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SECTION 6

SULFUR DIOXIDE PROCEDURE

LITERATURE SEARCH

At room temperature and atmospheric pressure sulfur dioxide is a highly
irritating, nonflammable, and colorless gas. The gas is readily detectable
at concentrations of 3-5 ppm by the human sense of smell. Physical proper-
ties of sulfur dioxide, SO, {(sulfurous acid anhydride) include a freezing
point of -75.5°C (1 atm), a boiling point of -10.0°C (1 atm), and a molecular

weight of 64.063 (12).

The bulk of published literature regarding the analysis of sulfur di-
oxide has dealt with ambient air sampling. With the development of instru-
mental methods of analysis, the ability to measure sulfur dioxide in sta-
tionary and mobile source exhausts now exists. The following review of
references reveals a wide variety of analytical techniques used in the mea-
surment of sulfur dioxide concentrations.

A frequently used method for the analysis of sulfur dioxide is a color-
imetric method. The most commonly employed colorimetric technique is the
West~Gaecke method (31-35). This method has been collaboratively tested, with
the lowest concentration range studied being well above the levels most fre-
quently found in rural and global background air (36).

A modified version of the West-Gaeke method involves the collection of
sulfur dioxide in 0.1 M sodium tetrachloromercurate (II) (TCM). Sulfur di-
oxide reacts with the TCM to form a dichlorosulfiromercurate complex (DCSM).
In this modified version, the DCSM resists oxidation by oxygen in the air
and oxygen dissolved in the absorbing solution. Ethylenediamine tetracetic
acid disodium salt (EDTA) is added to the TCM absorbing solution to complex
any heavy metals that could oxidize sulfur dioxide before the DCSM is formed
(37,38), and sulfamic acid is added to the absorbing solution to destroy any
interfering nitrite ion which might be present (39).

The colorimetric determination of sulfur dioxide is based upon the mea-
surement of the red-violet color produced by the reaction of DCSM with hy-
drochloric acid, pararosaniline and formaldehyde. The effect of the para-
rosaniline dye purity on the colorimetric procedure has been reported by
several researchers (40,41). Since the dye purity does effect the results
of the colorimetric procedure, various techniques for the purification of
commercial grade pararosaniline have been published (32,34,42), and para-
rosaniline purified especially for the colorimetric analysis of sulfur di-
oxide is commercially available (42).
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A major potential source of error associated with the West-Gacke colori-
metric method for measuring sulfur dioxide is the widely differing collection
efficiency reported for Greenburg-Smith and midget impingers at low sulfur
dioxide concentrations (43). Urone, et al, investigated the collection ef-
ficiency of the TCM solution by the use of microgram quantities of sulfur
dioxide tagged with 35g (44) . In this investigation, it was found that a
series of bubblers cannot be used to determine absorber collection efficiency.
Bostrom obsered a 99 percent collection efficiency for a concentration range
100-1000 ppb sulfur dioxide in a TCM solution (45).

Work has been conducted in the development of other colorimetric methods
for the analysis of sulfur dioxide. Attari developed a procedure whereby
sulfur dioxide is absorbed into a solution of ferric ammonium chloride, per-
chloric acid, and phenanthroline dye (46). A color complex with an absorb-
ance of 510 mm was formed, and although the color developed within 10 minutes,
it tended to fade with time. Hydrogen sulfide was found to be an interfer-
ence in the procedure.

Kawai used the reaction of barium chloranilate with sulfate as an in-
direct measurement of sulfur dioxide (47). Sulfur dioxide was absorbed in
a solution containing hydrogen peroxide and barium chloranilate. Barium
chloranilate reacts with the sulfate ion producing a red-violet chloranilic
acid ion. Although this method may be satisfactory for flue gas analysis, it
lacks the sensitivity required for ambient air analyses.

Conductivity methods have been used for continuously monitoring sulfur
dioxide in air (48). The conductivity of a dilute sulfuric acid-hydrogen
peroxide reagent changes due to the absorption of pollutants. This change
in conductivity is assumed to result primarily from sulfur dioxide absorbed
from the sampled air and oxidized to sulfuric acid. In many cases, sulfur
dioxide is the major pollutant present; however, if other pollutants are
present, their collection efficiency and solubility may be significantly
different than for sulfur dioxide. Several field comparisons of conduc-
tivity with other sulfur dioxide procedures indicate a fair agreement (49-54).
Hydrochloric acid gas, ammonia, and chlorine substantially increase conduc-
tivity. Shikiya and McPhee found two- to fourfold differences between
different conductivity analyzers and between conductivity and colorimetric
analyzers (51). Although the conductivity procedure may be acceptable for
point sources of sulfur dioxide in isolated areas, its high potential for
positive and negative interferences limits its application.

Todometric methods were among the first adapted for air pollution
analysis from the industrial hygiene literature. With this method, the
sulfur dioxide is collected in an impinger containing standard NaOH absorbing
solution. The absorbing solution is acidified and the liberated sulfurous
acid is titrated with a standard iodine solution (52). Another method em-
ploys a standard iodine-potassium absorbing solution (53). Iodometric me-
thods of analysis for sulfur dioxide generally suffer from a lack of sensi-
tivity and interferences from hydrogen sulfide.

Adsorption sampling methods have also been developed for the measure-
ment of sulfur dioxide (55). Sulfur dioxide is absorbed on silica gel,
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desorbed, and reduced to hydrogen sulfide at 700-900°C over a platinum
catalyst. The hydrogen sulfide is then absorbed in a 2 percent ammonium
molybdate solution and determined colorimetrically. Although this tech-
nique is relatively specific for sulfur dioxide, the final colorimetric
determination by the molybdenum complex does not utilize the most sensitive
method available.

In addition to the aforementioned techniques, sulfur dioxide has been
measured by filtration (56-60) and static collectors (61-67). Air samples
are passed through potassium bicarbonate impregnated filters and analyzed
for sulfate. The collection efficiency of these filters is dependent upon
humidity, temperature, and the atmospheric concentration of sulfur dioxide.
The lead peroxide candle static collector was developed by Wilson and Mc-
Connell as an inexpensive method for measuring relative "sulfation" of the
atmosphere (61). The sulfur dioxide collection efficiency is dependent
upon temperature, relative humidity, wind speed, atmospheric concentration
of sulfur dioxide, and the length of exposure period (62). Ikeda determined
ambient sulfur dioxide levels by collecting samples on active carbon filters,
washing the filters with distilled water, and titrating with barium chlorani-
late (67).

With the advent of modern instrumental methods of analysis, specifically
gas and ion chromatography, a substantial amount of data has been published.
Most trace gas analysis for sulfur dioxide has been conducted using gas
chromatographs with flame photometric detectors (FPD) (68-77). The FPD is
highly selective for sulfur compounds and has low minimum detection limits.
Analysis for sulfur dioxide is generally performed using all Teflon or glass
systems. Sulfur dioxide will react with active sites in the gas chromato-
graph system, making the use of inert materials essential for trace quanti-
tative analysis. Gas chromatographs with FPD and linearizing circuitry pro-
vide a wide dynamic range for ambient and source sulfur dioxide levels. 1In
some instances, the collection technique precludes the use of GC-FPD
techniques; i.e., bag sampling from dilute automotive exhaust or source
sampling. The use of gas chromatography would be a prime candidate if the

sample integrity could be assured in the sample acquisition and subsequent
analysis.

A more recent development in methods of analysis for sulfur dioxide
involves the use of ion chromatography (78). This technique involves col-
lection in a hydrogen peroxide absorbing reagent and measurement of the
resulting sulfate ion using ion chromatography. Ion chromatography is a
specialized area of liquid chromatography which will separate and quantify
the individual cations or anions. This technique has been applied to the
measurement of sulfur dioxide in ambient air.

“~

Other instruments are commercially available that are reported to mea-
sure sulfur dioxide in ambient or dilute automotive exhaust. Such instru-
ments include continuous detection by pulsed fluorescent UV and second
derivative UV analyzers. A pulsed fluorescent UV analyzer for sulfur di-
oxide was found to give recoveries on the order of 115-125 percent, indi-
cating that a positive interference is present (79). The second derivative
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UV sulfur dioxide analyzer has inherent problems when being used on contin-
uous samples. The mirrors are located in the actual cell and become coated
with various exhaust components even after filtration of the sample. The
mirrors will become etched and need resurfacing if the unit is used in the
presence of sulfur dioxide, sulfate ion, or other corrosive exhaust com-
ponents. The inherent noise level, along with the consistent mirror problem,

preclude the use of second derivative UV analyzer for measuring sulfur di-
oxide on a continuous basis.

A variation of the GC method for measuring sulfur dioxide is the use of
a continuous analyzer using an FPD detector. Although this approach is good
in theory, it has several problems associated with the performance of the
FPD detector. These units were originally designed to monitor sulfur dioxide
levels in the ambient air and adaption to automotive exhaust was not
staightforward. Air samples had essentially the same oxygen and nitrogen
levels all of the time; however, dilute exhaust samples have variable car-
bon dioxide, oxygen and nitrogen concentrations. The species have been
found to cause quenching effects on a FPD detector. With the constantly
changing carbon dioxide, oxygen, and nitrogen it would be impossible to
correct for any quenching effect. The use of a continuous FPD analyzer for
meéasuring sulfur dioxide in automotive exhaust would not be acceptable un-
less the quenching effects could be eliminated.

PROCEDURAL DEVELOPMENT

From the results of the literature search it was determined that the
analysis of sulfur dioxide should be conducted by the use of ion chromato-
graphy. An ion chromatograph built at Southwest Research Institute was
dedicated for this purpose. This instrument utilizes a modified Swagelok
reducing union for a conductivity cell, a Hall conductivity detector, a
Milton Roy mini-pump, a Soltec multivoltage recorder, a Glenco Scientific
pulse dampener, and polyethylene cubitainers from Cole Parmer Instrument
Company for the analysis of sulfur dioxide. A minimal amount of procedural
development work was necessary for this procedure; however, several instru-
ment and sampling parameters did have to be determined. The selection of
these parameters are discussed in detail in the Validation Experiments
section.

In order to analyze automotive exhaust for sulfur dioxide, a trap or
an absorbing reagent must be used to concentrate the sulfur dioxide. A
method which has been previously used at Southwest Research Institute for
collecting and concentrating sulfur dioxide was selected and validated for
use in this project. This method consists of bubbling dilute exhaust through
a dilute aqueous hydrogen peroxide solution. The hydrogen peroxide reacts
with the sulfur dioxide to give sulfate ion which remains in the absorbing
solution.

The parameters selected for the analysis of sulfur dioxide are listed
below. The sulfur dioxide from the exhaust is bubbled through two impingers
(maintained at ice bath temperatures) in series with each impinger containing
25 mf of a 3 percent hydrogen peroxide solution. The exhaust flows through
the impingers at a rate of 4 %/min. Two impingers together trap 99

81



percent of the sulfur dioxide present in exhaust. A heated glass fiber filter
is installed in the sampling line prior to the bubblers to remove particulate
which could contaminate the separator column during analysis. A portion of
the absorbing solution is loaded into the sample loop and injected into the
ion chromatograph. For analysis the ion chromatograph utilized three columns
and an eluent composed of 0.003 M NaHCO3 plus 0.0024 M Na,CO5. The eluent
flows at 30 percent of full pump capacity through a 3 x 150 mm precolumn
(this column helps prevent contamination of the separator column), a 3 x 500
mm separator column and a 6 x 250 mm suppressor column packed with AG 50W-X16
anion suppressor resin (this neutralizes the ionic effect of the eluent while
increasing that of the sample ion). A finalized copy of the procedure is
included as an appendix to the interim report.

VALIDATION EXPERIMENTS

Sulfur dioxide validation experiments were performed to verify the
sampling and instrument parameters. These experiments involved the deter-
mination of sampling flowrate, sampling temperature, kind and concentration
of absorbant and the number of bubblers required to collect 100 percent of the
sulfur dioxide. 'The variables associated with the ion chromatograph that
were determined included type and concentration of eluent, injection loop
size, flowrate, injection variability, and linearity of response. 1In .
addition to determining sampling and instrument parameters, validation ex-
periments were performed to verify certain portions of the procedure for
sulfur dioxide analysis. Tests for interferences, sample stability, and
standard stability were among those conducted. Also, the method of washing
glassware was studied.

A number of possible interferences were tested by bubbling the suspected
interfering gas at 4 %/min through three impingers in series. Each impinger
contained 25 mf of 3 percent hydrogen peroxide and was maintained at ice
bath temperatures (0-5°C). The tests lasted approximately twenty minutes
each. The results are shown in Table 20. In the zero air, zero nitrogen, 3
percent CO2 and 100 ppmc HC tests, no detectable amount (less than 0.0l ppm
SO;) was found. A positive interference of 0.0l ppm 50,, was found in the
100 ppm NOy test. The greatest interference, 0.02 ppm S0,, was found in the
100 ppm CO test. Another source of interference was caused by the sulfuric
acid-chromic acid bath in which the impingers were washed. The sulfate ion
from the sulfuric acid could not be sufficiently rinsed from the impingers,
even with repeated deionized water rinses. For this reason, a 1l:1 (v:v)
nitric acid and water solution was used to wash the impingers used in the
sulfur dioxide procedure. The sulfate present in the hydrogen peroxide ab-
sorbing solution also causes a positive interference. This interference
could be corrected for by subtracting the sulfate peak area of the absorbant
from the sulfate peak area of exhaust or background samples.

Another validation experiment for the ion chromatographic method of sulfur
dioxide analysis involved determining the stability of samples arnd standards
over a period of time. The sulfuric acid standards made up in filtered de-
ionized water remained stable for at least fourteen weeks. Sulfate standards
made up from stock solutions prepared on 11/30/77 and 3/13/78 were analyzed
on 3/13/78 and the peak areas were compared. The results, shown in Table 21
indicate that the fourteen week old standards repeated within 10 percent of
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TABIE 20. INTERFERENCES TO 802 ANALYSIS

Concentration SO; (ppm SO5)

Suspended Bubbler

Interference 1 _2 3 Total SO (ppm)
Zero Air 0.00 0.00 0.00 0.00
Zero N2 0.00 0.00 0.00 0.00

3% COz—run 1 0.00 0.00 0.00 0.00

3% COZ—run 2 0.00 0.00 0.00 0.00

100 ppmc HC 0.00 0.00 0.00 0.00

100 ppm NO_ 0.01 0.00 0.00 0.01

100 ppm CO 0.01 0.01 0.00 0.02

TABLE 21. SULFATE STANDARD STABILITY

Standard
. Concentration

Hg 504—2) Standard Height %
ml Preparation  Attenuation (in) Amplitude Difference
0.%6 (11/30/77) 3 4.73 125,844
0.96 (03/13/78) 3 4.77 125,080 0
4.80 (11/30/77) 10 7.72 148,259 0.6
4.80 (03/13/78) 10 7.62 147,300 .
9.60 (11/30/77) 30 5.41 130,852 o1
9.60 (03/13/78) 30 5.45 131,036 .

38.40 (11/30/77) 100 7.93 149,864 -

38.40 (03/13/78) 100 7.81 148,668 .

96 .00 (11/30/77) 300 6.09 135,666 0.0

96.00 (03/13/78) 300 6.08 135,638 -
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the freshly prepared standards. A study was also conducted with a variety of
samples of different ages to determine sulfate longevity in the 3 percent hy-
drogen peroxide absorbant. One week after collection and initial analysis, a
sample obtained from an SO, exhaust recovery experiment remained at 0.13

ppm SO,. A two week old 0.06 ppm SO, baseline sample produced similar re-
sults. There was no change observed in the sulfur dioxide level. A ten

week old collection efficiency sample, however, did very from its initial
concentration of 0.13 ppm by decreasing 7.9 percent to 0.12 ppm SO;. This

is greater than the injection repeatability of 1.2 percent, however, within
the minimum detection limit of 0.01 ppm SO,. The samples appear to be

stable at least two weeks but less than ten weeks, the break-off point
probably lying between four and six weeks.

The second portion of validation testing included the determination of
S0, sampling; parameters. Nominal concentrations of 5 and 12 ppm SO, were
collected for 20 minutes in three bubblers, each containing. 25 mi of 3 per-
cent hydrogen peroxide. The results of these tests are shown in Table 22.

TABLE 22. SO, COLLECTION EFFICIENCY AS A
FUNCTION OF FLOWRATE AND TEMPERATURE

Flow- SO2 Concentration (ppm) and trzpigéiin
rate Temp, {%). in bubbler Bubbler bubblers
Test (L/min) (°F) 1 2 3 1+2+3(ppm) 1 and 2
Nominal 5 ppm SOg2
=1 -4 72 4.31(95.3) 0.16(3.4) 0.06(1.3), 4.52. 98.7
2 4 32 6.73(96.7) 0.17(2.4) 0.06(0.1) 6.96 99.1
3 2 32 6.48(94.6) 0.21(3.1) 0.16(2.3). 6.85 97:7
4 2 75 6.71(98.8) 0.12(1.8) 0.09(1.4), 6.93 98.6
Nominal 12 ppm SO2
5 4 32 22.4(92.5) 1.25(5.2) 0.54(2.2) 24.2 97.7
6 4 32 24.8(99.1) 0.13(0.5) 0.09(0.4) 25.0 99.6
7 4 32 28.5(99.0) 0.22(0.8) 0.07(0.2) 28.8 99.8
8 4 32 29.3(97.8) 0.35(1.2) 0.30(4.0) 29.9 99.0
9 4 32 '30.0(98.5) 0.24(0.8) 0.21(0.7) 30.4 99.3
10 4 32 21.2(97.9) 0.20(0.9) 0.25(1.2) 21.7 98.8
11 4 32 29.9(98.5) 0.23(0.8) 0.23(0.8) 30.4 99.3
12 4 32 28.9(98.5) 0.32(1.1) 0.12(0.4) 29.3 99.6

The.largesF quantity of sulfur dioxide was retained at a flowrate of 4 %/min
at ice ?atn temperature. Under these conditions, 99.1 percent SO, was col-
lgcted in the first two bubblers. It is also desirable to preven% small par-
ticulate debris in the exhaust from entering the samples and, thus, the columms
of the ion chromatograph. If this form of contamination is allowea to col-
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lect in the columns the liquid flow becomes hampered causing increased back-
pressure. A glass fiber filter in the sampling line is used to remove a
large portion of this debris from the exhaust.

The third portion of validation testing involved the determination of
instrument parameters; eluent concentration and flowrate, columns, sample
loop size, linearity of response and injection variability. Choice of
eluent concentration and flowrate will depend on the columns chosen and the
species present in the samples. Exhaust samples contain a variety of amines,
fluoride, chloride, nitrite, phosphate, nitrate and sulfate. Nitrate elutes
just prior to sulfate necessitating the use of an efficient separator column.
A 3 x 500 mm glass column packed with patented resin is the separator column
chosen for sulfate analysis. The suppressor column is a 6 x 250 mm glass
column with AG 50W-X16 resin. A 0.003 M NaHCO5 and 0.0024 M Na,CO4 eluent
solution flowing at 30 percent of pump capacity gives good baseline resolu-
tion when a 500 uf sample loop is used. Another instrument factor which
needed to be determined was the injection variability.

The ion chromatograph has an injection repeatability of 1,1 or 1.2
percent as shown in Table 23. This is represented by C, (coefficient of
variation) which is the standard deviation divided by the mean and multi-
plied by 100. The mean or average is represented by X and standard devi-
ation by Sy. For these calculations peak heights instead of peak areas were
used since the heights repeated much better and with greater precision than
the areas.

-2 -2
g SO S04
Two diffexent standards were analyzed: 0,5 -—;&%i—-and 4'0H2755——_

The final instrument parameter determined was the linearity of response
of sulfate standards at different attenuations. The sulfate standards, made
up from sulfuric acid and filtered deionized water, maintained linearity at
each attenuation but the slopes became steeper as the sensitivity decreased.
Table 24 shows heights corresponding to each standard used and Figure 28
shows the graphical representation of the data. At the 1 x 10 scale setting,
the relative slope was 1.7, at the 1 x 30 setting it was 2.5 and at the 1 x
100 setting the slope was 2.6. It was not necessary to carry the curve any
further, since no samples have been obtained that fall in the higher con-
centration range. However, it was found that lineatity was maintained at
concentrations from 40 to 100HMg SOz72 |

mi

QUALIFICATION EXPERIMENTS

Qualification experiments were carried out to determine the percentage
of sulfur dioxide that could be recovered at the sampling point when known
amounts of sulfur dioxide were injected into the dilution tunnel at the point
where exhaust enters the tunnel. A Mercedes 240D vehicle was used as a
source of exhaust. Hot FTP (23-minute test) driving cycles were followed to
generate exhaust for the vehicle baseline emissions and for the tunnel plus
vehicle experiments. Aluminum cylinders containing 887 ppm and 9098 ppm
sulfur dioxide in balance air were used to inject sulfur dioxide into the
CVS dilution tunnel. The flow of sulfur dioxide into the tunnel was regu-
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TABLE 23.

Sample

10
11

12

INJECTION REPEATABILITY FOR ION CHROMATOGRAPH
Concentration (E‘_J__S_C_g:_z) Attenuation Height (in)
ml
3.84 1% 10 5.37
3.84 1 x10 5.43
3.84 1 X 10 5.51
3.84 1 X 10 5.45
3.84 1X10 5.50
3.84 1 X 10 5.53
5.46 in
x 0.06 in
v 1.1%
0.48 1 x10 0.81
0.48 1 x 10 0.80:
0.48 1 X 10 0.79
0.48 1 X 10 0.81
0.48 1x10 0.80
0.48 1l x 10 0.81
0.80 in
- 0.01 in
1.2%
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TABLE 24. CALIBRATION CURVE FOR SULFUR DIOXIDE

Standard Heights Corrected

Concentration (Ug SO£4_2) Attenuation Height (in) to 1 x 10 scale (in)
Rut
0.48 1 x10 0.85
0.96 1 x10 1.87
1.48 1 x10 2.38
1.92 1 x10 3.23
2.88 1 X 10 4.89
3.84 1 x10 6.62
4.80 1 x 10 8.16
4.80 1 X% 30 2.60 7.80
7.68 1 % 30 4.77 14.31
9.60 1 X 30 6.49 19.47
19.20 1 %X 100 3.37 33.70
28.80 1 X 100 6.15 61.50
38.40 1 X 100 8.32 83.20
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Peak Height (in)

sor
801
or-
60
50—
40
® 1 x 10
B 1 x 30 corrected
to 1 x 10
A& 1 x 100 corrected
30 to 1 x 10
20 ,
10
1 1 i |
9] 10.00 20.00 30.00 4‘9.0990 -2
Concentration of sulfate standard (._g_ﬁi_g_) .

Figure 28. 802 calibration curve,
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lated to give concentrations of 1 (CVS-tunnel only) to 11 ppm (CVS-tunnel
and vehicle exhaust). Injections of sulfur dioxide into the tunnel without

exhaust gave recoveries that ranged from 80 to 108 percent with an average
of 98 * 8 percent (Table 25).

The recovery of sulfur dioxide in the presence of vehicle exhaust ranged
from 73 to 117 percent with an average of 97 *+ 16 percent (Table 26). The
sulfur dioxide recoveries were corrected for background levels and for vehicle
baseline emissions. Background levels ranged from 0.15 to 0.19 ppm while
the vehicle baseline emission levels averaged 7.73 ppm. The recoveries from
the tunnel in the presence of vehicle exhaust were carried out using a heated
filter and heated sample lines. The filter was used to prevent particulate
from contaminating the sampling system. The filter and sample lines were
heated to prevent sulfur dioxide from being retained on the removed parti-
culate. The recovery experiments indicate that sulfur dioxide can be quan-
titatively recovered from the dilution tunnel.

RESULTS AND DISCUSSION

The ion chromatographic method of sulfur dioxide analysis is a simple,
sensitive and relatively rapid procedure with a minimal number of inter-
ferences. Zero air, nitrogen, 3 percent CO, and 100 ppmc HC did not inter-
fere within the minimum detection limit of 0.0l ppm SO;. However, 100 ppm
NOy and 100 ppm CO produced positive interferences of 0.0l and 0.02 ppm SOy,
respectively. The sulfuric acid-chromic acid bath which had been previously
used to wash the impingers also gave a positive interference for samples col-
lected in impingers washed in this bath. The problem was averted by replacing
the sulfuric acid-chromic acid with 1l:1 (v:v) nitric acid. The manufacturer
of the ion chromatograph has stated that persulfite will interfere with sul-
fate analysis and that oxylate ion will interfere if the separatory column
capacity is reduced. No problem has been noted with these two species.

The effect of age on sulfate standards and samples was investigated
and it was found that sulfuric acid standards remained stable for at least
fourteen weeks and the exhaust samples for at least two weeks but less than
ten weeks. The actual lifetime probably lies between four and six weeks.
This relatively long period of sample stability allows for some leeway in
case the samples can not be analyzed immediately. The best collection ef-
ficiency was obtained when the dilute exhaust flowed at 4 &/min through two
bubblers in series, each containing 25 m of 3 percent hydrogen peroxide
maintained at ice bath temperature (0-5°C). Heated glass fiber filters are
inserted in the sample line to prevent contamination of the samples and
subsequent column poisoning in the ion chromatograph. The linearity of
response of the ion chromatograph is maintained in the sulfate concentration
range 0.5 to 100 ug SO4'2 per mg (100 ppm). However, changing the attenu-
ation on the ion chromatograph causes a discontinuity in the calibration
curve. This discontinuity is seen as a slope change in Table 14. The
standards analyzed at each attentuation obviously fall into a linear pattern
even though the slopes differ. A different set of standards must therefore
be run for each sensitivity setting.
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TABLE 25. SULFUR DIOXIDE RECOVERY FROM CVS-TUNNEL INJECTION

Nominal Flow S05 Injected Calculated Observed
Rate ft3/min  Vol. S0,  Conc SO, SOy Conc SOy Conc Percent
Test S09 Cvs (ft3)a ~ (ppm) ppm PP Recovery
1l 0.37 306 8.547 887 1.08 0.86 80
2 0.37 306 8.547 887 1.08 1.09 101
3 0.37 306 8.547 887 1.08 1.03 95
4 0.37 306 8.493 887 1.07 1.07 100
5 0.37 306 8.493 887 1.07 1.12 105
o 0.37 306 8.493 887 1.07 1.03 96
7 0.37 306 8.446 887 1.06 1.04 98
8 0.37 306 8.446 887 1.06 1.15 108
9 0.37 306 8.446 887 1.06 1.06 100
Average 98 *

a Volume corrected to 1 atm pressure and 68°F

Corrected for background levels of sulfur dioxide (0.15 ppm)
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TABLE 26. SULFUR DIOXIDE RECOVERY FROM DILUTE EXHAUST BY CVS—-TUNNEL
INJECTION DURING HOT FTP DRIVING CYCLE

Nominal flow S0y Injected Calculated Obserxved
Rate ft3/min Vol. SO, Conc SOy S0, Conc SO, Conc Percent
Test SO2 CVsS (f£3)@ (ppm) ppm ppm Recovery
i 0.36 298 8.257 9098 10.96 7.98 73
2 0.36 298 8.257 2098 10.96 11.34 103
3 0.36 298 8.266 2098 10.96 9.68 88
4 0.36 298 8.266 2098 10.96 10.88 99
5 0.36 298 8.266 9098 10.96 11.91 109
6 0.36 298 8.372 9098 11.11 8.65 78
7 0.36 298 8.372 9098 11.11 12.09 109
8 0.36 298 8.372 2098 11.11 13.04 117

Average 97 * 16

a Volume corrected to 1 atm pressure and 68°F
Corrected for background levels (0.19 ppm) and vehicle baseline emissions
(7.73 ppm) of S0,



The results of the qualification experiments indicate that most (97-98
percent) of the sulfur dioxide that is injected into the CVS-dilution tunnel
can be recovered with or without exhaust present.

The ion chromatographic method of sulfur dioxide analysis is a simple,
sensitive, specific, and relatively rapid procedure with few interferences.
No intermediate steps are involved, lessening the chance of sample loss or
contamination. The ion chromatograph is sensitive to 0.01 ppm SO, and
samples can be analyzed in 10 to 15 minutes. The difference in retention
times between the various ions in the sample allows for definite peak iden-
tification. Sulfate analysis on the ion chromatograph is also unaffected by
most interferences plaguing a number of other sulfur dioxide procedures.
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SECTION 7

NITROUS OXIDE PROCEDURE

LITERATURE SEARCH

There are six common oxides of nitrogen: nitrous oxide (N.,O), nitric
oxide (NO), nitrogen dioxide (NOjy), dinitrogen trioxide (N503), dinitrogen
tetraoxide (Nj04), and dinitrogen pentoxide (N30g). 1In addition to these,
there are two different oxides that have the empirical formula NO3. Both are
very reactive and have only been identified by spectroscopy as transient
species.

Nitrous oxide is a colorless, nonflammable gas at room temperature with
a slightly sweet taste and odor. Some synonyms are dinitrogen oxide, nitro-
gen monoxide, hyponitrous acid anhydride, factitious air and laughing gas.
Nitrous oxide is the least reactive and noxious of the oxides of nitrogen.
At room temperature it is relatively inert; but at 500°C, it decomposes to
nitrogen, oxygen, and nitric oxide. At elevated temperatures, it will sup-
port combustion and oxidizes certain organic compounds and alkali metals.
Nitrous oxide, N»O, has a molécular weight of 44.01, a melting point of
~90.8°C, and a boiling goint of -88.5°C. It is a linear mglecule with a N-N
bond distance of 1.128 A and a N-O bond distance of 11.84 A and is isoelec-
" tronic with carbon dioxide. When inhaled, nitrous oxide may cause hysteria,
insensibility to pain, or unconsciousness and therefore is used as anesthetic
for minor operations, including dentistry. It is also used as a nontoxic
dispersing agent in commercial whipped cream. Commercially, nitrous oxide
is prepared by the thermal decomposition of ammonium nitrate, the controlled
reduction of nitrites or nitrates, the slow decomposition of hyponitrites,
and by the thermal decomposition of hydroxylamine (12).

The analysis of nitrous oxide has been conducted using mass spectrometry,
infrared spectroscopy, and gas chromatography. Of these, the most sensitive
method is gas chromatography (80).

There are three gas chromatography methods that have been used to ana-
lyze for nitrous oxide. Two of these require cold traps to collect and con-
centrate the sample (80). With the third technique, grap samples are col-
lected in Tedlar plastic bags and analyzed with an electron capture detector
(81).

PROCEDURAL DEVELOPMENT

The gas chromatograph operating conditions and sampling system specifi-
cations were obtained from EPA-RTP (8l). A two column system with column
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backflush and isothermal temperature operation was constructed for the ana-
lysis. The stripper column is a.2' x 1/8" stainless steel tube filled with
10 percent OV-17 on 80/100 mesh Gas Chrom Q. The analytical column consists
of a 6'x1/8" stainless steel column packed with 120/150 mesh Proapak Q. A
series of two six-port valves and timers is used to direct the sample flow
through the columns. The samples are then analyzed with an electron capture
detector. Since this method has been successfully applied to automotive
exhaust, no other significant effort was applied to the procedural develop-
ment. A description of the analytical system and the adapted procedure is
presented as an appendix to this report.

VALIDATION EXPERIMENTS

Several experiments were conducted to validate the system for detector
linearity, injection repeatability, and bag sample stability. Also, a means
of calibrating the system using permeation tubes and calibration gases was
investigated. The results are reported below.

Initially, a Tracor Model 412 Permeation System with an Ecocal permeation
assembly was used to calibrate the instrument. The concentration of nitrous
oxide could be set by changing the diluent gas flow over the permeation tube.
This means of calibration can be used between the dynamic concentration range
of 0.23 ppm to 6.31 ppm. However, a ghost peak was also generated with this
permeation system. Efforts to eliminate this extraneous peak were unsuccess-
ful. The permeation rate from this tube is not solely dependent on the con-
centration of nitrous oxide and would make this means of calibration diffi-
cult. Because of the problems associated with the permeation system, a sta-
tic method of calibration was pursued. Four cylinders of calibration gas
were obtained. The nitrous oxide concentrations of the cylinders ranged from
1.31 ppm to 9.90 ppm. No ghost peaks were observed and quantitative results
were obtained.

Detector linearity over a wide range of concentrations is helpful and
sometimes necessary when a variety of samples are to be analyzed. This is
the case with gaseous bag samples. No easy method to dilute the bag concen-
trations into the linear range of the instrument is available. Therefore,
the detector must be linear in all of the concentration ranges expected.

The detector linearity for the electron capture detector was determined with
calibration gases from 1 to 10 ppm (Figure 29). Sample concentrations with-
in this range are linear with respect to the detector.

With the gas sample loop and electrical/pneumatic sample flow control,
sample injections are not as subject to human error and are more reproducible
than syringe sample injections. The injection repeatability for the four
calibration gas standards is shown in Table 27. This table demonstrates that

sample injection reproducibility is reliable with the present analytical
system.

Due to the length of time required for sample collection and subsequent

gas chromatograph analysis, nitrous oxide must be stable for at least several
hours. The bag stability was determined by taking two random Tedlar bags filled
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TABLE 27. INJECTION REPEATABILITY OVER THE RANGE
OF DETECTOR LINEARITY

N»O Concentration, ppm

1.31 2.16 4.95 9.90
Area

17935 28020 ‘61146 118085

17811 28759 61057 118935
18346 28974 61004 118687
18149 28931 61325 119448

18319 61448 119810

119005

Average 18112 28671 61196 118995
Standard Deviation 235 444 186 599
Coefficient of 1.30 1.55 0.30 0.50

Variation
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with exhaust from an emissions test. The two samples were reprocessed peri-
odically. The first bag was processed hourly for five hours and the second
bag was processed periodically for several days. The time sample decay curve
for both samples is shown in Figures 30 and 31. Samples may be stored for a
period of five days without adverse effects to the sample concentration.

QUALIFICATION EXPERIMENTS

Qualification recovery experiments were conducted for nitrous oxide with
the dilution tunnel and with real vehicle exhaust. An aluminum cylinder con-
taining 9000 ppm nitrous oxide in balance nitrogen was used as the source
for nitrous oxide. The cylinder was named by dilution with zero nitrogen
and the comparison of the diluted sample to a known standard. The exhaust
in the experiments was generated from a Mercedes 240D over hot FTP (23 minute)
driving cycles. The flow of nitrous oxide into the tunnel was regulated to
give a concentration of approximately 10 ppm nitrous oxide in the dilution
tunnel. Injections of nitrous oxide into the tunnel without exhaust gave
recoveries that ranged from 95.1 to 105.6 percent with an average of 100.5
t 3.8% (Table 28). The recovery of nitrous oxide with real vehicle exhaust
ranged from 82.7 to 113.7 percent with an average of 99.6 * 11.3 percent
(Table 29). Recoveries from the injection into the tunnel without exhaust
were corrected for background levels of nitrous oxide. The injections with
the vehicle exhaust were corrected for the vehicle baseline emissions of
nitrous oxide as well as for the background levels of nitrous oxide.

RESULTS AND CONCLUSIONS

The measurement of nitrous oxide in dilute exhaust can be conducted with
gas chromatography. Dilute exhaust is collected in a Tedlar bag as a grab
sample. Sample analysis of the bag sample with an electron capture detec-
tor and comparison to a set of calibration blends determines the concentra-
tion in dilute exhaust. The minimum detectable limit of this procedure is
0.01 ppm.

Detector linearity, injection repeatability, bag sample stability, and
a static means of calibration were demonstrated for the system. The electron
capture detector employed is linear over the range of sample concentrations
expected. This enables direct sample analysis without secondary dilution.
The injection repeatability for an automated sampling system with a gas sam-
pling loop is excellent for the analytical procedure. The sample integrity
is also maintained if the samples cannot be analyzed immediately. This en-
ables minor system repairs without holding up testing.

The average CVS percent recovery is essentially 100 percent in dilute
exhaust for nitrous oxide. No losses were observed with or without the
vehicle. This is expected due to the inertness and stability of nitrous
oxide. Sample integrity can be expected throughout the entire testing pro-
cedure and sample concentrations are not subject to the instability of the
compound tested.
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TABLE 28. NITROUS OXIDE QUALIFICATION EXPERIMENTS - NO VEHICLE

Run Bag Percent Recovery*
1 1 97.2
2 102.5
2 1 105.6
2 101.2
3 1 95.1
2 101.1

Average 100.5 = 3.B percent

* Corrected for background levels of nitrous oxide.

TABLE 29. NITROUS OXIDE QUALIFICATION EXPERIMENT WITH: VEHICLE EXHAUST

Run Bag Percent Recovery*
1 1 82.7
2 95.0
2 I 113.7
2 108.1
3 1 93.4
2 104.8

Average 99.6 * 11.3 percent

* Corrected for vehicle baseline emissions and background levels of
nitrous oxide
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This procedure P?OVideS a rapid and sensitive method for the analysis
of nitrous oxide in dilute exhaust. A single bag sample requires about two
minutes for sample loop purging and seven minutes for the automated analysis

The total analysis time is about nine minutes per sample. The automated

system provides simplicity and ease of operation and makes this procedure
ijdeal for routine analysis.
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SECTION 8

HYDROGEN SULFIDE PROCEDURE

LITERATURE SEARCH

Hydrogen sulfide is a very flammable and toxic gas at room temperature
and has the characteristic odor of rotten eggs. The chemical formula for
hydrogen sulfide (hydrosulfuric acid or sulfureted hydrogen) is H5S. Hydro-
gen sulfide is a bent molecule with a H-S-H bond angle of 93.3° and an S-H
bond distance of 1.3455 . Hydrogen sulfide has a boiling point of -60.33°C,
a melting point of -85.49°C, and a molecular weight of 34.08 (12). It is a
very weak diprotic acid with dissociation constants:

—_— + - = -8
HyS + H)0 == H 0" + HS K, = 5.7 x 10
HST + H,0 ==H 0" + &~ K, = 1.2 x 10713

Hydrogen sulfide may be detected by its odor at about 1 ppm; however,
olfactory fatigue soon results and higher concentrations may not have an
unduly objectionable odor. Death is caused by systemic poisoning and res-
piratory paralysis from exposure to high concentrations (>700 ppm).

Hydrogen sulfide is prepared commercially as a by-product from many
chemical processes and by the treatment of metallic sulfides with mineral
acid such as hydrochloric or sulfuric acid (12). Hydrogen sulfide produced
in exhaust is probably formed by the reduction of sulfur compounds in the
fuel. With an excess of oxygen, it burns to form sulfur dioxide and water:

2H,S + 302——} 2H20 + 280

2 2

and with insufficient oxygen to form free sulfur and water:
2H20 + O2 - 2H20 + 2S

Hydrogen sulfide also reacts with sulfur dioxide to form free sulfur and
water:

ZHZS + S0, —» 2H20 + 38

2

This reaction may be significant if high levels of sulfur dioxide are pro-
duced in exhaust.

The analysis of hydrogen sulfide has been conducted with an entire
spectrum of analytical methods. Some of these methods include: surface
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reactions on plates, tiles, tapes or filters, wet chemical, fluorimetry,
infrared spectroscopy, sulfur ion selective electrode, coulometry, gas chro-
matography, and colorimetric (82,83). Most of these are not applicable to
dilute exhaust sampling but are applicable for ambient air sampling or "on
line" systems. The best applicable means of analysis for dilute exhaust is
the colorimetric technigue.

There are two colorimetric methods available for the analysis of hydro-
gen sulfide. These are the sodium nitroprusside method and the methylene
blue method (84-93). The sodium nitroprusside method has a lower detection
limit of about 1 ppm. This method was not considered sensitive enough for
the concentrations expected in dilute exhaust. The methylene blue method,
on the other hand, has a reported lower detection limit of 1-2 PpPb.

The absorbing reagent is the key to successful analysis with this pro-
cedure. Hydrogen sulfide is precipitated as the sulfide in the presence of
metal ions. Cadmium and zinc hydroxide, cadium sulfate, and zinc acetate
have been used as the absorbing media. However, several authors have re-
ported the oxidation of cadmium and the photochemical decomposition of
cadmium sulfide. Bamesberger and Adams (85) suggested the use of 1 percent
STRactan 10 as a stabilizer for cadmium absorbing solutions. On the other
hand, zinc solutions do not appear to have these inherent problems. Flamm
and James (93) tested all of the above absorbing reagents and found zinc
acetate to be the most efficient absorbant.

PROCEDURAL DEVELOPMENT

A procedure for the analysis of hydrogen sulfide by the methylene blue
method was obtained from the Project Officer under EPA Contract 68-03-2499.
This procedure is a modification of the technique used by Gustafsson (86).

A buffered zinc acetate solution is used as the absorbing reagent. This pro-
cedure was compared to the one recommended for ambient air sampling by Adams
et al (94) which used cadmium hydroxide as the absorbing reagent. The
selected analytical procedure is included as an attachment to the interim
report.

The cadmium hydroxide method presented several problems. First, sul-
fides in alkaline solutions are easily oxidized by air. Second, cadmium
sulfide is photosensitive and solutions must be protected at all time from
exposure to light. The use of special glassware or aluminum soil wrappings
are necessary to prevent exposure to light. The addition of a stabilizer
such as STRactan 10 helps to minimize the effect of photachemical decompo-
sition, but special handling precautions are still necessary. Cadmium solu-~
tions are hard to work with and in addition some cadmium compounds are toxic.
Cadmium, cadmium oxide, cadmium sulfate, and cadmium sulfide were included
in a tentative carcinogen list issued by OSHA in July, 1978. Zinc sglfide,
on the other hand, is not photosensitive, the solutions are much eaS}er to
work with, and zinc compounds are not as toxic. For these_reasons zinc
acetate was selected as the absorbing reagent for this project.
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Several authors have reported that methylene blue may be bleached by
exposure to light. In order to determine what effect this might have on a
developed sample, two high (18-19 ug/100 mi) and two low (2-3 Ug/100 mi)
concentration standards were prepared and developed for fifteen minutes.

One of each concentration was then exposed to light. After developing for
15 minutes in the dark, the other two were wrapped with aliminum foil and
stored in the dark. The absorbance of each was determined periodically for
several weeks. The time-light exposure decay curves are shown in Figures 32
and 33. The results of these experiments are discussed in the Results and
Conclusions section.

Hydrogen sulfide is readily volatilized from acidic aqueous solutions.
In alkaline solutions sulfide ion may be oxidized by dissolved oxygen., The
pH of the buffered zinc acetate absorbing reagent is 7.0. This reagent re-
mains at a pH of 7 even after bubbling with dilute exhaust. Oxidation of
dissolved sulfide ion. does not occur rapidly at this pH. After addition of
the amine solution and ferric ion to the absorbing reagent, the pH is below
2.0. At this pH, the trapped sulfide ion reacts to form methylene blue.
Buffering of the absorbing reagent and subsequent change of pH in the pre-
sence of the amine solution and ferric ion minimizes the losses due to oxi-
dation or volatilization.

There are two possible methods available for generating a Beer's Law
plot for calibration. The first technique requires extensive reagent pre-
paration and tedious titrations. A thiosulfate solution is first standarized
against potassium dichromate. This standarized thiosulfate solution is used
to standarize a dilute iodine solution. The standard sulfide solution con-
centration is then determined with an iodimetric method. Aliquots of the
standarized sulfide solution are used- to generate a Beer's Law curve.

The other method requires the use of a hydrogen sulfide permeation. tube.
The calibration curve.is generated by bubbling a known concentration of hy-
drogen sulfide through impingers containing the absorbing solution for vafy-
ing lengths of time. Generation of a calibration curve in this.manner takes
into account the collection efficiency of the impingers. This method is
quick, efficient and more consistent with the way.the samples are actually

taken. It also enables the generation of a daily calibration curve without
being manpower intensive. ‘

The calibration curve for methylene blue is shown in Figure 34. This
curve was determined for a standarized suflide ion solution on.two separate
occasions and follows Beer's Law at low concentrations. After about
70 UgST/100 mi, the curve begins to deviate from Beer's Law- Concentrations
of hydrogen sulfide in dilute exhaust are expected_ to stay well within.the
linear range of the calibration curve.

VALIDATION EXPERIMENTS

After selecting an analytical method, validation experiments were con-
ducted to determine the necessary sampling and procedural parameters. These
experiments included trapping efficiency, calibration curve linearity, and
interferences from dilute exhaust. Since the methylene blue procedure is
a well documented analytical technique, only simple experiments were con-
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ducted to verify other procedural parameters. Collection efficiency and
other sampling parameters were determined with a series of experiments. The
first experiment determined the collection efficiency at room temperature

(23° to 26°C). A 5 ppm concentration of hydrogen suflide was passed through
the absorbing reagent at 1.0 and 4.0 %/min. The experiment was then repeated
with a sample flow of 4.0 £/min and an absorbing reagent temperature of 0° to
5°C. This temperature was achieved by immersing the impingers in an ice bath.
The data for this study is shown in Table 30. Sample flow rate and absorbing
reagent temperature did not have a measurable effect on the collection ef-

ficiency.

TABLE 30. THE EFFECT OF SAMPLE FLOW RATE AND ABSORBING
REAGENT TEMPERATURE ON THE COLLECTION EFFICIENCY

Absorbing
Test Reagent Sample Percent H2S Collected per Bubbler
Number Temp., °C Flow Rate 1 2 3

1 23 1.0 98.0 1.7 0.3
2 23 1.0 98.2 1.3 0.5

Avg. 98.1 1.5 0.4
1 25 4.0 26.4 3.2 0.4
2 25 4.0 96.4 3.0 0.5
3 25 4,0 95.7 3.8 0.5
4 25 4.0 95.9 2.5 1.6

Avg. 96.1 3.1 0.8
1 0 4.0 95.0 5.0 —
2 0 4.0 93.9 5.3 0.8
3 0 4.0 92.8 6.2 0.9
4 0 4.0 92.7 6.3 0.9

Avg. 93.6 5.7 0.9

The interferences for this procedure are also well documented. 1In an
attempt to find the sources of these interferences, several experiments
were conducted. The first experiment involved the interferences produced
with only the absrobing reagent. A series of calibration gases were passed
through the absorbing reagent. These gases were 495 ppm carbon monoxide,
2.0 percent carbon dioxide, nitrogen dioxide, and a 5 ppmC hydrocarbon blend.
These were compared to the background air and a blank with no gas bubbled
through it. Each gas was bubbled at 4.0 %/min for twenty minutes and de-
veloped for methylene blue. No interference from these gases was observed.

A second experiment investigated the interferences from individual ex-
haust gas components on asulfide ion doped absorbing reagent. The gases used
were carbon monoxide, carbon dioxide, compressed air, a hydrocarbon blend,
sulfur dioxide and NOx. Each of these gases were passed through a separate
impinger filled with the doped absorbing reagent for twenty minutes at 4.0
2/min. These were then compared to the doped absorbing reagent after de-
velopment of methylene blue. Table 31 shows the results of this experiment.

NQX at 3000 ppm and sulfur dioxide at 5 ppm were found to quench the produc-
tion of methylene blue.
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TABLE 31. THE EFFECT OF INDIVIDUAL EXHAUST COMPONENT'S
ON THE DEVELOPMENT OF METHYLENE BLUE

Methylene Blue

Gas Apparent

Conc., Sulfide Ion

Gas Sample ppm Absorbance Conc., Ug/mf
Doped absorbing 1 0.716 0.646
reagent 2 0.708 0.638
Carbon dioxide 1 29,900 0.711 0.641
Carbon monoxide 1 2,709 0.704 0.634
Doped absorbing 1 0.552 0.492
reagent : 2 0.560 0.500
Air 1 0.574 0.513
Hydrocarbon 1 168 0.554 0.494
Sulfur dioxide 1 5 0.461 0.408
NO, i 3,460 0.247 0.213
Doped absorbing 1 0.648 0.582
reagent 2 0.654 0.587
NOx 1 315 0.666 0.599
2 315 0.621 0.557
Sulfur dioxide 1 5 0.484 0.429
2 5 0.533 0.475

A third experiment was designed to check the interference of anions in
the development of methylene blue. Sodium salts of sulfate, thiosulfate,
and bisulfate ions were used. Each of these anions was added to separate
solutions of sulfide ion doped and undoped absorbing reagent. The solutions
were then developed for methylene blue and compared to the doped absorbing
reagent. Thiosulfate and bisulfate was investigated to determine the speci-
fic source of the sulfur dioxide interference. The results are shown in
Table 32. Only bisulfate ion and thiosulfate ion caused the negative inter-
ference.

Finally, an additional experiment was conducted to help determine the
source of sulfur dioxide interference. Approximately 2.5 ft3 of 5 ppm sulfur
dioxide was passed through an impinger filled with the zinc acetate absorbing
reagent. This operation was then repeated six times. A 1 m{ aliquot of the
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standard sulfide ion solution was added to two of these impingers. To two
others, 5 m were added. All six were developed for methylene blue. These
were then compared to similar concentrations of sulfide ion solution doped
absorbing reagent that did not undergo sulfur dioxide bubbling. These values
are shown in Table 33, Again, the absorbance for methylene blue was de-
creased by the presence of sulfur dioxide.

TABLE 32. THE EFFECT OF ANIONS ON THE DEVELOPMENT
OF METHYLENE BLUE

Apparent
Sulfide Ion
Anion Sample Absorbance Conc., Hg/ml
doped with hydrogen sulfide
Sulfate ion 1l 0,238 0.205
2 0.241 0.207
Thiosulfate ion i 0.207 0.177
2 0.211 0.181
Bisulfate ion 1 0.239 0.206
2 0.231 0.198
Doped absorbing reagent 0.241 0.207
undoped
Sulfate ion 1 0.001
2 0.000
Thiosul fate ion 1 0.009
2 0.004
Bisulfate ion 1 0.007
2 0.005
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TABLE 33. THE EFFECT OF SULFUR DIOXIDE INTERFERENCE
ON THE DEVELOPMENT OF METHYLENE BLUE

) Apparent
Sulfide ion Sulfide ion
added, mf Absorbance Conc., ug/mi
Sulfur dioxide passed
through absorbing reagent
1 0.067 0.055
1 0.070 0.057
5 0.463 0.410
5 0.326 0.284
0 0.002 0.000
0 0.006 0.000
No sulfur dioxide passed
through absorbing reagent
1 0.082 0.067
5 0.583 0.521

QUALTIFICATION EXPERIMENTS

A Mercedes 240D was used in the gualification experiments for hydrogen
sulfide. The baseline emission rate for this wvehicle was below the detec-
tion limits for the analytical procedure. This baseline was established
from three separate hot FTP driving cycles. Hydrogen sulfide was injected
into the CVS-tunnel system with and without vehicle exhaust. The concentra-
tion of hydrogen sulfide injected into the tunnel was 909 ppm. The flow of
hydrogen sulfide into the tunnel was adjusted to give a diluted concentration
of approximately 1 ppm. With the vehicle present, the hydrogen sulfide was
injected into the raw exhaust stream as it entered the dilution tunnel.
Samples were taken from the dilute exhaust stream and passed through a
buffered zinc acetate absorbing reagent. The samples were treated with an
amine solution and a ferric ion solution and then analyzed with a Beckman
spectrophotometer.

Injections of hydrogen sulfide into the tunnel without exhaust gave re-
coveries that ranged from 85.0 to 96.5 percent with an average of 90.3 per-
cent (Table 34). Initial experiments for the recovery of hydrogen suflide
in the presence of vehicle exhaust gave recoveries from 60 to 65 percent.

A second set of experiments with injections of hydrogen suflide into the
dilution tunnel with vehicle exhaust was carried out. In this experiment
five samples were collected and treated with 6 m{ of ferric ion solution
while six others were treated with 2 m{ of ferric ion solution (Table 35).
The samples that were treated with 6 m{ of ferric ion solution gave
recoveries that ranged from 84.1 to 95.6 percent with an average of
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TABLE 34. HYDROGEN SULFIDE RECOVERY - NO EXHAUST PRESENT

Nominal Flow

Rate, ft3/min Calculated Percent
Hys ppm H2S Observed Recovery
Blend Ccvs Run Sample Dilute ppm* HoS
0.375 302 1 1 1.13 0.96 85.0
0.375 302 1 2 1.13 0.99 87.7
0.375 302 1 3 1.13 1.09 96.5
0.372 302 2 1. 1.12 0.98 90.0
0.372 302 2 2 1.12 1.02 87.3
0.375 302 3 1 1.13 1.02 90.2
0.375 302 3 2 1.13 1.07 94.6
0.375 302 3 3 1.13 1.03 91.1

Average 90.3 * 3.8

* Corrected for background levels of H,S

90.6 percent. The samples that were treated with 2 ml of ferric ion solution
gave recoveries that ranged from 57.8 to 80.8 percent with an average of
70.7 percent. Two mf of ferric ion solution had previously been found to

be sufficient in the production of methylene blue in the presence of exhaust
from gasoline powered vehicles. This was also the amount of ferric ion used
in the previous diesel recovery tests. The recoveries were approximately

20 percent higher when 6 ml of ferric ion were used. The recovery of 90
percent using the 6 m{ of ferric ion is also equal to the recovery from the
tunnel when exhaust is not present.

Additional tests were performed using different amounts of ferric ion
solution. The test using 2 and 6 ml of ferric ion solution was repeated on
eight other exhaust samples. Four were treated with 2 mf of ferric ion while
the other four were treated with 6 mi of ferric ion. The four treated with
6 mf gave recoveries of 19 percent higher than the four treated with 2 mf.
Recoveries averaging higher than 90 percent could not be obtained using more
than 6 m of ferric ion solution. The recovery experiments without vehicle
exhaust were repeated and no difference was found when 2 or 6 mf{ of ferric
ion were used. Several laboratory experiments were conducted to txry to de-
termine what chemical species were involved in this phenomenon, however,
no conclusive results were cbtained.
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Ninety percent of the hydrogen sulfide injected into the CVS-dilution
tunnel can be recovered from the dilution tunnel with or without exhaust

present. Six mf of ferric ion solution must be used to obtain maximum
recoveries when diesel exhaust is present.

TABLE 35. EFFECT OF FERRIC ION SOLUTION ON HYDROGEN SULFIDE
RECOVERY FROM DILUTE EXHAUST

Nominal Flow

Rate, ft3/min Calculated Percent
HpS ppm HyS Observed mf Ferric Recovery
Blend CVS Run Sample Dilute Ppm Ion Added H2S
0.367 296 1 1 1.13 0.75 2 67.1
0.367 296 1 2 1.13 0.83 2 74.3
0.375 297 2 1 1.15 0.66 2 57.8
0.375 297 2 2 1.15 0.79 2 69.2
0.377 296 3 1 1.16 0.86 2 74.8
0.377 296 3 2 1.16 0.93 2 80.8
Average 70.7
7.8
0.367 296 1 3 1.13 0.94 6 84.1
0.375 297 2 3 1.15 1.04 © 91.1
0.375 297 2 4 1.15 1.07 6 93.7
0.377 296 3 3 1.16 1.10 6 95.6
0.377 296 3 4 1.16 1.02 6 88.7

Average 90.6- %
4.5

* Corrected for background and baseline levels of HjS
RESULTS AND CONSLUSIONS

The measurement of hydrogen sulfide in dilute exhaust can be conducted
with a colorimetric technique. Hydrogen sulfide is trapped in a buffered
zinc acetate solution. Upon treatment with N, N dimethyl-para-phenylene
diamine sulfate, and ferric ammonium sulfate, cyclization occurs to form
methylene blue. The analysis is conducted spectrophotometrically at 667
nm. The minimum detectable concentration is 0.01 ppm.
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Several experiments were conducted to determine the interferences and
their sources in the analysis of hydrogen sulfide. Individual exhaust gas
components such as carbon dioxide, carbon monoxide, and hydrocarbons show no
effect on the absorbance of methylene blue. NO, showed a negative inter-
ference only at concentrations ten times higher than that expected in dilute
exhaust. Sulfur dioxide also shows a negative interference at 5 ppm. To
determine the source of the sulfur dioxide interference, several experiments
were conducted. These experiments were discussed in a previous section. 1In
all cases with sulfur dioxide present, the absorbance of methylene blue was
decreased. Also, a broad peak was observed from 525 nm to 675 nm in the
visible region of the spectrum. The presence of bisulfate ion and thio-
sulfate ion produced the same effect. Bisulfate ion can be produced from
sulfur dioxide by the simplified reaction:

SO, + Hy0 —p HSO3™ + H'

Thiosulfate ion forms bisulfate ion in strongly acidic solutions:
S203 + H —» HSO,” + §

Sulfate ion shows no interference.

The presence of sulfur dioxide in the absorbing reagent apparently
quenches the production of methylene blue from hydrogen sulfide. Sulfur
dioxide acts as an oxidizing agent toward hydrogen sulfide (free sulfur is
formed) and as a reducing agent toward methylene blue, an oxidation-
reduction indicator. Sulfur dioxide dissolves in water to form sulfurous
acid. Since the presence of bisulfate ion produces a similar interference,
the decrease in the absorbance for methylene blue is probably due to this
reaction. The elimination of the sulfur dioxide interference is not an easy
task. It should be recognized, however, that an apparent decrease in con-
centration of hydrogen sulfide is observed when sulfur dioxide is present.

The sampling parameters used for the collection of hydrogen sulfide in
dilute exhaust were determined partly by necessity and partly by consis-
tency. The sample flow rate of 4.0 4/min was selected to insure a sufficient
sample for analysis although the lower flow rate showed a slightly better
collection efficiency in the first bubbler. The use of an ice bath to cool
the absorbing reagent was selected for simplicity and consistency with the
other analytical procedures which require an ice bath. The absorbing re-
agent temperature produces little or no effect on the collection efficiency
for ambient temperature sampling, but sample breakthrough is possible at
exhaust gas sampling temperatures greater than ambient conditions. Two
impingers filled with buffered zinc acetate absorbing reagent are necessary
for complete sample recovery. These parameters are sufficient to collect
sample concentrations within the detection limits of the procedure from
dilute exhaust.

Hydrogen sulfide qualification experiments revealed average recoveries

with or without exhaust present of 90 percent. Other experiments revealed
that in the presence of the diesel exhaust higher recoveries are obtained
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when 6 ml of ferric ion solution are used instead of the usual 2 mf.

The effect of light on the stability of methylene blue was determined
for four samples over a period of weeks. Both concentrations were stable
for about two days whether exposed to the light or kept in the dark. The
high concentration samples required a slightly longer time to develop (30
minutes) than the low concentration samples. Both concentrations exhibited
a steady decay with time after the initial development. The sample decay was
independent of the exposure to light. At 10 days for the low concentrations
and 20 days for the high concentrations, an increase in the apparent concen-
tration was observed. Inspection of the entire wavelength extinction curve
showed that the absorbance was no longer due to methylene blue but some other
constituent in the solution. No attempts were made to specifically define
the source of this absorbance. However, the solutions were found to be
stable in the light for at least several hours after development. If
samples cannot be processed by this time, it is recommended that they be
discarded because of the difficulty in preserving the sample integrity.

Two possible absorbing reagents were compared to determine the best one
for the analysis. Zinc acetate was selected rather than cadmium hydroxide.

Ease of use, reduced toxicity, and photochemical stability were the criteria
for this selection.

This procedure provides a sensitive method for the analysis of hydrogen
sulfide in dilute exhaust. A single sample requires five to ten minutes to
add the reagents, thirty minutes to develop, and three to five minutes to
analyze the sample. Absorbing reagent stability helps to simplify the anal-
ysis and makes this procedure ideal for analyzing a large number of samples.
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SECTION 9

AMMONIA PROCEDURE

LITERATURE SEARCH

Ammonia is a colorless, corrosive, and weakly alkaline gas with a dis-
tinctive pungent odor. It has a molecular weight of 17.03, a boiling
point of =-33.35°C (1 atm), and a freezing point of =77.7°C (1 atm). The
ammonia molecule is pyramidal in shape with N-H and H-H bond distances of
1.016 and 1.645 &, respectively. The H-N-H bond angle is 106.67°. Ammonia
is soluble in water, ethanol, methanol, chloroform, and ether. The basic
nature of ammonia allows it to react with protonic acids to form water
soluble ammonium salts. It also reacts to form stable metallic complexes.
Chemically, ammonia is a highly associated, stable gas with only slight dis-
sociation at 840-930°C and atmospheric pressure. The toxicity level of
ammonia for humans is about 1700 ppm with an exposure of less than 30 minutes;
however, the 1968 American Conference of Governmental Industrial Hygienists
recommended a threshold limit of 50 ppm, the amount tO which most workers
may be exposed to repeatedly, day after day, without adverse affects. Ammonia
poisoning is not necessarily a serious health hazard though its odor is per-
ceptible at 20-50 ppm (12, 95, 96). Commercially, ammonia is produced by
the Haber Process according to the reaction:

N, + 3 HyT=22 NH,4

The reaction is carried out at 400-450°C and 200-~-600 atm over a specially
prepared catalyst composed of iron, potassium oxide, and aluminum oxide.
The most extensive use of ammonia in industry is in soil fertilization. It
is also widely used to manufacture nitric acid via the Ostwald process (12,
96) .

A number of methods for ammonia analysis are available; however, most
of these methods are subject to interferences, especially from volatile
amines. These interferences affect a number of colorimetric procedures.
Nessler's reagent is sensitive to formaldehyde, alcohols, organic compounds,
amines, sulfides, acetone, and aldehydes (97). Distillation is necessary
to remove these interferences. The indophenol method is more sensitive
than Nessler's (98), but it too suffers from contamination by formaldehyde,
S0,(10:1), Fe, Cr, Mn, and Cu (99). During color development pH must be
carefully controlled for reliable results (98). Another highly sensitive
procedure is the pyridine-pyrazalone method. It is very involved and is
susceptible to interference from some cations at high concentrations (100).
A direct colorimetric method for ammonia analysis involves collection in a
neutral solvent (dioxane) containing a quinone and subsequent absorbance
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measurement at 480 nm on a spectrophotometer. The major drawback of this
procedure is that one of the reagents, 8—(benzenesulfonamide)-p-benzoquinone,
must be synthesized, purified, extracted with benzene, and recrystalized
before use (101). As with the colorimetric methods, the most serious weak-
ness of titrimetry methods is the large number of interferences. The
Kjeldahl procedure includes a distillation step, but this does not eliminate
the interference from volatile amines because they, too, distill over. The
classical titrimetry methods, acidimetry, complexometry, oxidimetry, and
formal titration are also used for the determination of ammonia, but they are
generally limited to 1074 M solutions. Several instrumental optical methods
are used in ammonia analysis. These include the chloramine (102), cupri-
ammonia complex (103), ninhydrin (104), and electroanalytical methods.
Additionally, there is a method for direct measurement on a spectrophotometer
with a UV (105, 106) or IR (107, 108) detector as well as a number of in-
direct colorimetric methods (109). Gas (110, 111) and paper (112) chroma-
tography have been employed successfully for some applications. A number

of electrochemical techniques have also been developed for ammonia analysis.
among these are amperometry, polarography, and coulometric acidimetry, and
oxidation (113,114). 1Interferences again pose a problem with these proce-
dures. The specific ion electrode for ammonia is a relatively rapid and
direct electrochemical method for determination of ammonia. However, since

a longer equilibration time (about 20 minutes) is required for low NH, con-
centrations, the ammonia gas tends to escape from the basic solution. This
long equilibration time causes unreliable results in the concentration range
of interest (115)., Volatile amines interfere with analysis (116), and the

hydrophobic membrane of the electrode has been found to deteriorate in 2 to
3 weeks (115).

Both gasometric (117-119) and gravimetric (118, 120, 121, 122) tech-
niques are not sensitive enough for trace analysis, and the chemiluminescent
procedure is more involved than is practical (123, 124). The disadvantage
of an enzymatic method reacting ammonia, an O-keto ester, and reduced nico-
tinamide adenine dinucleotide (NADH) is the high cost of NADH (101).

Ammonia has been quantitatively measured in dilute automotive exhaust
using an ion chromatograph. This procedure is free from many of the common
interferences that plague the classical methods. The short analysis time
(10-15 minutes) makes it a prime candidate for ammonia measurement.

PROCEDURAL DEVELOPMENT

The procedure chosen for the analysis of ammonia involves the use of a
new type of liquid chromatograph called an ion chromatograph. Ion chromato-
graphic analysis is direct, relatively rapid (15-20 minutes), and sgnsitive
to 0.01 ppm NH3. Heavy metals will contaminate the system, and sodium and
potassium ions interfere with ammonia detection at 2 ppm and 0.5 ppm, re-
spectively. However, the most common and troublesome interferences, vola-
tile amines, do not affect ammonia analysis on the ion chromatograph. Th§
standards made up in water and the samples collected in a weak acid solution
remain stable for at least a month allowing some delay time before pro-
cessing. These advantages made the ion chromatograph the best choice as a
means of measuring ammonia.
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Very little procedural development was necessary for this method of
analysis. However, instrument and sampling parameters did need to be selec-
ted. Suggested instrument variables such as type and strength of eluent,
flowrate, chartspeed, and separator column size were provided with the ion
chromatograph. These will change somewhat with each set of columns. Ultra
pure nitric acid and distilled water have been found to give the best base-
line and most rapid recovery from suppressor column regeneration. The re-
generant solution is a 0.5 N NaOH solution made from reagent grade sodium
hydroxide. Chartspeed was set at 12 in/hr, and the flowrate at about 40
percent of fullscale. Good separation was obtained with 6 x 250 mm separator
column. A 3 x 150 mm precolumn (packed with the same resin as the separator
column) was placed on line prior to the separator column to trap heavy metals
and particulate. If these contaminates get past the precolumn they will
poison the separator and suppressor columns. The precolumn can be cleaned
weekly with a strong acid solﬁtion, as can the separator column if resolu-
tion deteriorates.

The sampling parameters were determined as part of the validation ex-
periments. A sampling rate of 4 %/minute at ice bath temperatures was found
to be most efficient. Two bubblers containing 25 m{ of 0.01 N H,SO4 capture
over 99 percent of the ammonia passing through. A filter located between
the sampling cart and the dilution tunnel, is used to prevent diesel par-
ticulate from contaminating the sampling system. The line connecting the
filter to the dilution tunnel and the line connecting the filter and the
sampling cart are heated to 175°F in order to prevent water from condensing
in the sample line.

VALIDATION EXPERIMENTS

The first validation experiment conducted involved the selection of
sampling parameters: flowrate, collection temperature, number of bubblers,
and absorbing reagent. The data from these collection efficiency tests is
found in Table 36. Ninety-nine plus percent of the ammonia was trapped in
the first two bubblers under all test conditions. A flowrate of 4 %/minute
was selected to obtain the most sample without loss of sampling efficiency
or physical loss of absorbing solution. Sampling at ice bath temperatures
was selected to be consistent with other procedures; however, as seen in the
data, room temperature sampling is also 99+ percent efficient. Two impingers
containing 25 mf of 0.01 N HySO, as the absorbing solution are therefore used
to trap 99+ percent of the ammonia.  Increasing the acidity of the absorbant
(0.06 N) causes interference with the ion chromatographic analysis by
broadening the eluted peaks. Of significant importance is column contami-
nation that occurs if particulate is not filtered from the sample prior to
analysis. To prevent this contamination, a filter in the sample line is
used. Heated lines are used to prevent condensation of water and the loss
of ammonia in the sample line. The column can be poisoned by heavy metals
present in the exhaust. These compounds adhere to the column resin and will
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TABLE 36. NH3 COLLECTION EFFICIENCY AS A FUNCTION OF FLOWRATE AND TEMPERATURE
NH3 concentration (ppm) and
Flowrate percent in bubbler Bubbler
Test (2/min) Temperature ( °F) 1 3 3 1+42+3(ppm)
Ammonia flow diluted 1:5 with zero nitrogen
1 2 32 17.10(99.6) 0.06(0.4) 0 17.16
2 2 32 19.51(99.5) 0.10(0.5) 0 19.61
3 2 32 18.34(95.2) 0.28(1.5) 0.64(3.3) 12.27
4 2 32 19.59(99.5) 0.06(0.3) 0.08(0.2) 19.68
Average 18.64(98.4) 0.13(0.7) 0.17(0.9) 18.93
5 4 32 16.24(99.4) 0.02(0.1) 0.07(0.4) 16.33
6 4 32 17.40(100) 0 0 17.40
7 4 32 14.17(98.3) 0 0.24(1.7) 14.41
8 4 32 17.82(29.0) 0.11(0.6) 0.07(0.4).... 18.06
9 4 32 17.79(99.9) 0.02(0.1) 0 17.81
Average 16.70{(99.3) 0.03(0.2) 0.08(0.5) 16.80
10 2 74 17.84(100) 0. 0 17.84
11 2 74 17.87(98.5) 0.17(1.0) 0.10(0.5) 18.14
Average 17.86(99.2) 0.09(0.5) 0.05(0.3) 17.99
12 4 75 18.83(99.4) 0.02(0.1) 0.10(0.6) 18.94
13 4 74 18.05(100) 0 0 18.0&
Average 18.44(99.7) 0.01(0.05) 0.05(0.3) 18.50
Ammonia flow diluted 1:20 with zero nitrogen
14 2 32 4.32(99.7) 0 0.01(0.3) 4.33
15 2 32 4.15(98.9) 0.02(0.5) 0.03(0.6) 4.20
Average 4.24(99.3) 0.01(0.3) 0.02(0.4) 4.27



slowly elute causing broad, unidentifiable peaks to appear periodically. To
prevent contamination, a strong nitric acid solution (1 N HNO3) is used to
wash the precolumn weekly. If the separator column becomes contaminated it
is washed similarly. The. lighter metals such as sodium and potassium elute
within a reasonable length of time (less than 12 minutes), but they can in-
terfere with the ammonia peak because their retention times are close to
that of ammonia. Sodium, present in the water supply, interferes when its
‘concentration exceeds 2 ugruf/ml. The tolerable limit for potassium is only
0.5 ug K+/m£. Its presence is due to the incomplete rinsing of glassware
washed in chromic acid solution. The absorbing solution, 0.01 N HySO4, pro-
duces a small peak with the same retention time as ammonia, but a correction
is made for this by running a blank sample each testing day. Filtered de- f
ionized water interferes negligibly (<0.0l ppm) with ammonia analysis. :
Another variable for which validation tests were run is the ion chroma-
tograph. The proper combination of eluent, columns, flowrate, and sample
loop size are required to obtain optimum results. Nitric Acid (0.0075 N)
flowing at 200 ml/hour allows good separation between peaks when a 3 x 150
mm precolumn, a 6 x 250 mm separator column, and-a 9 x 250 mm suppressor
column are used. These parameters will vary between column sets, making it
necessary to check the eluent and flowrate when columns are changed. A
small loop (0.01 m% or 0.2 ml) prevents the relatively small ammonia signal
from being overwhelmed by the large hydrogen ion peak. An attempt was made
to neutralize the acid collection medium with sodium and potassium hydroxide,
but the sodium and potassium interferences were too large to make it-practical.
Injection repeatability figures are shown in Table 37. The mean or average
for each set of peak heights and areas is represented by X, the standard
deviation by sy, and the coefficient of variation in percent by Cv. The
coefficient of variation serves as a comparison between injections made on
the two days. This value is simply the standard deviation divided by the mean
and multiplied by 100. Calculations are done using peak areas rather than
peak heights becuase on the whole they were more reliable. The average
variation in areas on the two days ran about 3.0 percent. A comparison was
also made on the repeatability of standard preparation. Four 0.5 W9 NH,

) ] mf
standards were made up using the same stock solution and analyzed on the ion
chromatograph. The results are shown in Table 38.

TABLE 38. REPEATABILITY OF AMMONIA STANDARD

. (ug NHgt

Sample Concentratlon(;—;&f——) Attenuation Height (in) Area
1 0.50 3 0.50 28947

2 0.50 3 0.53 29821

3 0.50 3 0.52 29011

4 0.50 3 0.50 26819
X 0.50 28650

sx 0.015 1284

Cv 2.9% 4.5%
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TABLE 37. INJECTION REPEATABILITY
FOR ION CHROMATOGRAPH

Sample Date Concentration Attenuation Height Area
’ (H%;‘%E“t) - (umho) (in)
1 3-29-78 0.50 3 0.53 30990
2 3-29-78 0.50 3 0.54 30374
3 3-29-78 0.50 3 0.53 29891
4 3-29-78 0.50 3 0.53 29665
5 3-29-78 0.50 3 0.50 28947
% 0.53 29973
Sx 0.01 766
Cv 2.8% 2.6%
1 5-09-78 0.50 3 0.51 24335
2 5-09-78 0.50 3 0.51 23205
3 5-09-78 "0.50 3 0.51 24785
% 0.51 24108
s, 0.00 814
cv 0.0 3.4%
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The coefficient of variation for the area is 4.5 percent. Subtracting the
Cv for injection repeatability, the repeatability of standard preparation

is 1.5 percent. A 4.5 percent error then is to be expected from the instru-
ment, and standards. The particular combination of columns and the condition
of the.sapprggsor column determines the actual repeatability.

%, o
I L

The ion chormatoqraph gives a linear response to ammonia at the sensiti-
vity settlngs of 3 umho«and*lb umho. Table 39 lists concentrations and
corresponding heights-and ‘ardas of points on the calibration curve. These
values aré plotted graphlcaily in Figure 35. (NH4)2S04 standards ranging
from about O 4 to 30 HE;%E&__ (ppm NH4+) were run at the appropriate atten-
uatlons, 3 or 10 umho. The areas recorded at 10 Umho were corrected to 3
Umho,by multlplylng by 10/3. Both scales show linearity but the slopes are
v1sually different with relative values of 1.6 and 1.2 for the 3 and the 10
umho' scales, respectlvely The 3 umho scale reamins linear from at least
0.4 to 8 ug NHy+/mf and the 10 umho scale from 8 to 30 ug NHgt/mf.

Sample and standard stability as a function of time was another factor
investigated. The sample was a background sample taken during the three

bag FTP, SET-7, and FET driving. cycles on May 29, 1978, and standard used for
HUg NHg+
comparison (0.5 —————é—ﬂ was prepared on May 29, 1978. It is obvious from

the data presented 1in Table 40 that the sample and standards are stable for
at least three weeks (23 days). The drop to zero ammonia and the jump to
0.02 ppm NH3 on the thirtieth and thirty-second days, respectively, are
probably due to instrument variation rather than sample degeneration. By
the fortieth day (sixth week), however, the increase in ammonia concentra-
tions is by 0.02 ppm. At this point the sample has probably begun to lose
integrity. This is further confirmed by the fact that a ten week o0ld FTP
sample increased from 0.47 to 0.55 ppm NH3 (17.0 percent) and that two thir-
teen week old FTP and FET samples increased from 0.08 to 0.1l ppm NH3 (37.5
percent) and from 0.17 to 0.23 ppm NH3 (35.3 percent). It appears that after
six weeks the sample concentration begins to increase sharply, indicating a
sample and standard lifetime of four to five weeks.

QUALIFICATION EXPERIMENTS

Qualification experiments were carried out using a Mercedes 240D vehicle.
Hot FTP (23 minute test) driving cycles were followed to generate exhaust
for the vehicle baseline emissions and for the tunnel plus vehicle experi-
ments. An aluminum cylinder containing 9226 ppm ammonia in balance nitro-
gen was used as the source of ammonia in the experiments. The flow of
ammonia into the tunnel was regulated to give concentrations of 10-12 ppm
ammonia in the dilution tunnel. The baseline ammonia emission level for the
Mercedes 240D was 0.18 ppm. Injections of ammonia into the tunnel without
exhaust gave recoveries that ranged from 74,9 to 75.5 percent with an average
of 75,2 percent (Table 41).
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TABLE 39.

CALIBRATION CURVE FOR AMMONIA

Standard
Concentration

]_,1_g__N_EL4_t) Attenuation Height Heights corrected Area corrected

mi (ymho) (in) to 3 ymho scale Area  t6 3pmho scale
0.36 3 0.38 20,987

0.50 3 0.56 33,412

0.72 3 0.79 43,798

1.00 3 1.17 65,530

1.44 3 1.68 94,950

1.50 3 1.89 101,103

2.00 3 2.41 133,785

3.00 3 3.57 188,785

3.61 3 4,21 225,901

4.00 3 4,56 238,585

5.00 3 5.52 315,582

7.22 3 7.50 423,980

8.00 3 8.49 473,131

8.00 10 2.49 8.30 141,874 472,913
10.00 10 2.93 9.77 170,430 568,100
14.43 10 3.97 13.23 228,363 761,210
20.00 10 4.78 15.93 299,706 999,020
28.86 10 6.30 21.00 409,068 1,363,560
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Figure 35. Ammonia calibration curve.
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TABLE 40. SAMPLE AND STANDARD STABILITY
AS A FUNCTION OF TIME

Date of BAnalysis Age of Sample (days) Concentration (ppm NH,)
5-29 1 0.01
5-30 2 0.01
5-31 3 0.01
6-01 4 0.01
6-02 . 5 0.01
6-05 8 0.01
6-13 16 0.01
6-20 ' 23 0.01
6-27 30 0.00
6-29 32 0.02
7-07 40 0.03
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TABLE 41. AMMONIA RECOVERY FROM CVS-TUNNEL, NO EXHAUST

Ammonia Injected Ammonia Recovered
Nominal3Flow volume NH3® Concentration Total diluted SamplePrC Calculated
Rate ft”/min injected NH3 injected volume Concentration Amount of NH3 Percent
Test NH3 Ccvs (££3) {ppm) (££3) (ppm) recovered (ppm) Recovery
1 0.38 310 8.775 9226 7130 8.55 11.35 75.3
2 0.38 310 8.756 9226 7122 8.49 11.34 74.9
3 0.38 310 8.745 9226 7139 8.53 11.30 75.5

Average 75.2

a
Volume corrected to 1 atm and 68°F

c Corrected for background level of ammonia (0.06 ppm)
Each value is the average of three samples taken during each test



Two separate experiments were carried out for the recovery of ammonia in
the presence of vehicle exhaust. In the first experiment (Table 42) the
sample lines were heated to 175°F and unheated 25 mm Fluoropore filters
(0.5 U pore size)were used to remove particulate. The recoveries ranged from
53.6 to 63.5 percent with an average of 59.5 percent. Samples taken without
the filter in place gave similar results. In the second experiment (Table 43)
the filter (7 cm glass fiber filter) and the sample line between the Filter
and the dilution tunnel were heated to 375°F. All other sampling conditions
remained the same. 1In this experiment the recoveries were lower and ranged
from 31.3 to 36.5 percent with an average of 33.1 percent. At this time,
the reasons for lower recovery using the heated filter are unknown. It
was expected that higher recoveries would be cbtained, as was the case with
the organic amines (Section 5). A twenty-five percent loss of ammonia to
the dilution tunnel can be expected when sampling for ammonia at the 5-~10
ppm levels. An additional fifteen percent of the sample will be lost due to
the presence of exhaust when using an unheated filter to remove particulate.

RESULTS AND DISCUSSION

The ion chromatograph was chosen as the most favorable means of measuring
ammonia because of the simple, direct, and rapid processing of samples. Most
compounds that interfere with alternate ammonia procedures do not affect
ammonia analysis on the ion chromatograph. The selectivity and sensitivity
of this method warrants its use for the analysis of dilute automotive exhaust
samples.

The sampling parameters providing the most efficieny collection of am-
monia were selected. Twenty-five milliliters of the absorbing solution, 0.01 N
H2504, is placed in each of the two bubblers in series and maintained at ice
bath temperatures. Over 99 percent of the ammonia in the dilute exhaust
flowing at 4 2/min is captured in these two bubblers. After sample collec-
tion it is necessary to set instrument parameters to obtain good separation
in the shortest time possible. These parameters, such as eluent concentra-
tion and flowrate, will depend on the particular column set in use. A
6 x 250 mm separator column has been found to resolve ammonia adequately.
The 3 x 150 mm precolumn removes particulate, and the 9 x 250 mm suppressor
column neutralizes the acidic eluent. With these columns installed, the
eluent, 0.0075 N HNO3, flowing at 30 percent of pump capacity, gives good
ammonia resolution. A small sample loop (100 pf) is necessary to prevent
the very broad ut peak from the acidic absorbing solution from obliterating
the ammonia signal. The injection variability of the ion chromatograph is
3.0 percent, and for standard preparation the variation is 1.5 percent. The
ion chromatogarph gives a linear response for (NH4),SO4 standards in the

range 0.4 to 30 Eﬂ_%ﬁéi' however, the attenuator is not linear between dif-
ferent sensitivitymsettings. Therefore, a different set of standards needs
to be run at each attenuation. The study conducted on the effect of age on
sample and standard stability showed the lifetime to be between four and
five weeks. Thereafter, sharp jumps in concentration of ammonia may occur.
Ammonia cannot be quantitatively recovered from the cvS-dilution tunnel with
or without exhaust present. At ammonia levels of 5-10 ppm there is a twenty-
five percent loss of ammonia to the dilution tunnel and an additional fifteen
Percent loss to exhaust.
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TABLE 42.

Ammonia Injected

Ammonia Recovered

AMMONIA RECOVERY FROM DILUTE EXHAUST (NO HEATED FILTER)

Nominal Flow volume NH3" Concentration Total diluted® Sample ©r¢ Calculated
Rate ft3/min injectgg NH3 injected volume Concentration Amount of NH3 Percent
Test _NHj3 Cvs (££3) (ppm) (££3) (ppm) recovered (ppm) Recovery
1 0.37 302 8.610 9226 6937 7.01 11.44 61.3
2 0.38 296 8.780 9226 6816 7.55 11.89 63.5
3 0.37 296 8.550 9226 6797 6.22 11.60 53.6
Average 59.5

a Volume corrected to 1 atm pressure and 68°F

Corrected for background levels (0.08 ppm) and baseline (0.18 ppm) levels of ammonia

Each value is the average of three samples taken during each test
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TABLE 43. AMMONIA RECOVERY FROM DILUTE EXHAUST, HEATED FILTER

Ammonia Injected Ammonia Recovered
Nominal3Flow volume NH;® Concentration Total diluted? Sample PrC Calculated
Rate ft~/min injecged NH3 injected volume Concentration Amount of NHj Percent
Test  NHj3 Cvs (ft~) {ppm) (££3) {ppm) recovered (ppm) Recovery
1 0.37 299 8.435 9226 6884 3.55 11.31 31.4
2 0.37 299 8.592 9226 6872 4.21 11.53 36.5
3 0.38 298 8.699 9226 6852 3.65 11.71 31.3

Average 33.1

a
Volume corrected to 1 atm pressure and 68°F

Includes baseline and background correction
Bach value is the average of three samples taken during each test



The ion chromatograph method of measuring ammonia is an effective and
efficient means of ammonia analysis in dilute automotive exhaust. This pro-
cedure is insensitive to most of the interferences plaguing other widely
used methods. The ion chromatograph simplifies ammonia measurements to a
one step injection, avoiding intermediate processes such as distillation,
color development, or reagent preparation. The lengthiest portion of ammo-
nia determination is the actual analysis time., This 12-30 minute analysis
is relatively short for such a sensitive method (minimum detection limit is
0.0lppm NH3). Sample and standard stability as well as linearity of re-
sponse in the concentration range of interest are additional factors which
make this procedure the most desirable method of measuring ammonia in auto-
motive exhaust.
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SECTION 10
ORGANIC SULFIDE PROCEDURE

LITERATURE SEARCH

The organic sulfides that are included in this analysis are carbonyl
sulfide, methyl sulfide, methyl disulfide, and ethyl sulfide. The chemical
formulas, molecular weights, freezing points, boiling points, and common
synonyms are listed in Table 44. Carbonyl sulfide is the only sulfide of
interest that is a gas at room temperature. 1In general, the organic sul-
fides are malodorous compounds that produce an unpleasant odor similar to
rotton eggs. The 1968 American Conference of Governmental Industrial
Hygienists made no recommendation for threshold limit values for these
sulfides.

TABLE 44. LIST OF SULFUR COMPOUNDS INCLUDED IN
THE ANALYSIS OF ORGANIC SULFIDES

Chemical Molecular Freezing Boiling

Sulfur Compound Formula Weight Point,°C Point,°C Synonyms
Carbonyl Sulfide COS 60.075 -138.8 -50.2 Carbon oxysulfide
Methyl Sulfide CH3SCH3 62.13 -98.27 37.3 Dimethylsulfide
Methyl Disulfide CH3SSCH3 94.20 -84.72 109.7 Dimethyldisulfide
Ethyl Sulfide C2H58C2H5 90.19 -103.9 92.1 Diethylsulfide

Several gas chromatographic methods have been used for the analysis of
organic sulfides originating from a wide variety of sources. A gas chro-
matograph with a thermal conductivity detector has been used by several
workers to analyze gas odorants for mercaptans and/or sulfides (125-129);
however, none of these works were concerned with trace gas analysis. Gas
chromatography and mass spectroscopy were used to separate and identify low
boiling sulfur compounds in crude oil (130-132). Temperature programmed gas
chromatography was found to improve the separation of mercaptans and
sulfides (133-135). The separation and identification of hydrogen sulfide,
sulfur dioxide, mercaptans, alkyl sulfides, and disulfides in Kraft pulp
digester blow gas and black liquor combustion products was accomplished
using gas chromatography (136).

Carbonyl sulfide has been quantitatively measured in natural gas (137)

and in carbonated beverages (138) by the use of gas chromatography. The
measurement of carbonyl sulfide in carbonated beverages used an electron
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capture detector and had a detection limit of 0.3 ppm. Improved sensitivity
in the detection of sulfur compounds in waste process gases was accomplished
by concentrating the compounds on activated silica gel at -78.5°C, desorption
under heat and vacuum, trapping at -96°C, and transferring to a gas chroma-
tograph for analysis (139).

Several columns have been used to separate sulfur compounds from nor-
mally occurring atmospheric hydrocarbons, but little success has been ob-
tained (140). A GC-microcoulometry method eliminated the interference from
the hydrocarbons and was sensitive to 1 ppm mercaptan (141). A gas phase
chemiluminescent reaction of ozone with organic sulfides has been considered
as method of detection in monitoring low concentration of ozone and sulfur
containing pollutants (142).

The detection limits for the analysis of sulfur compounds were improved
greatly with the development of the Melpar flame photometric detector (FPD).
The characterization of the FPD response to several sulfur compounds was
carried out by Mizany (143). The FPD detector has been applied to low con-
centration air pollution monitoring (72), measurement of trace organic sul-
fides in air (144), and soil and water anlaysis (144). Permeation tubes
have been used in several cases to generate continuous samples of known
concentrations of various sulfur compounds (71,72). The use of Teflon
throughout the gas chromatograph system has been found to minimize absorp-
tive losses (144) and has increased sensitivity to 10 ppb (71).

Several columns have been evaluated at several temperatures in conjunc-
tion with the Melpar flame photometric detector (77). The columns evaluated
were Chromosorb T, Carbopak B-HT-100, Chromosil 310, and Deactigel. A number
of other sulfur compounds have been quantitatively measured from a wide
variety of sources using gas chromatography (145-151).

PROCEDURAL DEVELOPMENT

From the results of the literature search it was determined that the
analysis of the organic sulfides should be conducted by the use of a gas
chromatograph (GC) equipped with a flame photometric detector.

A Perkin-Elmer Model 3920 B gas chromatograph was dedicated for this
purpose. The instrument has a linearized flame photometric detector (FPD)
and a sub-ambient oven accessory. The sub-ambient oven accessory allows
for maximum flexibility in determining GC operating conditions.

A flow schematic of the gas chromatograph analytical system used in the
procedural development work is shown in Figures 36-38. The sample is purged
through the gas sampling valve sample loop (Figure 36, Step 1). The values
are maintained isothermally at 100°C in a valve oven. The sample is injected
into the gas chromatograph after the system has been efficiently purged
(Figure 37, Step 2). After all peaks of interest have eluted from the ana-
lytical column, the column is backflushed and the system is readied for the
next injection (Figure 38, Step 3).
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The column selected for the initial time was a 6' x 1/8" Teflon column
packed with 60/80 Chromosil 310. Several different GC operating conditions
were tried, and a preliminary set of conditions were sleected that provided
an adequate separation of the four organic sulfides of interest. The
separation of these sulfides is presented in Figure 39. The elution of
other sulfur containing compounds is also included. Table 45 presents a
list of chemical and physical characteristics of various sulfur compounds
that could be present in automotive exhaust.

A lecture bottle of carbonyl sulfide, pure liquids of methyl sulfide,
ethyl sulfide, and methyl disulfide, along with a Tracor Model 412 Permeation
Calibration System containing all four sulfides, were used as sources for
the organic sulfides in the procedural development. Permeation tubes of
methyl mercaptan, ethyl mercaptan, hydrogen sulfide, and sulfur dioxide,
blends of hydrogen sulfide and sulfur dioxide in aluminum cylinders with
balance nitrogen, lecture bottles of hydrogen sulfide, sulfur dioxide, and
methyl mercaptan, and a pure liquid of ethyl mercaptan were used in the
interference checks.

Two methods of sample acquisition were considered for the analysis of
the organic sulfides. One method would be to use sample bags obtained
during the standard CVS testing. An alternate approach would be to use a
trap packed with a material such as Tenax GC for concentrating the sample.
In this manner an exhaust sample would be pulled through the trap during
the entire test, thereby giving an effective sample volume of several liters
rather than 5-10 mf. The use of the trap would increase the limits of
detectability by a factor of over 1000. The collection by the use of sample
bags was discarded due to the expected low concentrations of organic sulfides
in exhaust and the large losses of methyl sulfide, ethyl sulfide, and methyl
disulfide onto the walls of the Tedlar bags at ppb levels. Because the con-
centration of the organic sulfides is expected to be very low in exhaust, a
number of experiments were conducted to investigate various concentration
techniques that may apply to the measurement of the organic sulfides.

The first set of experiments involved the use of a U-tube type trap and
was conducted using several trap volumes ranging in size from 5 to 20 mfi.
The basic flow schematic of the sampling system is shown in Figure 40. A
permeation gas blend of carbonyl sulfide and methyl sulfide was used in
these experiments, with the actual concentration depending on the particular
experiment. Two flow rates through the traps were used: 12.0 m%/min (9.50
ppm COS and 4.77 ppm CH3SCH3) and 81.2 mf/min (1.40 ppm COS and 0.71 ppm
CH3SCH3) . The traps were maintained at -78°C during the sampling period.
The purpose of these experiments was to see if it ic possible to cold trap
(at -78°C) the sulfides and then use the cold trap as a sample loop on the
gas chromatograph system. Results of these experiments are presented in
Table 46. Based on these results, it was apparent that the carbonyl sulfide
and methyl sulfide could not both be retained under any of the trap sizes or
concentrations investigated. The only condition that indicated there may be
some possibility for this method was the large trap loop (20 m®) at the
higher flow rate and lower concentration. Even in this particular case,
the trapping was effective only on methyl sulfide.
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GAS CHROMATOGRAPH CONDITIONS

Perkin-Elmer 3920B w/FPD 6' x 1/8" column packed with 60/80 chromosi |
310, Np at 20 mi/min., oven isothermal at 0°

to 140°C/min. at 32°C/min. C for 8 min and programmed
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Figure 39. Gas chromatograph separation of several
organic sulfides in prepared blend,
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TABLE 45. LIST OF CHEMICAL AND PHYSICAL CHARACTERISTICS OF VARIOUS
SULFUR COMPOUNDS POTENTIALLY PRESENT IN AUTOMOTIVE EXHAUST

Chemical Molecular Boiling Retention

Sul fur Compound Formula Weight Density Point,°C Time
Carbonyl Sulfide Ccos 60.075 2.5300 g/% -50.2 2.8
Hydrogen Sulfide HyS 34.08 1.5392 g/ -60,3 4,2
Sulfur Dioxide 502 64.063 2.927 g/ -10.0 10.5
Dimethyl Sulfide CH ;SCH,, 62.13 0.848 g/mi 37.3 17.5
Dimethyl Disulfide CH3SSCH3 94.20 1.0625 g/mi 109.7 15.8
Diethyl Sulfide C2H58C2H5 90.19 0.836 g/m% 92.1 ———
Methyl Mercaptan CH,SH 48.11 0.8665 g/mi 6.2 12.5
Ethyl Mercaptan CZHSSH 62.13 0.8391 g/mf 35 13.5
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TABLE 46,

THE EFFECT OF COLD TRAPPING AT -78°C ON
CARBONYIL, SULFIDE AND METHYL SULFIDE AT VARIOUS CONCENTRATIONS,
FLOW RATES AND TRAP SIZES

Trap Trap Inlet ~Trap Exit
Trap Flow Conc., ppm Peak Height Peak Height
loop,m mi/min inj. COS CH3SCH3 COS CH3SCH3 COS  CH3SCH3
5.0 12.0 1 9,50 4.77 84.5 16.1 84.2 4.1
5.0 12.0 2 9.50 4.77 84.5 16.0 84.2 13.8
Avqg. 84.5 16.0 84.2 9.0
10.0 12.0 1 9.50 4.77 84.2 13.3 84.5 1.1
10.0 12.0; 2 9.50 4.77 84:..2 13.4 84.5 11.4
Avg.. 84.2 13.4 84.5. 6.3
15.0. 12.0 1 9.50. 4,71 84.2 13.3 84.9 12.6
15.0, 12.0, 2 9.50 4.77 84.2 13.4 84.9 13.0
Avg,. 84.2 13.4 84.9 12.8
20.0, 12.0, 1 9.50 4.77 85.0 14.6 84.9: Q.0
20.0 12.0. 2: 9.50 4.77 85.0 14.4 84.9 10.0
Avg. 85.0 14.5 84.9 5.0
5.0 81.2 1 1.40: 0.71 63.0 5.2 64.9 5.2
5.0 8l.2 2. 1.40. 0.71 63.5 5.2 65.0 4.2
Avg., 63.2 5.2 65.0 4.7
10.0 8l.2 1 1.40 0.7 63.0; 5.2 63.0 4.2
10.0 81.2 2 1.40 0.71 63.5, 5.2 63.5 4.2
Avg.. 63.2 5.2 63.2 4.2/
15.0 81.2 L 1.40. 0.71 63.0: 5.2 62.0 5.0
15.0 81.2 2 1.40: 0.71 63.5: 5.2 62.1 4.5
AVg. 63.2. 5.2 62.1. 48
20.0 8l.2 1 1.40 0.71 63.0 5.5 65.0" 0.0,
20.0 81.2 2 1.40 0.71 62.0: 5.0, 66..0 0.0,
Avg. 62.5 5.3. 65.5- 0.0
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One additional trap temperature was investigated prior to elimination of
cold trapping as a possible concentration technique. 1In this experiment the
trap was cooled to liquid nitrogen temperature. The results of this experi-
ment are presented in Table 47. Only one set of concentrations (1.40 ppm
cos and 0.71 ppm CH3SCH3) was used in this experiment. Aall sample loop
sizes were somewhat effective in collecting the carbonyl sulfide, with a
nominal collection efficiency ranging from 76 to 86 percent. The collection
efficiency for methyl sulfide was slightly higher, but the repeatability
was less, probably due to the low peak heights for this species. From these
experiments it was apparent that cold trapping, using traps up to 20 m{ in
volume, and temperatures as low as -196°C would not quantitatively remove
either carbonyl sulfide or methyl sulfide.

Efforts were then directed toward determining the feasibility of using
short stainless steel cartridges packed with an absorbing material to con-
centration the organic sulfides. The absorption traps are lengths of stain-
less steel tubing 2 inches in length and 3/8" OD. The material is held in
the stainless cartridge by stainless micron inserts in each of the unions
on both ends. Four packing materials were selected to be evaluated at four
collection temperatures. The four packing materials that were used in this
experiment include Tenax~GC, Chromosorb 102, Porapak Q, and Chromosorb T.
The collection efficiency of these traps was evaluated at temperatures of
20°c, 0°c, -78°C, and -196°C.

A permeation calibration gas sample containing 1.40 ppm carbonyl sulfide
and 0.71 ppm methyl sulfide in a balance nitrogen gas was used for this
study. The results of this study are presented in Table 48. Three of the
four packings are essentially 100 percent efficient in removing both carbonyl
sulfide and methyl sulfide at -78°C. These three packings were Tenax-GC,
Chromosorb 102, and Porapak Q. All of the traps except Chromosorb T were
effective in removing methyl sulfide at all of the temperatures investigated.
Problems were encountered using trap temperatures of -196°C. At this tem-
perature flow restrictions were noted in the trap as the test proceeded.
There were also problems in desorbing traps that were stored at this tem-
perature.

The sulfides were thermally desorbed from the traps by connecting the
traps into the gas injection system with two quick connects and immediately
injecting the sample into the GC systém and placing the traps inside a Lind-
burg furnace operating at 300°C. The carrier gas upon injection flows
through the loop carrying the contents of the trap into the gas chromatograph.
The 300°C temperature is the temperature needed to thermally desorb the traps
without causing broad sulfide peaks which result from gradual thermal de-
sorption. The 300°C temperature is also low enough to prevent the destruc-
tion of the packing material in the trap. The packing material which gave
the most reproducible results in the desorption experiments was Tenax GC.

For this reason and its stability at the 300°C desorption temperature, the
Tenax GC packing material was selected for use in subsequent experiments.

A Tenax trap at -76°C was used to collect the exhaust from a }975 Model
350 CID Chevrolet engine for the 31 minutes of an FTP. The resulting trap
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TABLE 47. THE EFFECT OF COLD TRAPPING AT -196°C ON
CARBONYL SULFIDE AND METHYL SULFIDE WITH VARIOUS TRAP SIZES

Trap Trap Inlet Trap Exit

Trap Flow Conc., ppm Peak Height Peak Height
loop,m{ mi/min inj. COS CH3SCH3 COS CH3SCH3 COS  CH4SCH;

5.0 81.2 1 1.40 0.71 66.7 5.3 15.8 0.8
5.0 81.2 2 1.40 0.71 66.7 5.3 15.8 0.1
Avg. 1.40 0.71 66.7 5.3 15.8 0.5
10.0 8l.2 1 1.40 0.71 67.8 5.2 16.0 0.0
10.0 81.2 2 1.40 0.71 68.1 5.2 15.2 0.0
Avg. 1.40 0.71 68.0 5.2 15.6 0.0
15.0 81.2 1 1.40 0.71 67.8 5.2 8.0 0.1
15.0 8l.2 2 1.40 0.71 68.1 5.2 10.8 0.1
Avg. 1.40 0.71 68.0 5.2 9.4 0.1
20.0 8l.2 1 1.40 0.71 78.0 5.5 8.0 0.0
20.0 8l.2 2 1.40 0.71 78.9 5.5 14.0 6.1
Avg. 1.40 0.71 78.5 5.5 11.0 0.05
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TABLE 48. THE EFFICIENCY OF VARIOUS MATERTALS
TRAPPING SULFIDES AT SEVERAL TEMPERATURES

Gas chromatograph Response-Peak Ht.

Trap Before After
Temp. °C Trap Ccos CH3SCH3 CoS CH3SCH3
20 Tenax-GC 68.2 4.2 64.5 0.0
20 Tenax-GC 69.5 5.3 67.5 0.0
20 Tenax-~GC 68.9 4.8 66.0 0.0

0 Tenax-GC 65.0 4.5 64.5 0.0
0 Tenax-GC 63.5 4.7 62.0 0.0

0 Tenax-GC 64.3 4.6 63.3 0.0
-76 Tenax~GC 64.8 5.0 0.0 0.0
~-76 Tenax-GC 65.0 5.0 0.0 0.0
-76 Tenax-GC 64.9 5.0 0.0 0.0
20 Chromosorb 102 68.2 4.2 66.5 0.0
20 Chromosorb 102 69.5 5.3 68.0 0.0
20 Chromosorb 102 68.9 4.8 67.3 0.0
0 Chromosorb 102 64.0 4.9 20.8 0.0

0 Chromosorb 102 04.2 4.3 20.0 0.0

0 Chromosoxb 102 64.1 4.6 20.4 0.0
~76 Chromosorb 102 67.2 4.8 0.0 0.0
~-76 Chromosoxrb 102 67.2 4.8 0.0 0.0
-76 Chromosorb 102 67.2 4.8 0.0 0.0
20 Porapak Q 62.0 5.0 63.2 0.0
20 Porapak Q 63.6 5.0 62.6 0.0
20 Porapak ©Q 62.8 5.0 62.9 0.0
0 Porapak Q 64.0 4.9 35.5 0.0

0 Porapak Q 64.2 4.3 45.0 0.0

0] Porapak Q 64.1 4.6 40.3 0.0
~76 Porapak Q 67.2 4.7 0.0 0.0
-76 Porapak Q 67.2 4.5 0.0 0.0
~-76 Porapak @ 67.2 4.6 0.0 0.0
20 chromosorb T 65.0 4.5 64.8 3.9
20 Chromosoxrb T 63.5 4.5 65.1 4.5
20 Chromosoxrb T 64.3 4.5 65.0 4.2
0 Chromosoxrb T 64.8 5.0 64.0 5.0

0 Chromosorb T 65.0 3.9 63.2 5.0

0 chromosorb T 64.9 4.5 63.6 5.0
-76 Chromosorb T 64.0 4.8 62.5 3.0
-76 Chormosorb T 63.0 4.8 61.0 0.0
-76 Chromosorb T 63.5 4.8 61.8 1.5

size 2" x 3/8" OD
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was thermally desorbed into the GC analysis system. The gas chromatograph
trace obtained from the desorption of the trap indicated that a substantial
number of sulfur containing compounds were present. The major drawback ob-
served was the exceptionally large sulfur dioxide (SO3) peak.

The concentration of sulfur dioxide in the dilute exhaust will normally
range from 2 to 5 ppm, whereas the other sulfides are present only in the ppb
range. The sulfur dioxide is unstable and the proposed method is not de-
signed to quantitatively measure sulfur dioxide. Since sulfur dioxide has
no quantitative interest, efforts were directed to determine if techniques
are available that wouldallow sulfur dioxide removal without altering the
concentration of other sulfides. A packing material containing sodium bi-
carbonate (NaHCO3) has been reported to be very effective for this purpose.

Experiments have indicated that hydrogen sulfide (H;S) was not stable
enough to quantify with this procedure. In order to remove the interference
from sulfur dioxide and to remove any remaining hydrogen sulfide, the dilute
exhaust is passed through a 2" x 3/8" stainless steel cartridge packed with
5 percent sodium bicarbonate on 45/60 mesh Chromosorb P-AW DMC before enter-
ing the organic sulfide collecting Tenax GC trap. The sodium bicarbonate
trap effectively removes sulfur dioxide at 10 ppm levels 'and hydrogen sulfide
at 1 ppm levels without affecting the organic sulfide concentrations.

Initially, a set of gas chromatograph operating parameters was developed
to provide separation of hydrogem sulfide, carbonyl sulfide, sulfur dioxide,
methyl mercaptan, methyl sulfide, methyl disulfide, and ethyl sulfide. Since
hydrogen sulfide and sulfur dioxide are not of guantitative interest, the
original GC operating parameters were modified to shorten the analysis time.
The initial GC oven temperature of 0°C was maintained for four minutes and
then temperature programmed to 140°C at 32°C/minute. The entire analysis
time was about 25 minutes. Operation of 0°C was originally selected to allow
separation of hydrogen sulfide and carbonyl sulfide. Since this separation
would no longer be necessary, the GC oven parameters were changed to provide
a compromise between separation and analysis time. This new programming rate
provides for sample injection at 80°C followed by immediate programming to
140°C at 16°C/minute. A typical trace of the organic sulfides is shown in
Figure 41.

Several recovery experiments were conducted using the Tenax GC traps.
These experiments were designed to determine the recovery of the organic
sulfides from the Tenax GC traps. The recovery from these traps was very
erratic and was not satisfactory. Initially, it was felt that the lack of
reproducibility was due to the technique employed to remove the organic sul-
fides from the Tenax GC traps. However, the GC analytical column was later
found to be suspect. Contact was made with those researchers who originally
used the GC parameters to quantitatively measure organic sulfides. Their
findings were similar to those experienced at SwRI. When using this column
packing near its maximum operating temperature, very erratic results were
experienced. After looking into this more thoroughly, it was decided to use
a different column packing that would be reproducible and still yield satis-
factory separation of the organic sulfides.
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The column packing that was selected was a specially treated Porapak Qs.
Although this column is reported to be stable at higher temperatures, the
separation characteristics are not as good as the Chromosil 310 column. The
ethyl sulfide and methyl disulfide elute together. A typical calibration
blend from a permeation system is presented in Figure 42. This column was
also found to give inconsistent results after repeated use and a different
analytical column was sought for use in measuring the organic sulfides.
After reviewing the literature and conducting a brief cursory laboratory
study, it was found that the column which has the necessary qualifications
for the organic sulfide analysis is a 6' x 1/8" TFE Teflon column packed with
60/80 mesh Tenax GC. A typical gas chromatograph trace using the Tenax GC
analytical column for the analysis of the four organic sulfide is shown in
Figure 43.

In order to determine the efficiency of the collection of Tenax GC ab-
sorbing traps, a secondary dilution of the permeation calibration system was
included. fThe organic sulfides were diluted from a 0.1 - 3 ppm level down
to the detection limits of the FPD. A sample of the permeation blend after
secondary dilution is presented in Figure 44. As noted, only two of the
four peaks are above the detection limits, although all four organic sul-
fides and the concentrations are listed at their elution time. The concen-
tration of the organic sulfides with Tenax-GC traps appears to have tremen-
dous potential. An example of the permeation calibration blend (with second-
ary dilution) after being sampled at a flow rate of 45 m/min for 10 minutes
is shown in Figure 45. Only the four individual organic sulfides are ob-
served, and no extraneous peaks (reaction products, etc.) are observed.

A system was developed to re-condition the Tenax GC traps by purging
the traps with nitrogen at 500 m%/min for seven mniutes at 300°C. Several
spot checks of traps that had been conditioned under these conditions indi-
cated no trace of organic sulfide carry-over from "used" Tenax-GC traps.
The procedure that is used to desorb the organic sulfides from the traps is
also very efficient in that no organic sulfides are retained in the trap
after the thermal desorption using the GC procedure.

The Tenax GC traps have been found to effectively remove 100 percent of
the organic sulfides from a permeation calibration flow at a flow rate of
130 m/min when the trap is maintained at -76°C. Higher flow rates were
tried, and a breakthrough into the back-up Tenax-GC trap was observed at a
flow rate of 250 mf/min. When this occurred, it was decided to return to
130 m¢/min and use this flow rate as the primary sampling flow rate.

A variety of other trap designs, temperatures, and flow rates may be
equally acceptable; but for the purpose of developing a procedure with spe-
cific goals, these conditions have been selected.

Problems have been encountered with batch to batch variation in the
Tenax-GC which have caused repeatability problems. A procedure has been
implemented to validate each Tenax-GC batch prior to sampling as well as
each individual trap.
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The procedure chosen for the analysis of the organic sulfides consists
of (1) collecting the organic sulfides on a Tenax GC trap at -76°C; (2) ther-
mally desorbing the orxrganic sulfides from the trap into the GC saméling sys~
tem; (3) injecting the organic sulfides into the GC; (4) analysis of the or-
ganic sulfides with a GC equipped with a sub-ambient oven accessory, a 6' x
1/8" Teflon analytical column packed with Tenax-GC, and a flame photometric
detector; (5) and quantifying the results with the use of permeation cali-

bration tubes. A finalized copy of the procedure is included an an appendix
to this report.

VALIDATION EXPERIMENTS

Several experiments were carried out to determine the validity of the
organic sulfide procedure for the analysis of carbonyl sulfide, methyl sul-
fide, ethyl sulfide, and methyl disulfide. These experiments included checks
for: GC injection variability, linearity of detector response, sample stabi-
lity in the Tenax traps, trapping efficiency of the Tenax traps, interfer-
ences, and test repeatability.

The finalized sampling conditions used to collect the organic sulfides
are listed below as is a discussion on their selection. A 2" x 3/8" OD
stainless steel trap packed with Tenax-GC is used to collect 99+ percent of
the organic sulfides. During sampling, the trap is kept at -76°C in a dxry
ice~-isopropyl alcohol slurry. This temperature is necessary to effectively
trap the four organic sulfides from the dilute exhaust sample. Higher tem-
peratures (greater than 0°C) allow carbonyl sulfide to break through the
Tenax-GC trap. The other three sulfides can be effectively trapped even at
temperatures as high as 20°C. The sample flow rate through the trap is main-
tained at 130 m%/min. At higher flow rates ( 250 mi/min), breakthrough of
the organic sulfides occurs. A flip top filter, a Perma Pure Drier, and a
trap containing 5 percent sodium bicarbonate on 45/60 mesh Chromosorb P-AW
DMCS precede the Tenax GC trap. The flip top filter removes particulate from
the gas stream prior to flow through the Perma Pure Drier. If particulate is
allowed to enter the Perma Pure Drier, it could posion the drier and prevent
it from functioning properly. The Perma Pure Drier removes moisture from
the gas stream which could freeze out in the -76°C Tenax-GC trap, thus re-
stricting or stopping flow through the Tenax-GC trap. The 5 percent sodium
bicarbonate trap removes sulfur dioxide from the gas stream and prevents it
from collecting in the Tenax~GC trap. The sodium bicarbonate trap will re-
move 10 ppm sulfur dioxide at a sample flow of 130 ml/min continuously from
dilute exhaust for periods up to 30 minutes. Tenax-GC was chosen as the or-
ganic sulfide absorbing material over the other packing materials due to its
trapping reproducibility and ability to withstand desorption temperatures.

The Tenax-GC traps can be used many times without replacing the Tenax-
GC packing material. There is a large deviation in trapping effiency from
batch to batch of the Tenax-GC packing and each batch must be validated prior
to sampling. Each trap is conditioned in an oven operating at 325° % 25°C
for one hour with a flow of zero nitrogen (500 mf/min) passing through the
trap. No carry over of sulfides in the Tenax-GC traps has been found from
test to test. This lack of carry over indicates that the desorption process
removes 100 percent of the sulfides collected on the trap.
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The sample traps must be stored at -76°C before desorption and analysis
or carbonyl sulfide will be lost from the traps. The other three sulfides,
methyl sulfide, ethyl sulfide, and methyl disulfide, are stable in the traps
overnight at room temperature. In most cases, all traps are run between one
half hour and three hours after sampling. The traps are capped after sam-
pling with miniature quick connects to prevent condensation of water and
other compounds into the trap before analysis. After the traps have been
desorbed, they are again capped to prevent contamination before they are used
in sample collection again.

To determine the GC injection repeatability for the organic sulfide
procedure, a permeation standard containing 1.95 ppm carbonyl sulfide,
3.31 ppm methyl sulfide, 0.84 ppm ethyl sulfide, and 0.20 ppm methyl disul-
fide was injected into the GC analytical system six consecutive times. The
results of this injection repeatability experiment are presented in Table 49,
The percent deviation varies from 1 percent for methyl sulfide to 6 percent
for methyl disulfide. This deviation appears to increase with decreasing
concentration or organic sulfide.

TABLE 49. INJECTION REPEATABILITY FOR THE ORGANIC SULFIDES

Average GC Standard Percent

Compound Peak Area Deviation Deviation
Carbonyl Sulfide 29596 420 1.4
Methyl Sulfide 52325 449 0.9
Ethyl Sulfide 11201 254 2.3
Methyl Disulfide 3951 243 6.2

To determine the test-to-test repeatability for the procedure two ex-
periments were carried out. In the first experiment, organic sulfides from
a diluted permeation blend were collected on a Tenax-GC trap, desorbed into
the injection system, and injected into the analytical gas chromatograph
system. This sequence was repeated 5 times using the same Tenax-GC trap and
the resulting GC peak areas for each of the organic sulfides were averaged
over the 5 tests. Standard deviations and percent deviations were also de-
termined for the organic sulfide GC peak areas. The results of this experi-
ment are presented in Tabel 50. Standard percent deviations ranged from
7 percent of methyl sulfide to 10 percent for carbonyl sulfide and methyl
disulfide. The second experiment was identical to the first experiment
except that 5 different traps were used to collect tie organic sulfides
instead of using the same trap 5 times. Table 51 shows the results of this

experiment. Standard percent deviations ranged from 13 percent for methyl
sulfide to 26 percent for ethyl sulfide.

To determine the linearity of the detector for the concentration ranges

of interest, a permeation system containing permeation tubes of all four
sulfides was used to generate varying concentrations of the sulfides.
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TABLE 50. TRAP REPEATABILITY FOR ORGANIC SULFIDE COLLECTION

cos Me,S Et,S Me5SsH
Area Area Area Area
Test 1 20241 71938 34417 41346
Test 2 22052 66098 35156 39537
Test 3 20092 74326 38123 41683
Test 4 22343 63777 30508 34147
Test 5 17378 65494 32516 34321
Average 20421 68327 34144 38207
Standard
Deviation 11985 +4548 +2864 +3718
Percent )
Deviation 9.7% 6.7% 8.4% 9.7%

TABLE 51. TRAP-TO-TRAP REPEATABILITY FOR ORGANIC SULFIDE COLLECTION

COSs MenS Et,S Me5 Sy
Area Area Area Area
Test 1 47590 68995 25716 13839
Test 2 46830 43429 20549 11487
Test 3 44465 66874 17283 10069
Test 4 50590 63440 30144 15901
Test 5 25788 76180 16631 10338
Average 43053 65784 22065 12327
Standard
Deviation +9896 +8332 +5773 $2491
Percent
Deviation 23.0% 12.7% 26.2% 20.2%
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Figures 46-49 show plots of the GC peak areas vs. the nanograms of each
sulfide injected into the GC system. Carbonyl sulfide and ethyl sulfide
give linear responses in the 1-200 ng region, methyl sulfide gives a linear
response in the 1-120 ng region, and methyl disulfide gives a linear response
in the 1-55 ng (higher levels of methyl disulfide were not tried) region.
Bbove 120 ng of methyl sulfide and 200 ng of carbonyl sulfide, the detector
is not linear, with the peak area not increasing proportionally with the
weight of sulfide injected. The concentration range of sulfides in dilute
exhaust which would fall in this linear range with the current sampling
technique is 0.1 to 25 ppb. If the concentration of sulfides in the dilute
exhaust exceeds a concentration of 25 ppb, a lower sample flow rate will
have to be used in order to collect a smaller amount of the sulfides.

Hydrogen sulfide, sulfur dioxide, thiophene, methyl mercaptan, and
ethyl mercaptan are sulfur containing compounds that could interfere with
‘the organic sulfide procedure. Sulfur dioxide is present in exhaust at
levels whicah would obscure all other compounds in the GC procedure if it is
not removed before it enters the Tenax-GC trap. A 5 percent sodium bicar-
bonate trap preceding the Tenax-GC trap effectively removes sulfur dioxide
from the exhaust without affecting the concentration of the organic sulfides.
Hydrogen sulfide at levels of less than one ppm do not pose a problem with
the procedure as no breakthrough of hydrogen sulfide into the Tenax-GC trap
is detected by the GC-FPD. However, if hydrogen sulfide is present at
concentrations of 4 ppm or greater, some hydrogem sulfide is collected on
the Tenax~GC trap and is detected by the GC-FPD. If this higher concentra-
tion of hydrogen sulfide is present the GC parameters can be modified to
prevent hydrogen sulfide from interfering with the analysis of carbonyl
sulfide. An oven temperature program which consists of holding the oven
temperature at 0°C for 4 minutes and then programming to 140°C at 8°/minute
will separate hydrogen sulfide and carbonyl sulfide by nearly two minutes.
This program does extend the analysis time for 25 minutes to 45 minutes if
the time it takes to recool the GC oven to 0°C is included. Methyl and
ethyl mercaptan have yet to be detected in exhaust. If present, the GC
operating conditions will separate these compounds from the sulfides of
interest. With the present operating conditions, thiophene has a retention
time that differs from ethyl sulfide by only seconds. Thiophene and ethyl
sulfide have not been effectively spearated by changing the GC operating
conditions and therefore, thiophene must be included as a possible source
of error in the analysis for ethyl sulfide.

QUALIFICATION EXPERIMENTS

Qualification experiments were carried out using a Mercedes 240D. Hot
FTP (23minute test) driving cycles were followed to generate exhaust for the
vehicle baseline emissions and for the tunnel injection plus vehicle experi-
ments. An aluminum cylinder containing 4-8 ppm of each of the organic sul-
fides in balance nitrogen was used as the source for the organic sulfides.
The cylinder was named by comparing GC peak areas with the GC peal: areas of
the organic sulfides generated by the permeation system. The flow of organic
sulfides into the tunnel was regulated to give a concentration of 5-10 ppb
of each of the organic sulfides in the dilution tunnel. Injections of the
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organic sulfides into the tunnel without exhaust gave recoveries that varied
from approximately 93 percent for methyl disulfide to 115 percent for ethyl
sulfide (Table 52). An interfering peak in the GC analysis for methyl
sulfide voided the tunnel recovery experiments for this compound. The per-
cent deviation of the recovery percentages ranged from 23-60 percent. This
value is higher than the expected 25% due to the trap-to~-trap variations
found in the validation experiments. The recovery of the organic sulfides
with real exhaust varied from 7 percent for ethyl sulfide to 57 percent for
carbonyl sulfide (Table 53). The baseline emissions of carbonyl sulfide and
methyl sulfide were erratic and of egual magnitude to the carbonyl sulfide
and methyl sulfide injected into the tunnel. This variation of carbonyl
sulfide and methyl sulfide from the vehicle, along with tunnel memory for
carbonyl sulfide and methyl sulfide and trap-to-trap variations, made the
percent recovery calculations very difficult and thus gave the resulting 37
and 55 standard deviations. Baseline emissions for ethyl sulfide, and methyl
disulfide were insignificant and did not affect the recovery experiment.

There is little loss of the organic sulfides in the CVS tunnel with-
out exhaust, however a 40 to 90 percent loss with exhaust in the CVS tunnel

can be expected. These losses must be taken into account in determining
organic sulfide concentrations when using this procedure.

RESULTS AND DISCUSSION

The concentration of organic sulfides can be determined by: 1) trapping
the sulfides in a Tenax-GC trap at ~-76°C, 2) thermally desorbing the sulfides
from the Tenax GC trap into the GC injection system, 3) injecting the organic
sulfides into the analytical GC system, 4) analyzing the organic sulfides
with a gas chromatograph equipped with a flame photometric detector, and
5) quantifying the results by comparison with standards generated by a per-
meation system. The organic sulfides are effectively caught in the Tenax-

GC trap at a flow rate of 130 mi/minute. The procedure has a minimum detec-
tion limit of approximately 0.2 ppb.

The accuracy of the procedure in the 0.2 to 25 ppb range is on the order
of 25 percent due to trap-to-trap repeatability. The FPD gives a linear re-
sponse for the organic sulfides in the 0.2 to 25 ppb range. If the concen-
trations of the organic sulfides exceed this range in dilute exhaust, a lower
sampling flow rate (less than 130 mf/minute) must be used to keep the detec-
tor response in the linear range of the detector.

Sulfur dioxide, hydrogen sulfide, and thiophene are possible interfer-
ences in the procedure. Sulfur dioxide is removed by the use of a sodium
bicarbonate trap, hydrogen sulfide can be separated in the GC system by
changing oven parameters; however, thiophene remains an interference to the
procedure. The ethyl sulfide concentration is affected by this interference.
This is a significant loss of the organic sulfides in the CVS tunnel with
exhaust. These losses must be taken into account in determining the concen-
tration of the organic sulfides when using this procedure.

Overall, the organic sulfide procedure should provide a relativ?ly ac-
curate method for determining the concentrations of the organic sulfides in
dilute exhaust, and its use is recommended for this project.
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TABLE 52. PERCENT RECOVERIES OF THE ORGANIC SULFIDES
FROM THE CVS TUNNEL ONLY

Carbonyl Sulfide (8 ppb)
Percent Recovery

83
127
82
132
_10
Average
% Recovery 99%

Standard
Deviation 28%

Ethyl Sulfide (5 ppb)
Percent Recovery

98
139
120
132

85

Average
% Recovery 115%

Standard
Deviation 23%

160

Methyl Sulfide (6 ppb)
Percent Recovery

Results voided
due to inter-
fering peak in
the GC analysis

Methyl Disulfide (10 ppb)
Percent Recovery

31
100
43
100
190
Average T
% Recovery 93%
Standard
Deviation 60%



TABLE 53. PERCENT RECOVERIES OF THE ORGANIC SULFIDES
FROM THE CVS TUNNEL AND EXHAUST

Carbonyl sulfide (8 ppb) Methyl Sulfide (6 ppb)
Percent Recovery Percent Recovery
20 12
42 27
119 144
52 18
24 34
Average Average T
% Recovery 57% % Recovery 47%
Standard Standard
Deviation 37% Deviation 55%
Ethyl Sulfide (5 ppb) Methyl Disulfide (10 ppb)
Percent Recovery Percent Recovery
2 5
5 5
15 25
5 1
10 17
Average T Average
% Recovery 7% % Recovery 11%
Standard Standard
Deviation 5% Deviation 10%

161



SECTION 11

PHENOL PROCEDURE

LITERATURE SEARCH

phenols are compounds of the general formula ArOH, where Ar is phenyl
or substituted phenyl. Phenols differ from alcohols in having the hydroxyl
group, -OH, attached directly to an aromatic ring. Ring substitution by
alkyi, hydroxyl or carbonyl groups creates the variety of different phenols
possible in automotive exhaust. Phenols generally have high vapor pressures,
are colorless and, except for phenol, are insoluble in watexr. Some of the
physical properties of phenols possible in exhaust are shown in Table 54
belaw,

TABLE 54. PHYSICAL PROPERTIES OF PHENOLS POSSIBLE IN EXHAUST

Molecular Boiling Freezing Dengity,
Phenol Weight Point,°C Point,°C g/mf
Phenol 94.11 1182 43 1.0722
Salicylaldehyde 122.13 197 =7 1.1674
m-cresol 108.15 202 12 1.0336
p-cresol 108.15 202 35 1.0178
2,3-xylenol 122,17 218 75 eeee——
3,5-xylenol 122.17 220 68 0.9680
p—ethylphenol 122.17 219 47 ——————
2-isopropylphenol 136.20 213 15 1.012
2,4,6-trimethylphenol 136.20 221 72 e—————
2,3,5-trimethylphenol 136.20 230 922 ————
2,3,5,6,~-tetramethylphenol 150.22 247 118 000 emm———
Internal standard-
o-chloiophenol 128.56 175 9 1.2634

The slightly acidic nature of phenols (Ka = 10—10) makes them soluble in
aqueous hydroxides yet not acidic enough to be soluble in a bicarbonate so-
lution. This property allows phenols to be separated from non-acidic com-
pounds by collection in base and from organic acids by their insolubility
in bicarbonate. The acid base equilibrium that occurs is shown below.

Ph-OH =2 pp-0~
acid H¥ gsalt
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The purpose of measuring phenols in exhaust is to determine if they are
present in sufficient quantities to cause health problems. A number of pro-
cedures have been published that are used for determining concentrations of
phenols. These include colorimetric or spectrophotometric methods, gas
chromatography, liquid chromatography and derivatization with subsequent
analysis by gas chromatography. Colorimetric and spectrophotometric methods
of phenol analysis (152-154) are primarily used for total phenol measurement.
This method is unacceptable because individual phenol concentrations are
desired. One liquid chromatography procedure investigated includes the
formation of fluorescent dansyl phenol derivatives which are subsequently
analyzed by a liquid chromatograph (LC) equipped with a fluorescence detec-
tor (155). The procedure is too time consuming to warrant its use. Another
liquid chromatograph technique is difficult to set up, is very involved
chemically and suffers from interferences in one of the reagents (156).
Several procedures were available in which derivatives of phenols were pre-
pared for analysis on a gas chromatograph (GC). In one method, phenols were
alkylated over an aluminum phosphate catalyst, acetylated and analyzed on a
GC (157). This procedure is very involved and recoveries of phenol are not
high. Several methods in which ester (158-160) and ether (161-163) deri-
vatives of phenols are produced were found in the literature search. The
production of ether derivatives of phenols and analysis by GC seemed to be
a promising method for determining the concentrations of individual phenols.
A number of GC methods not involving derivatization were also studied. Some
of these listed a variety of columns and GC instrument parameters for phenols

analysis (164-173). Phenols can be sampled from exhaust in several ways.
Activated carbon filters have been used to absorb phenol from aqueous samples
(174) and from air (175). However, a more suitable sampling procedure for

“dilute exhaust involves collection in a hydroxide solution in impingers.
Several authors have suggested this means of removing phenols from exhaust.
Collection of phenols in aqueous hydroxide is usually followed by wet chemi-
cal workup and analysis by GC. Aqueous phenol samples are treated with a
variety of steps including acidification, extraction with an organic solvent,
distillation and extractions to remove impurities (176-179).

The procedures that appeared to be the most promising are those using
a GC for phenols analysis. Samples can be collected in impingers containing
aqueous KOH and workup can be accomplished by forming ether derivatives or by
extracting with ether (176).

PROCEDURAL DEVELOPMENT

The procedure chosen for the collection and analysis of phenols required
a considerable amount of procedural development. Extraction, analytical and
sampling parameters needed to be determined prior to exhaust sample pro-
cessing.

The first factor investigated, extraction efficiency, was found to de-
pend on a number of variables. Type of solvent, number of solvent extrac-
tions, pH of aqueous sample and method of solvent evaporation all affected
the extraction efficiency. Two sets of spiked phenol samples were extracFed
with two solvents, methylene chloride and ethyl ether. Between one and five
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consecutive extractions were performed and each set of samples using each
solvent. The amount and percent of phenol recovered by these extractions
is shown in Table 55 and 56. These figures indicate that of the phenol
recovered, most or all of it is recovered in the first two solvent extrac-
tions. However, four times as much phenol is captured in the second extrac-
tion with methylene chloride (8.0 percent) as is captured in the second
axtraction with ether (1.9 percent). The average recoveries calculated for
the two solvents are probably low due to the fact that the averages include
cases when only one solvent extraction was performed. Taking into consider-
ation the large difference in extraction efficiencies between the two sol-
vents (67.6 percent with ethyl ether and 49.9 percent with methylene chlo-
ride), ether was chosen as the organic solvent for extracting exhaust samples.
It is possible that the slightly lower boiling point of ether compared to
methylene chloride (34°C vs 40°C) allows it to be boiled off at a lower
temperature, thus preventing the evaporation of the lower boiling phenols.

Another factor influencing extraction efficiency was investigated. This
was the pH of the phenol spiked aqueous solution. The extraction efficiency
was found to be unaffected by the pH of the solution when the pH was neutral
or acidic (pH < 7). Table 57 lists the amount and percent phenol recovered
when the spiked agueous solution was varied from a pH of one to seven.

TABLE 57. EXTRACTION EFFICIENCY AS A FUNCTION OF pH
OF AQUEOUS SOLUTION

pH of Phenol Conc. Percent
Aqueous Recovered Spike Phenol
Solution lg/ml Ug/ml Recovered

1 34 67 51.8

2 36 67 53.8

3 32 67 47.8

4 28 67 41.8

5 34 67 51.8

6 44 67 65.7

7 32 67 47.8

The fourth factor affecting extraction efficiehcy that was studied was
the means of solvent removal and sample concentration. The method producing
the highest phenol recoveries involved a two step process using a Kuderna
Danish concentrator heated by a steam bath (45°C) for initial volume reduc-
tion and a desiccating chamber modified for dry nitrogen flow for final con-
centration. Several sample concentrating techniques were tested before it
was determined that erratic phenol recoveries occurred when samples were
dried solely by heating in a Kuderna concentrator. Phenol recoveries for
several samples evaporated to 0, 1/2, 1, 2 and 5 m% in the Kuderna concen-
trator are listed in Table 58. The trend toward increasing phenol recovery
with larger final volumes in the Kuderna concentrator is apparent from the
data presented in Table 58. Concentrating samples to a desired volume,
however, proved to be a difficult task using the Kuderna concentrator. Due
to the tapered tip on the concentrator, the solvent level changed rapidly
when the volume decreased to 5 m% and less. It was necessary, therefore, to
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TABLE 55. EXTRACTIONS WITH METHYLENE CHLORIDE

Phenol Recovered, Ug/mi Conc. Percent Phenol Recovered Total
Extraction # Spike Extraction # Percent
Sample 1 2 3 4 5 ng/ml 1 2 3 4 5 Recovered

1 16 2 0 - - 29 55.2 6.9 0 - - 62.1
2 24 2 0 - - 29 82.8 6.9 0 - - 89.7
3 26 3 0 - - 29 88.2 10.3 0 - - 98.5
4 24 - - - - 54 44.4 - - - - 44.4
5 8 - - - - 54 14.8 - - - - 14.82
6 23 - - - - 54 42.6 - - - - 42.6
7 17 - - - - 54 31.5 - - - - 31.5
8 36 - - - - 67 53.7 - - - - 53.7
9 41 - - - - 67 61.2 - - - - 61.2
10 37 - - - - 67 55.2 - - - - 55.2
11 24 - - - - 67 35.8 - - - - 35.8
12 - 9 - - - 67 - 13.4P - - - 13.42
13 - 24 - - - 67 - 35.80 - - - 35.8
14 - 37 - - - 67 - 55.20 - - - 55.2
15 - - 21 - - 67 - - 31.3P - - 31.3
16 - - 21 - - 67 - - 31.30 - - 31.3
17 - - - 33 - 67 - - - 49.2P - 49.2
18 - - - 24 - 67 - - - 35.80 - 35.8
19 - - - 25 - 67 - - - 37.3P - 37.3
20 - - - - 32 67 - - - - 47.8° 47.8
21 - - - - 33 67 - - - - 49.2b 49.2

Average 49.9

i Samples taken inadvertently to near dryness.
All extractions combined to give a total concentration.
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TABLE 56.

Phenol Recovered, ug/mi

Extraction #

Sample 1 2 3 4

1 38 1 0 0

2 23 4 6 3

3 6 0 0] -

4 40 0 - -

5 31 1 - -

6 38 0 - -

7 42 1 - -

8 49 - - -

9 45 - - -

10 52 - - -

11 43 - - -

12 18 - - -

13 29 - - -

14 26 - - -

15 30 - - -
a

EXTRACTIONS WITH ETHER

Conc.
Spike
Hg/mk

54
54
54
54
54
54
54
54
54
54
54
54
54
54
54

Percent Phenoi Recovered

Extraction #

1

2

3

4

70.4
42.0
11.1
74.1
57.4
70.4
77.8
90.7
83.3
96.3
79.6
33.3
53.7
48.2
55.6

I © U0 O
o

Average

Phenol contamination in all four extractions; total percent recovered represents

extractions 1 and 2.

Sample inadvertently taken to near dryness.

Total
Percent
Recovered

72.3
50,02
11.1P
74.1
59.3
70.4
79.7
90.7
83.3
96.3
79.6
33.3
53.7
48.2
55.6
67.6



TABLE 58. EFFECT OF REDUCING SAMPLE VOLUME BY KUDERNA DANISH
CONCENTRATOR ON. PHENOL RECOVERY

Final Phenol Conc. Percent
Evaporative Volume Recovered Spike Phenol
Volume, ml ml Ug/mi ug/mf Recovered
5 5 15 21 71.4
2 2 32 52 61.5
1 2 23 52 44.2
1/2 2 20 52 38.5
0 2 14 52 26.9

find another method of sample concentration that did not require constant
attention. The second drying method attempted involved the use of the
Kuderna concentrator and a tray of heated sand equipped with a dry nitrogen
outlet. The samples were concentrated to 5 m{ in the Kuderna concentrator,
transferred to a 10 mf beaker and then further concentrated with a stream of
dry nitrogen (while being gently heated with the sand). This method was un-
successful due to water condensation on the beaker and nitrogen blowing sand
into the beaker. The warm sand tray was abandoned as a means of drying
phenol samples in favor of a desiccating chamber modified for the flow of
dry nitrogen. The samples were concentrated to 5 mi in the Kuderna concen-
trator and transferred to 10 ml beakers as was done previously. The samples
were then concentrated to approximately 1 ml in the desiccating chamber by
directing dry nitrogen into the beakers with a gas manifold. Water conden-
sation was no longer a problem because the molecular sieve/silica gel absor-
‘bant in the chamber absorbed any moisture that was present. The drying pro-
cess could also be easily observed through the glass window and stopped when
necessary- This last procedure was the one adopted for the concentration of
extracted phenol samples in ether due to its simplicity and lack of inter-
ferences.

A second parameter (in addition to extraction efficiency) affecting the
workup of phenol exhaust samples was investigated. This factor was chemical
interferences to phenol recovery. The source of interferences could be
contaminants in the various reagents used in sample collection or extraction
or interfering exhaust compounds trapped in hydroxide solution along with
the phenols. Several blank extractions were performed with methylene chlo-
ride and with ether using all solutions that would normally be used for
exhaust sample extraction. None of the samples produced measurable levels
of phenols. Possible interfering compounds in exhaust that may be absorbed
into the scrubber solution, 1 N KOH, are neutral hydrocarbons and organic
acids. A set of tests were performed in which 1 N KOH samples spiked with
diesel fuel were extracted in several ways. In the first experiment 1 uf
of diesel fuel was added to acidified 1 N KOH spiked with phenol and the
resulting sample was extracted and analyzed. The second test was conducted
similarly to the first except that a cyclohexane extraction was performed on
the basic solution to remove neutral hydrocarbons before acidification, ex-
traction and analysis. In the third extraction an acidified 1 N KOH solution
was spiked with 1 U2 of diesel fuel (no phenol), extracted and analyzed.
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Several regular extractions were also performed on phenol spiked 1 N KOH
samples. The results, shown in Table 59 indicate that diesel fuel does not
interfere with phenol recovery when present by itself. However, when both
phenol and diesel fuel were present, an approximate 16 percent phenol loss
occurred. The loss increased to 30 percent when a cyclohexane extraction
was performed to remove diesel fuel. Additional extractions were performed

TABLE 59. EFFECT OF DIESEL FUEL ON RECOVERY OF PHENOL

Phenol Phenol Percent
Recovered Added Phenol
Sample Extracted (in 1 N KOH) ug/mi ug/mil Recovered
1. Phenol + diesel fuel 21 30 70.0
2. Phenol + diesel fuel +
cyclohexane extraction 16 29 55.2
3. Diesel fuel 0 0] —_——
4, Phenol 24 28 85.7

on an actual exhaust sample and on phenol spiked 1 N KOH samples to determine
the validity of the data obtained for Table 59. One half of an aqueous ex~
haust sample was acidified, extracted and analyzed. The remaining half of
sample was first extracted with ethyl ether to remove netural hydrocarbons.
Then the ether was extractedwith 0.5 N NaOH to recover any phenol extracted
into the ether. The aqueous portions were combined, acidified, extracted
and analyzed the same as the first half. The same amount of phenol was re-
covered from each half of the sample. Also, neither of the sample halves
contained compounds that could interfere with the GC analysis of the phenols.
See Table 60. Apparently, either no neutral hydrocarbons survive the normal
extraction process or else these compounds are eluted under the solvent peak
during GC analysis of the phenol sample. The two 1 N KOH samples spiked
with phenol that were extracted for neutral hydrocarbon removal had an aver-
age phenol recovery 70 percent less than samples spiked and extracted nor-
mally. The data obtained from the experiments conducted to determine neutral
hydrocarbon interference produced conflicting results. However, since the
exhaust sample showed no evidence of interference from such compounds, it
was decided not to incorporate a neutral compound removal step into the pro-
cedure.

Interference to phenol recovery or analysis due to the presence of
organic acids was also studied. The modification to the procedure for re-
moval of organic acids included an additional NaHCO; extraction of the ether
containing the phenols and a back extraction of the agueous NaHCO3 layer
with ether. Organic acids are more soluble in an alkaline agueous solution
than in ether. However, phenols being acidic, tend o be drawn into the
NaHCO3 layer along with the organic acids. The back extraction with ether
was to recover phenols that may have been extracted into NaHCO3. Two phenol
spiked 1 N KOH samples were extracted following the modified procedure to
determine the presence of organic acids. The phenol level of the phenol
spiked 1 N KOH samples averaged 567 percent higher than samples extracted
normally. Half of each exhaust sample was extracted normally and half was
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TABLE 60. INTERFERENCES TO PHENOL RECOVERY OR ANALYSIS

Phenol Recovered Percent Phenol
Phenol Spiked 1 N KOH Samples Ug/mf Recoveredd®
Normal extfactionsm 3 100
Hydrocarion modified samples 1 33
Organic acid modified'sé%pieé%" : 17 567

2 percent phenol recovered is relative to the samples extracted normally.

Exhaust Phenol Recovered Percent Difference
Sample Extraction Method ug/mf Between Halves
1 1/2 normal 1
1/2 HC modified 1 0
2 1/2 normal 35
1/2 org. acid modified 35 0
3 1/2 normal 41 15
1/2 org. acid modified 35

extracted with the modification to the procedure. The concentration of phe-
nol recovered from each sample half of the first exhaust sample was the same.
The second exhaust sample did not agree as closely as the first, though, pro-
bably due to an erxrror in the extraction process. The sample half extracted
for removal of organic acids vielded 15 percent less phenol than the sample
half extracted normally. Since neither exhaust sample showed any evidence *
of interference from organic acids, the procedure was not modified for re-
moval of organic acids. The results of the organic acid interference tests
are shown in Table 60.

The next set of parameters that needed to be determined were those
governing the analytical portion of the phenol procedure. The instrument
parameters for the gas chormatograph (GC) and an analytical column for se-
paration of phenols needed to be selected. Also, phenols recovered from
exhaust needed to be identified and the response factors calculated. Sev-
eral different columns were installed in a Perkin-Elmer 3920 GC equipped
with a flame ionization detector (FID). These included an SE-30 WCOT glass
capillary column, a 10 percent OV-101l on 100/120 mesh Gas-Chrom Q Teflon
column, a 20 percent DEGS on 80/100 mesh Chromosorb W-HP Teflon column and
a Teflon column packed with 10 percent 0S l38/H3PO4/SP—l2OO on 100/120 mesh
Chromosorb W AW. The last column packed with 10 percent OS 138 provided
the best separation of phenols of all columns tested. A variety of tem-
perature programming sequences were experimented with on the GC. The.most
efficient separation of solvent peak from phenols plus an analysis time of
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less than an hour were obtained with a temperature program of 4°/min from
70°C to 170°C. The temperature is initially held isothermally for two minutes
at 70°C. The injector and interface temperature are maintained at 200°C.

Phenols in exhaust samples were identified by comparing the retention
times to individual standards and standard blends. The concentrations of
phenols in the blend used as the external standard need to be close to the
phenols concentrations found in exhuast due to the fact that both retention
times and response factors vary with concentration. Response factors, which
correct for the different responses of each phenol to the FID, are calculated
from the concentration and counts of each phenol in the external standard
relative to o-chlorophenol (also in the external standard). The concentra-
tions of phenols in exhaust samples are computed by comparing the area of
each phenol to the appropriate response factor and to the area and concen-
tration of the internal standard, o-chlorophenol. Using an external and an
internal standard proved to be the easiest and most accurate method of cal-
culating phenol concentrations in exhaust.

The last set of parameters that needed to be determined as part of the
procedural development were those relating to the sampling of exhaust for
phenols. The procedure chosen for phenols analysis reguired that phenols be
present in an aqueous solution at the start of the extraction process. Since
phenols are acidic and therefore soluble in base, it was decided that dilute
exhaust would be bubbled through 1 N KOH in glass impingers. The phenols
collected in this manner could be extracted directly. The number of impin-
gers and the flowrate of dilute exhaust passing through the impingers that
would trap the most phenols needed to be determined. 1Initially, experiments
were conducted with three tapered tip impingers connected in series. Each
impinger contained 25 ml of 1 N KOH chilled to ice bath temperature. Exhaust
was pumped through the impingérs at 4 2/min. The samples thus obtained were
extracted and analyzed for phenols, however, no phenols were found. In an
effort to trap more phenols dilute exhaust was passed through larger Green-
burg~Smith impingers at a higher flowrate (0.7-0.8 ft3/min). Each of the
three impingers contained 200 m of 1 N KOH instead of 25 mf. Measurable
levels of phenols were extracted from exhaust under the latter conditions.
Additional tests regarding the choice of sampling parameters is shown in the
Validation Experiments section.

VALIDATION EXPERIMENTS

Several experiments were performed to show that the phenol procedure is
a valid method for processing exhaust samples containing phenols. The sam-
pling parameters providing the best trapping efficiency were determined.
Dilute exhaust is allowed to flow at 0.7-0.8 ft3/min through two Greenburg-
Smith impingers in series. Each impinger contains 200 mf of 1 N KOH chilled
to ice bath temperatures (0-5°C).. From the results shown ir. Tables 55 and 56
it is obvious that no phenol is captured in bubblers two and three. However,
several other phenols (salicylaldehyde, m-cresol, p-cresol, 2,3-xylenol,
3,5-xylenol, etc.) are found in small quantities in the second impinger. For
this reason, two bubblers are used to collect phenols. Before pacsing through
the impingers the dilute exhaust flows through a heated sample line (375°F),
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a Pallflex filter and another sample line heated to 175°F. Tests were con-
ducted with and wirhout a filter. The sample line without a filter was
heated to 175°F from the CVS to the impingers. Results from the qualifica~
tion tests in Tables 62 and 63 show that from 4% to 60% more phenol is re-
covered from filtered exhaust than from unfiltered exhaust. For this reason
exhaust is filtered before sampling for phenols.

The next set of parameters that needed to be determined were those that
would give the highest recovery of phenols from the extraction process. It
was found that two ether extractions of the contents of impinger one, and
one ether extraction of the contents of impinger two gave good recoveries.
Also, better results were obtained when the final drying step was done with

dry nitrogen instead of with heat. Extraction efficiency of the phenols
procedure is approximately 68%.

Two experiments were performed to validate the analytical protion of
the phenol procedure. The first involved the analysis of phenol stnadards
in the concentration ranges expected in exhaust samples. Calibration curves
were drawn from the data and they are shown in Figures 50-56. The linearity
ranges of the internal standard and of the phenols found in exhaust vary
between 0-50 ug/m{ and 0-200 ug/ml. The range for each phenol is listed in
Table 61 below. The ocncentrations of phenol recovered from exhaust are well
within the linearity range of each phenol.

TABLE 61. LINEARITY RANGES OF INTERNAL STANDARD AND
OF PHENOLS IN EXHAUST

Phenol Linearity Range (ug/mi)
o-chlorophenol 0-120
phenol 0-50
salicylaldehyde 0-120
m-cresol and p-cresol 0-80

p-ethylphenol, 2-isopropylphenol,
2,3-xylenol, 3,5-xylenol and

2,4,6-trimethylphenol 0-200
2,3,5-trimethylphenol 0-100
2,3,5,6,~tetramethylphenol 0-120

Injection variability was studied as another validation test for the
phenols procedure. A 12.2 Ug/m% phenol standard in methylene chloride was
injected five consecutive times. The area of each injection is shown in
Table 62. The standard deviation is 107 and the percent variations is 2.20%
for the five injections.
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Figure 50, Linearity of o-chlorophenol GC response.
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Figure 51. Linearity of phenol GC response.
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Figure 52. Linearity of salicylaldehyde GC response.
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Figure 53. Linearity of m-cresol and p-cresol GC response.
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Figure 55. Linearity of 2,3,5trimethylphenol GC response.
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Figure 56. Linearity of 2,3,5,6-tetramethylphenol GC response.
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TABLE 62. INJECTION VARIABILITY OF PHENOL

Sample Area

1 4753

2 4815

3 4921

4 5033

5 4855

Average 4875
Standard Deviation 107
Percent Variation 22.0%

QUALIFICATION

The phenol procedure was qualified by injection of an aqueous phenol
solution into the exhaust of a Mercedes 240D diesel during three successive
FTPh driving cycles. The percent recoveries from the tests represent the
amount of phenol that is expected to survive the trip through the dilution
tunnel to the sampling impingers. The test sequence consisted of FTPh
driving cycles with ten minute scaks in between. Base line phenol emission
levels were measured for three consecutive FTPh driving cycles and during
three additional FTPh driving cycles phenol was injected into the exhaust.
Two sets of impingers sampled dilute exhaust during each test. The sample
line leading to the first set was heated to 175°F and no filter was used.
The second sample line was heated to 375°F up to a Pallflex filter and 175°F
from the filter to the second set of impingers. The average results from
the three baseline emission tests showed that filtered exhaust produced a
higher phenol concentration (24 ug/m3) than unfiltered exhaust (12 ug/m3).
The data is found in Table 63 below.

TABIE 63. BASELINE PHENOL EMISSION LEVELS FROM
MERCEDES 240D DIESEL

ug/m3 Phenol

Test Unfiltered Filtered bDifference
1 10 29 19
2 10 - -
3 15 19 4
Avg 12 24

The difference between filtered and unfiltered exhaust was also apparent in
the results from the injection of phenol into exhaust. The data in Table 64
shows that the filtered exhaust yielded 60 percent and 17 percent more phenol
than unfiltered exhaust. No phenol was recovered from the filtered line
second phenol injection. This was probably due to sample loss during the
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TABLE 64. PERCENT RECOVERIES FROM INJECTION OF PHENOL INTO EXHAUST OF
’ MERCEDES 240D DIESEL

Unfiltered Filtered Difference

First Phenol Injection 52.4 112.7 60.3
Second Phenol Injection 57.7 = —e——— ——
Third Phenol Injection 76.4 93.7 17.3
Average 62.2 103.2

extraction procedure. A gradual trend towards increasing phenol recoveries
appears to occur with samples that flowed through the unfiltered sample line.
This may be due to phenols being initially absorbed onto particulate coating
the sample line. The particulate removes phenol from the gas stream until
it is saturated. Gradually less phenol is absorbed and therefore, more is
recovered in the impingers. What appears to be a trend, however, may also
be the expected variability in recoveries. The greatest difference in un-
filtered recoveries is 24 percent and in filtered recoveries it is 19 percent.
The average phenol recovery of unfiltered samples is 62.2 percent and the
average phenol recovery of filtered sample is 103.2 percent. Assuming all
phenols in exhaust can be removed with similar efficiencies, gquantitative
recoveries of phenols in exhaust diluted by the CVS can be expected.

The injection of phenol into the exhaust of the Mercedes was accom-
plished by means of a Baird atomizer attached to an opening on the CVS tunnel.
An aqueous phenol solution (0.7 g/mi)was dripped into the funnel of the atom-
izer from a 50 mf buret. Air pressure applied through the side arm of the at-
omizer sprayed the phenol solution into the tunnel where it mixed with exhaust.
Any solution that was not dispersed into the tunnel was captured in an
Erlenmeyer flask containing the mister. This remaining portion of phenol
solution was extracted and analyzed as usual. The amount of phenol injected
was calculated by subtracting the micrograms of phenol in the remaining
phenol solution from the micrograms delivered from the buret. Percent re-
coveries were computed by comparing the amount of phenol recovered to the
amount injected.

RESULTS AND CONCLUSIONS

The method chosen for measuring phenols in dilute exhaust involwves col-
lection in aqueous KOH, extraction with ether and analysis on a GC egquipped
with a flame ionization detector. Dilute exhaust is bubbled at 0.8 ft3/min
through two Greenburg-Smith impingers each containing 200 m of 1 N KOH
chilled to ice bath temperatures. The exhaust is heated to 375°F and is
filtered through a Pallflex filter to remove particulate. The phenol samples
are acidified, extracted two consecutive times with ethyl ether and concen-
trated. The extracts from impingers one and two are combined, further con-
centrated and spiked with the internal standard, o-chlorophenol, before
analysis with the GC. The temperature programming sequence starts with an
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isothermal hold at 70°C for two minutes followed by programming to 170°C
at 4°/min. Total GC analysis time is about 30 minutes.
interface temperatures are maintained at 200°C. A Teflon column packed
with 10% OS 138/H3P04/SP—1200 on Chromosorb W AW is used for separating
phenols. One microliter of the external standard and 1 UL of each sample

is injected into the GC. The data obtained from the GC computer system is
used to calculate concentrations of phenols.

The injector and

The linear range of each phenol found in exhaust and of the internal
standard was determined. The concentrations of phenols fall well within the

linear range. Should a sample be too concentrated it can be diluted volu-
metrically to a level within the linear range.

Several factors contribute to the overall recovery of phenols from ex-
haust. These include the stability of phenols traveling from automobile to
impingers and the trapping and extraction efficiency of phenols. The results
from the qualification tests indicate that approximately 100 percent of
phenol injected into exhaust is recovered. One hundred percent phenol is
also captured in two impingers connected in series. Extraction efficiency,
however, is only about 68 percent. This low value is probably due to losses
encountered in the drying process. Injection variability of phenol into the
GC was only 2.2 percent for a series of five injections. Similar results
are expected for the other phenols found in exhaust.

Several methods for the determination of phenols in automobile exhaust
were combined and adapted to the needs of this project. The resulting pro-
cedure used to measure phenols is sensitive to about 1 Ug/mf. The phenols
in order of elution are phenol; salicylaldehyde; m-cresol and p-cresol;
p~ethylphenol, 2—isopropY1phenol, 2,3-xylenol, 3,5-xylenol and 2,4,6-
trimethylphenol; 2,3,5-trimethylphenol and 2,3,5,6-tetramethylphenol. Over-
all this procedure should provide a relatively accurate method for determin-
ing the concentrations of the phenols in dilute exhaust, and its use is re-
commended for this project.
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SECTION 12

THE QUALIFICATION EXPERIMENT

Qualification experiments were carried out to determine what fraction of
the unregulated pollutants entering the dilution tunnel could be recovered at
the sampling point. A constant flow of each unregulated pollutant was
injected from a pressurized cylinder into the dilution tunnel-CVS system at
the point raw exhaust normally enters the dilution tunnel (Figure 57). The
CvVS diluted samples were extracted from the dilution tunnel-CVS system with
a multiport sampling probe at a point after the orifice plate on the tunnel
and before the CVS system., All qualified unregulated pollutants were sampled
at this point except for nitrous oxide which was taken as a bag sample at the
CVs (Figureb57).

Experiments were carried out with and without diesel exhaust present in
the dilution tunnel-CVS system. A Mercedes 240D driving over a hot FTP (23~
minute test) driving cycle was used to generate diesel exhaust for the
experiments. Baseline emission levels of each pollutant from the Mercedes
240D were measured in order to correct recovery values for pollutants present
in the exhaust.

The gaseous unregulated pollutants were injected into the dilution
tunnel by the system shown in Figures 58 and 59. The pollutant passed
through a needle valve to regulate flow, a flowmeter to monitor flowrate,
and a dry gas meter to measure the injected volume of pollutant, before
entering the dilution tunnel. A thermocouple was used to monitor the
temperature of the injected gas, and a magnehelic gauge was used to monitor
the pressure of gas passing through the injection system. This pressure was
positive and generally recorded 0-2" of water. The phenols were injected
into the dilution as a water solution using the modified mist generator shown
in Figure 60. The test sequence developed to determine pollutant recovery
consisted of a 23-minute continuous sampling period (pollutant injected with
or without exhaust present) followed by a 10-minute soak period with the CVS
off (no pollutant injected). During this time, impingers, bags or traps
were changed to collect the next sample. After the soak period the test
sequence was repeated until three to four sampling periods were completed.
During each sampling period, three replicate impinger samples (aldehydes,
total cyanide, organic amines, sulfur dioxide, ammonia, hydrogen sulfide--
two for phenols), or two trap samples (organic sulfides) or one bag sample
(nitrous oxide) were taken.

Nominal injected pollutant flows into the tunnel were 0.35 cu ft/min

while nominal CVS flows were 300 cu ft/min. This gave an approximate 850
to 1 dilution. Percent recoveries were determined by analyzing the recovered
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SECTION 13

RESULTS AND CONCLUSIONS

To determine the suitability of the analytical procedures initially
selected for dilute exhaust analysis, validation and qualification experi-
ments were carried out. The validation experiments determined if the sam-
pling and instrument parameters were appropriate for the quantitative analysis
of dilute exhaust. The qualification experiments determined if the compounds
of interest could be quantitatively recovered from the CVS tumnel with and
without the presence of exhaust in the tunnel. The analytical procedures
to be used in this project are listed in Table 65 along with methods of
sampling and analysis. Table 65 also lists the validation and qualification
experiments that were carried out.

The sampling parameters for all procedures were found to be adequate
for the collection of each of the unregulated emissions. All samples, with
the exception of the organic sulfides and hydrogen sulfide are stable for
several days and can be stored and rerun within hours after sampling to pre-
vent loss of sample integrity. All instruments demonstrate linearity of re-
sponse for expected concentration ranges (sample concentrations above the
linear range must be diluted to concentrations that fall within the ‘linear
range of the instrument). The organic sulfides must be monitored carefully
as traps containing over 200 ng of sample fall beyond the linear range of
the FPD. The sample flow rate can be lowered to prevent overloading the
Tenax trap. Test-to-test repeatabilities for all procedures are documented
in this report. In most cases, repeatability is difficult to obtain at the
lower concentrations, while the repeatability at high concentrations is
easily obtained. Interferences were checked and documented for each proce-
dure. Phthalates were found to interfere with the aldehyde and ketone pro-
cedure and may cause erroneous results for crotonaldehyde. In the hydrogen
sulfide procedure, sulfur dioxide decreases the apparent hydrogen sulfide
concentration, and its presence or absence must be recorded. The other
. procedures have interferences that can be avoided if care is taken.

Qualification experiments were carried out on the aldehyde and ketone,
organic amine, sulfur dioxide, nitrous oxide, hydrogen sulfide, total cyanide,
organic sulfide, ammonia and phenol procedures to determine the recovery of
known amounts of each pollutant from the CVS tunnel with and without exhaust
(phenols CVS tunnel with exhaust only). Aldehydes aud ketones, sulfur di-
oxide, nitrous oxide, total cyanide and phenols can be recovered quantita-
tively from the CVS tunnel with and without (not done for phenols) exhaust.
There is a 10 percent loss of hydrogen sulfide with and without exhaust
present. The organic amines, ammonia, and the organic sulfides experience
significant losses in the CVS tunnel with and without exhaust. These losses
must be taken into account when determining the concentration of these com—
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TABLE 65. ANALYTICAL PROCEDURES FOR EMISSIONS CHARACTERIZATION

Compounds Sampling Analysis Validation
Aldehdyes and Ketones Impingers DNPH Yes
Organic Amines Impingers GC~-NPD Yes
Sulfur Dioxide Impingers Ion Chrom. Yes
Nitrous Oxide Bags GC-ECD Yes
Individual Hydrocarbons Bags GC-FID Yes
Hydrogen Sulfide Impingers Meth. Blue Yes
Hydrogen Cyanide + Cyanogen Impingers GC-ECD Yes
Carbonyl Sulfide + Organic Sulfides Traps GC~FPD Yes
Ammonia Impingers Ion Chrom. Yes
Sulfate Filters BCA Not required
DMNA Traps GC~-MS @ RTI Not required
Phenols Impingers GC~-FID Yes
BaP Filters Fluorescence Not required

@ EPA

required

required

required

Not required



pounds in exhaust.

The procedures discussed in this report are effective in collecting and
analyzing dilute exhaust samples and are recommended for use in this project.
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THE MEASUREMENT OF ALDEHYDES AND KETONES IN EXHAUST

The aldehydes and ketones that are included in this analysis are:
formaldehyde, acetaldehyde, acetone (acetone, acrolein, and propionaldehyde
are not resolved from each other under normal operating conditions and all
three are reproted together as acetone), isobutyraldehyde, methylethylketone,
crotonaldehyde, hexanaldehyde, and benzaldehyde. The measurement of the
aldehydes and ketones in exhaust is accomplished by bubbling the exhaust
through glass impingers containing 2,4 dinitrophenylhydrazine (DNPH) in
dilute hydrochloric acid. The exhaust sample is collected continuously
during a test cycle. The aldehydes and ketones (also known as carbonyl
compounds) react with the DNPH to form their respective phenylhydrazone
derivatives. These derivatives are insoluble or only slightly soluble in the
DNPH/HC1 solution and are removed by filtration followed by pentane extrac-
tions. The filtered percipitate and the pentane extracts are combined and
the pentane is removed by evaporation in the vacuum oven. The remaining
dried extract contains the phenylhydrazone derivatives. The extract is
dissolved in a quantitative volume of toluene containing a known amount of
anthracene as an internal standard. A portion of this dissolved extract is
injected into a gas chromatograph and analyzed using a flame ionization de-
tector. The detection limits for this procedure under normal operating con-
ditions are on the order of 0.005 ppm carbonyl compound in dilute exhaust.

SAMPLING SYSTEM

Two glass impingers in series, each containing 40 mf of 2N HCl-2,4
dinitrophenylhydrazine, are used to collect exhaust samples for the analysis
of the aldehydes and ketones. A flow schematic of the sample collection
system is shown in Figure 1. The two impingers together trap approximately
98 percent of the carbonyl compounds. The temperature of the impinger is
maintained at 0-5°C by an ice water bath, and the flow rate through the im-
pinger is maintained at 4 %/minute by the sample pump. A dry gas meter is
used to determine the total flow through the impinger during a given sampling
period. The temperature of the gas stream is monitored by a thermocouple
immediately prior to the dry gas meter. A drier is included in the system
to prevent condensation in the pump, flowmeter, dry gas meter, etc. The
flowmeter in the system allows monitoring of the sample flow to insure pro-
per flow rates during sampling. When sampling diesel fueled vehicles, a
heated filter, located between the on-off solenoid valve and the dilution
tunnel, is used to prevent diesel particulate from contaminating the sampling
system. The filter and line connecting the filter to the dilution tunnel
are heated to 375°F in order to prevent the aldehydes and ketones from being
retained in the filter and sample line. The Teflon line connecting the
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heated filter and the solenoid valve is heated to ~175°F in order to prevent
water from condensing in the sample line. Several views of the sampling
system are shown in Figure 2.

ANALYTICAL PROCEDURE

The analysis of the aldehydes (formaldehyde, acetaldehyde, isobutyr-
aldehyde, crotonaldehyde, hexanaldehyde, and benzaldehyde) and of the ketones
(acetone and methylethylketone) in dilute exhaust is accomplished by col-
lecting these carbonyl compounds in a hydrochloric acid (HCl)/2,4 dinitro-
phenylhydrazine (DNPH) solution as their 2,4 dinitrophenylhydrazone deri-
vatives. The derivatives are removed from the HC1l/DNPH absorbing solution
by filtration and/or extractions with pentane. The filtered precipitate and
the pentane extracts are combined and the volatile solvents are removed.

The remaining extract contains the phenylhydrazone derivatives. The deri-
vatives are then dissolved in a quantitative volume of toluene containing a
known amount of anthracene as an internal standard. This solution is ana-
lyzed by injecting a small volume of the solution in to a gas chromatograph
equipped with dual flame ionization detectors. From this analysis and the
measured volume of exhaust sampled, the concentration of the carbonyl com-
pounds in exhaust can be determined. The analysis flow schematic for the
aldehydes and ketones is shown in Figure 3. A detailed description of the
procedure follows.

The aldehdyes and ketones are trapped in solution by bubbling a known
volume of dilute exhaust through two glass impingers connected in series,
with each impinger containing 40 m{ of a 2N HCl solution saturated with
DNPH. The sampling temperature and barometric pressure are recorded uring
this bubbling period. The carbonyl compounds in the exhaust react with the
DNPH to form slightly soluble or insoluble 2,4 dinitrophenylhydrazone deri-
vatives. The two impingers together collect 98+ percent of the carbonyls
that are present in the exhaust. The impingers are removed from the sam-
pling cart and are allowed to stand at room temperature for at least one hour
before proceeding to the filtration and extraction steps. Figure 4 shows
two impingers containing the HCl/DNPH absorbing solution after being removed
from the sampling cart.

Under normal operating conditions the contents of the two impingers
are combined and analyzed as one sample. If either of the two impingers
contain a precipitate they are first subjected to a filtration step. If
no percipitate is present, this filtration step is omitted and the extrac-
tion step, described later in the procedure, is the first step.

For the filtration step, the contents of the two impingers are poured
through a fritted glass filter into a flask under vacuum (Figure 5). The
two impingers are rinsed with small portions of deionized water. This wash
water is also poured through the fritted glass filter. The precipitate in
the filter is then washed with a few ml of deionized water. The fritted
filter is then removed from the flask containing the 80 mf of absorbing
reagent and the water washings. The flask is then set aside for the ex-
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Figure 4. Impingers containing HC1/DNPH abosrbing solution.
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traction step. The fritted élass filter containing the precipitate is con-
nected to a dry flask. The two impingers that had previously contained the
filtered precipitate are then each washed with small portions of methylene
chloride. The methylene chloride dissolves any solid residue which was not
removed by the water wash. These methylene chloride washings are poured
into the fritted glass filter containing the precipitate. After the pre-
cipitate has been dissolved by the methylene chloride, a vacuum is applied
to the flask and the methylene chloride scolution is pulled through the
filter into the flask. Another small amount of methylene chloride is poured
through the filter into the flask to wash the filter. The methylene chloride
solution is now saved until the extraction step is complete.

The extraction step is carried out as follows. The contents of the
two impingers (if no precipitate is present) are transferred to a 250 m{
separatory funnel. The impingers are each washed with small portions of
deionized water which is also added to the separatory funnel. If a pre-
cipitate was found in the impingers the contents of the flask containing
the filtered absorbing reagent and the water washings from the filtration
step are transferred quantitatively to a 250 mf separatory furinel. The
flask is washed with a small portion of water, and this water.is added to
the separatory funnel. Forty m{ of pentane is now added to the separatory
funnel containing the 80 ml of absorbing reagent and water washings. The
funnel is stoppered and shaken for five minutes in an automatic shaker,
Figure 6. The shaker is stopped and the funnel is vented. After the two
phases are allowed to separate, the lower phase is collected in a second
separatory funnel. The remaining phase is transferred to a third 250 mf
separatory funnel. A second 40 m{ portion of pentane is added to the al-
ready once extracted absorbing solution. The funnel is again stoppered,
shaken for 5 minutes and vented. After the phases have separated, the
lower phase is again collected in another separatory funnel. The upper
or pentane layer is combined with the pentane layer from the first extrac-
tion. A third 40 m{ portion of pentane is added to the twice extracted
absorbing solution and the extraction process repeated. After the third
extraction, the lower layer is discarded and the pentane layer is combined
with the pentane layers from the first two extractions. BAny absorbing
solution which might have been accidently transferred with the pentane
layers is drained off. Deionized water (25-50 mf) and sodium bicarbonate
(1/4-1/2 gram) is added to the 250 m{ separatory funnel containing the 120
m{ of pentane extract. The funnel is stoppered and manually shaken for
30 seconds. The phases are allowed to separate and the lower water phase
is drained off. Another 25 ml of deionized water is added and the shaking
is repeated. After the phases have separated, the water is drained off
insuring that all traces of water are removed. The contents of the funnel

are then combined with the methylene chloride solution which was saved from
the filtration step.

The flask containing the methylene chloride solution and the pentane
extracts is then placed in a vacuumoven, Figure 7, operating at 50-60°C
and 65" water vacuum until the pentane and methylene chloride have been
removed. At this time only the dried phenylhydrazone derivative remain.
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Figure 6. Automatic shaker.
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Each time a series of samples are collected, a blank containing 80 m{
of HC1l/DNPH solution is extracted and dried in the same manner as the samples.
This accounts for any aldehydes or interferring compounds whlch mlght be
found in the reagents used for extraction.

Two mi of toluene which contain a quantitative amount of anthraceng
(“0.05 mg/m toluene) as an internal standard is pipetted into the flask
containing the dried phenylhydrazone derivatives. The flask is then placed
.in a sonic bath until all of the residue is dissolved. After the precipi-
tate has dissolved, the solution is transferred to a 1/2 dram vial (Figure 8).
At this point the derivative is ready for injection into the gas chromato-
graph system.

The gas chromatograph system used to analyze the toluene solution con-~
taining the pherylhydrazone derivatives is shown in Figure 9. The system
consists of a Varian 1700 GC, and A/D converter, and a recorder. The GC
is equpped with dual colums and dual flame ionization detectors with a
single differential amplifier. The columns consist of 24 x 1/8 inch 0.D.
stainless steel tubing packed with 6.7 percent Dexsil (polycarboranesiloxane)
300 GC on DMCS treated and acid washed, 60/80 mesh Chromosorb G. The carrier
gas is helium which flows through the columns at a rate of 40 mf/minute.

The optimum hydrogen and air flow rates are 35 mi/minute and 500 mi/minute,
respectively. The column temperature, after injection of the sample, is
programmed from 120°C to 300°C at 8° a minute. In a chromatogram of a
standard sample (Figure 10) containing anthracene and the phenylhydrazone
derivatives of formaldehyde, acetaldehyde, acetone, iscbutryaldehyde, methyl-
ethylketone, crotonaldehyde, hexanaldehyde, and benzaldehyde, the first peak
eluted is toluene followed by anthracene, and then the derivatives of for-
maldehyde, acetaldehyde, acetone, isobutyraldhyde, methylethylketone, cro-
tonaldehyde, hexanaldehyde, and benzaldehyde. Data obtained from the five
repetitive injections of the standard derivatives in toluene showed a max-
imum standard deviation of 4.56 percent for benzaldehyde and a minimum stan-
dard deviation of 0.87 percent for formaldehyde. The computer printout of
the standard, Figure 10, is shown in Figure 11. This printout gives the
retention time, area, and the name of each peak. The printout also gives
the conzentration of each of the derivatives in mg/mf. The concentration is
calculated by the computer from response factors which are determined daily-
Each day a standard containing known amounts of the derivatives and anthra-
cene is injected into the GC. From the anthracene and derivative areas the
computer calculates a response factor F. The F factors are used in all sub-
sequent runs during the day to determine the concentration of the derivatives.
This response is calculated from the following equation:

_ Anthracene Area % mg/mf Derivative
Derivative Area mg/mi Anthracene

Response Factor (F)
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Figure 8. 1/2 dram vials,

Figure 9. Aldehyde and ketone analytical system.
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# Variap 1700 Operstor HER
- Column _2 . 1/8 OOD. ____ 1.0._S.S5. Tvm
1. Injection 8: Packedwith 6.7 %wt. i t3q: Phasy
2. Toluene on 60/80 " “mesh Chromosox i : Suppor
3. Anthracene Run IS0 @, OC using_40 _co/min. Helium ° Carrier
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4. Formaldehyde nid@_120 °CIs0for_ - min.,progto_ 300 U6
5. Acetaldehyde e_8 fmin. Held for min., Prnom___ucn Simin
6. Acetone held for ronln. {ather),
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Retention time, minutes

Fiugre 10.

Chromatogram of standard,
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G1¢

REPORT: 1411 CHANNEL: 11
SAMPLE: STANDARD INJECTED AT 11:18:27 ON MAR

ISTD METHOD: DNPHI11

ACTUAL RUN TIME: 30.008 MINUTES

ISTD-RATIO: +050,R MG/ML STD-AMT: «+ 0500
RT AREA MG/ML NAME
726 9638 BB &ANTHRACENE
9.81 11159 BB «203 #FORMALDEHYDE
11.71 13355 BV «202 #ACETALDEHYDE
12. 64 17898 vV «» 203 #ACETONE
13.28 16448 VV «202 #ISO-BUTYRALDEHYDE
13.70 16469 VV «201 #MEK
1469 11167 VV +199 #CROTONALDEHYDE
16.08 15988 Vv «202 #HEXANALDEHYDE
1908 10525 BB «198 #BENZALDEHYDE
TOTAL AREA = 122648 TOTAL MG/ML =

Figure 11. Computer printout of standard,

1, 1978

SAMP~AMT 3 1.0000
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Typical response factors for each of the derivatives are listed below:

Factor Name

1.0000 Anthracene

3.1043 Formaldehyde
2.7736 Acetaldehyde
2.2366 Acetone

2.4160 Isobutyraldehyde
2.3332 Methylethylketone
3.4174 Crotonaldehyde
2.3428 Hexanaldehyde
2,9329 Benzaldehyde

When the response factor is known a concentration in mg/mf for each of the
derivatives can be found. This concentration, along with the volume of
sampled exhaust is then used to calculate the concentration of the carbonyl
compounds in exhaust. Figures 12 and 13 show a typical sample chromatogram
and accompanying printout respectively.

CALCULATIONS

This procedure has been developed to provide the user with the concen-
trations of the aldehydes (formaldehyde, acetaldehyde, isocbutyraldehyde,
crotonaldehyde, hexanaldehyde, and benzaldehyde) and ketones (acetone and
methylethylketone) in exhaust. The results will be expressed in ug/m3 of
exhaust and ppm for each carbonyl compound. The equations for determining
the concentrations in pg/m3 and ppm are derived in the following manner.

The first step is to correct the volume of exhaust sampled to a stan-
dard temperature, 68°F and pressure, 29.92"Hg, by use of the equation

v P \'
exp X exp _ _corr X corr

T T
exp corr
Vexp = experimental volume of gas sampled in ft3
Vcorr = volume of gas sampled in ft3 corrected to 68°F and 29.92"Hg
Pex = experimental barometric pressure
PP = 29.92"Hg
corr ; X
Tex = experimental temperature in °F + 460
chl;r = 68°F + 460 = 528°R

Solving for Vv gives:
corr

P ("Hg) x V (ft3) x 528°R
v _ _exp exp
corr T (°R) 29.92" Hg
exp

216



Injection
Toluene
Anthracene
Formaldehyde
Acetaldehyde e e C o ep e
Isobutyraldehyde

Methylethylketone -

Crotonaldehyde , .
Hexanaldehyde T T T T me e
Benzaldehyde

Y U1 s N

O W o

[

24 22 20 18 16 14 12 10 8 6 4 2 0

Figure 12. Sample chroamtogram.
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81¢

REPORT:

SAMPLE: RCI

20

I1STD METHOD: DNPHI

ACTUAL RUN

ISTD-RATIO:

2T

Te15

T«¢95
1003
11.88
12.83
13.78
1488
1595
1677
1620
-20.23
2352
25.03
25. 48

TUTAL AREA

CHANNEL: 11

1

INVUECTED AT 15:41:05 ON MAR 1, 1976

TIME: 30.017 MINUTES
«050,R MG/ML STD=-AMT: +0500 SAMP~-AMT
AREA MG/ML NAME
8604 BV &ANTHRACENE
435 VB «003
8877 BB +186 #FORMALDEHYDE
575 BV «010 #ACETALDEHYDE
4623 VV «007 #ISO-BUTYRALDEHYDE
1594 WV +022 #HMEK
2630 vV + 053 #CROTONALDEHYDE
14¢ VvV + 002 #HEXANALDEHYDE
675 VV <004
648 VB «012 #BENZALDEHYLE
1912 BV <011
217 vv +001
13 VB 7.6E- 5
84 BB 4.9E- 4
= 26874 TETAL MG/ML = « 310
¥PRC11 RAW DATA FILE: *RAWll

PROCESSED DATA FILE:

Figure 13. Computer printout of sample.
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The next step converts the volume from cubic feet to cubic meters by
use of the conversion factor;l cubic meter is equal to 35.31 cubic feet

("Hg) x V (ft3) X 528°R
VCorr(m3) = =XP 2.

Texpx 29.92" Hg x 35.31 £t3/m3

(Equation 1)

The next step converts the mg/m{ of derivative determined by the com-
puter to mg of carbonyl collected in the two impingers. To obtain mg of
derivative, the concentration (from the computer printout) in mg/m{ is
multiplied by the volume of toluene used to dissolve the solid extract.

i i = Conc
mg derivative Doy (MI/ML) x vol., . (m2)

To find mg of carbonyl compound per sample the mg of derivative are
multiplied by the ratio of the molecular weight of the carbonyl derivative
over the molecular weight of its phenylhydrazone derivative.

mol. wt. carbonyl
mol. wt. derivative

mg carbonyl = mg derivative x

= ConcDer (mg/m) x V’olTo (mf) x mol. wt. carbonyl

1 mol. wt. derivative

To obtain the number of Yy of carbonyl compound the mg of carbonyl are
multiplied by the conversion factor, 1000 ug/mg.

Hg carbonyl = Conc (mg/m%) Vol (m%) mol. wt. carbonyl
Dexr X Tol X Mmol. wt. derivative

X 1000 yg/mg
(Equation 2)

The concentration of the carbonyl compound in exhaust can now be found
in pg/m3 by dividing equation 2 by equation 1.

) . wt. carbonyl
ConcDer (mg/ml) x VolTol {(m2) x mol y

P ("Hg) x V (ft3) x 528°
exp exp

Hg carbonyl/m3 =

o 29.92" Hg x 35.31 ft3/m3
1000 ug/mg x Texp (°R) x 29.9 g x ;

mol. wt. derivative

(Equation 3)
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To find the concentration of each carbonyl compound in ppm, the den-
sities of carbonyls are needed. At 29.92" Hg and 32°F, one mole of gas
occupies 22.4 liters. This volume is corrected to 68°F from the equation.

S .h
T T1
v, = 22.4
T1 = 32°F + 460 = 492°R
V = volume at 68°F
T = 68°F + 460 = 528°R
Solving for V gives:
lehT 22,4 x 528
Ve = = 795 = 24.044%

1
Since one mole of gas occupies 22.04% at 68°F, the density can be found in
g/% by dividing the molecular weight in g/mole by 24.04 %/mole.

mol. wt. (g/mole)
24.04%/mole

den (g/%) =

The density in ug/m{ can be found by converting g to Ug and ug and { to
mf as follows:

6
_mol. wt. g/mole 1 x 10 ug/g _ mol. wt. x 1000
den ug/md = = 0it/mole X 1 x 103 mi/% % 24.04

(Equation 4)

To obtain the concentration of each carbonyl in ppm, the concentration in
ug/m3 is divided by the density in ug/ml

. ml
ppm = pg/m3 + pg/m = o~

Using Equations 3 and 4 gives the ppm concentration in the form of the raw
data.

ConcDer (mg/ml) x VOlTb (mf) x mol. wt. carbonyl x 1000 pg/mi

ppm = 1 3
P ("Hg) x V (f£t7) x 528° x mol., wt, derivative
exp exp
Texp (°R) x 29.92" Hg x 35.31 ft3/m3 x 24.04 f/mole
X

mol. wt carbonyl x 1000
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Con (mg/ml) x Vol (m2) x Te

Der Tol xp (°R) X 29.92" Hg

' 3
P "y \Y/ °
epr( g) x exp (£t7) x 528

35.31 ft3/m3 X 24.04 &/mole
mol. wt. derivative

(Equation 5)

At this point, the concentration can be expressed in ug/m3

(Equation 3) and
ppm (Equation 5) at 68°F and 29.92" Hg from the raw data.

Bewlett-Packard Calculations

In order to insure maximum turnaround in a minimum time period a Hewlett-
Packard 67 program was developed to calculate the aldehyde and ketone concen-
tractions in ug/m and ppm from the raw data and phenylhydrazone derivative

concentrations (from computer printout). This program is presented in
Figure 14.

Sample Calculations

Assume exhaust samples were collected in glass impingers for each por-
tion of a three bag 1975 FTP. Raw data for these tests is presented in

Figure 15. Calculations were performed using the HP-67 programs and manual
calculations.

Manual calculation for driving cycle FTP-1:

ConcDer (mg/m{) x Vol {(m%) x mol. wt. carbonyl

Tol

" £+3
Poxp ("Hg) x Vexp (£t°)

ug/m3 formaldehyde =

°R 29.92" H
1000 ug/mg x Texp (°R) x g
528°R

35.31 ft3/m3
mol. wt. derivative

X

0.186 mg/ml x 2mf x 30.03 g/mole x 1000 ug/mg
29.80" Hg x 3.196 ft3 x 528°G

fl

. 335°R x 29. 92" Hg x 35.31 ft3/m3
201.15 g/mole

597.5 ug/m3
3. .
ppm formaldehyde = Ug/m” + density ug/ml

. mol. wt. (formaldehyde) x 1000
density ug/ml = ~4.048
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User Instruetions

ALLEOY 5 ARD KETONES IN EXHAUST

; 3 v aureul
STEP IN5 TRUCTIONS ua'&,mn: KEYS DATA UNITS
[ |
] Switch tu ang switch to ran I I |
, .
Uz Feed card in from right to lult, siae | | Il I
|
Gy | Peed card in Erom right to left, wide 2 { I |
tiyy Set decimal place lg [lseil
1 | loput  sample volume £13 ta 11 :
12 Input  barometric pressurc "Hy [R5 j
i . )
s Input  sample temlaturs °r . I rzs ] ’
4 Input  volume toluene mg . _ | Iwresli !
5 Input  cong, formaldelyde hor, | mazmt ] [ _R/S I i
](" utput  cone. farmaldehyde | R/s I ! ig/md
i output  conc. formaldehyde it I ! prm
b Input . acetaldehyde dey. s i i
" Output  couc, agetaldehyde L] twstd ! y/w?
17 ouepnt cone. acetaldenyde N L A
] It - cone. aceteny der. masnk .| | R/s 1 I
S outbut  conc. acotone . IRVERE i ing/m3
ilj vutput - conc. acetone | I | 1 pm
'2” Input  conc. isobutyraldehyde aer, ng/mg . I rss tl i
!1" Gutpbul  wonc. lsobutyraldshyde . sl I wam?
ilb Qutput - gone, igobutyraldeliyde: i . f II | Lpn
-
[ Input - conc. methyluthylkelone duk. mg/md . Pwss il |
i
(18 joatpue - cone. methylethylketone ] s ” ! pu/m3
:l" cutput  cone. methylethylhetone o | I ! pia
o Input -~ vone, crotenaldehiyde des. ny/nd... [ r/s || |
col ¢ . ,
Output - cong. crotonaldehyde o Iws ! /'
, autput conc. crotonaldeliyde: ) | ll l (3%
| Lokal  cone. bexanaldehyde der. mylad I R/s || |
Qucput  cone. hexanaldehyde . [rs | J pa/m3
; dutput vone, hexanaldehyde . | | [ | 1 fo1m
Plupet cong, benzaldelyde el ng/mk.. fr/s | |
; | ducput cond. benzaldebyde | K/8 ' | | L
SO arpul e, benzaldohyde ! H ! L P
i i i ]
H ’ ‘ | 1 i
o b
;
I i il ;
I . f I I
| ) I
] I |

Figure 1l4. HP-67 user instructions.
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STEP  KEY ENTRY  KEY CODE COMMENTS STEP  KEYENIRY  KEY COUE CUMMENIS
ooy I;' Wla Jalzs 11 [pet sl vl T ™
SRRUIPR, WUV ¥ R SR O 129 _ N ,!' 3
o - & we
; vutput ‘.g/’m“
Input Barometer,"Hyg
Input Sawmple Pemp, °F N
Output ppan, in
ng/my
h x gy 35 52
S 81 .
020 b 1/% 35 2
R/S 81 __ilnjut Vol toluene,
X 71 mi Gutgul gt
STO 2 33 s
R/S .84  Tipent ners mx
BCL 2 34 954
X 21
Q O
* 83 output ppa, In
1 (V3 pys
030 a4 ga___ % 9
IO SSVORID: SRR NP ¢ ¢ SR 0.
X R § D 3 - 'k
wls 81 vutput pyg/m 2 Q2
1 1} 090 8 08
2 02 6 06
4 04 X 71
9 Q9 R/S 84 Qutput |zg/m3
H 81 3 03 ]
R/S 84 output ppw, In mg/m o} 00
M0 __IRCL.2 4 02 [ 00
X 71 Q (010 BN
0 00. z sl _ )
: 83 R/S 84 wtput ppm, in
1 0l 760 RCL 02 | 34 uz | g,
*] Ny X 71
A 06, 0 00 o
X 721 . 83
RS ad Gutput g/’ 2 02
1 Q1 8 08
020 a 0& 0 [ore}
3 U3 X 71 4
2 02 R/8 84 output 1g/m
X 21 2 02 -
R/S a4 Gutput ppm, In mg/mi|iio 9 09
B2 34 02 1 ol
. X 71 6 06
REGISTERS
0 1 2 3 Fy 5 6 7 B Y
S0 51 S2 S3 B S5 S6 S7 58 EX)
N
A T @ ] [

Figure 14 (Cont'd).
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Program Listing

STEP KEY ENTRY XEY CODE CUOMMLNIS SIep KEY ENTHY KEY CODE CUMMENTS

“loutput ppae, In Lg/mef 1

output uq/mJ

output prw, Inpg/me|_ —

e KCL 2 34 02

X 71 ~ﬂ PR, S
[E— a [
L L 83 .
USROS TSUSNUNR: NV S+ Y
i i a7
- 1 01 N
! X 71
j R/S 84 Output hq/nH
- 4 G4
;“" 4 04
X 1 01
i 5 05
! : 81 e

R/S 84 Output ppm 200 B
. 4 RIN 35 22
150 e
e o
i —— - et
-

LABELS FLAGS SET STATUS
E) m 5 & 3 )
i FLAGS TRIG DISP
:1 b © 3 3 1 ON OFHF
: 9 111 f bke 1] o
: ! 2 3 4 2 1t | anRan o |osa
i i 7 R — 5 I 2tt | BAD i | bl

3040 s t

Figure 14 (Cont'd). HP-67 program form.

224



SWRI PROJECT NO.
FUEL: CVS NO.
SAMPLE COLLECTION BY:
GENERAL COMMENTS:

TEST NO.

TUNNEL SIZE:

TEST DATE:
DRIVER:

CHEMICAL ANALYSIS BY:

VEHICLE:
MILES:

CALCULATIONS BY:

Test No. 1 2 3 4 5 &
priving Cycle FIP-1 | FTP-2 | PTP-3 | SET-7 HFET NYCe
Volume, Ft3 3.196 | 1.625 | 2.010 |3.730 8.241 | 1.070
B.P., "Hg 29.80 | 30.02 | 290.02 |29.25 29.95 | 29.50
Temp. °F 75 80 % 85 83 89
Vol. Teluene ml 2 2 2 2 2 2
Formaldehyde Der Conc mg/ml | 0.186 0.105 0.201 0.312 0.732 0.142
Formaldehyde Conc Mg/m° 508 665 1100 891 921 1410
Formaldehyde Conc Pém 0.479 0.532 0.881 0.713 0.737 1.130
Acetaldehyde Der Conc mg/mi | 0.127 0.092 0.157 0.282 0.612 0.102
Acetaldehyde Conc ug/m3 559 798 1170 | 1100 1060 | 1390
Acetaldehyde Conc ppm 0.305 0.436 0.639 0.600 0.579 0.759
Acetone Der. Conc mg/ml 0.121 0.098 0.161 C.285 0.595 0.105
Acetone Conc ug/m3 663 1060 1500 1390 1280 1780
Acetone Conc ppm 0.274 0.439 0.621 0.575 0.530 0.737
I-Bu Aldehyde Der Conc mg/ml 0.022 0.011 0.028 0.023 0.051 0.009
I-Bu Aldehyde Conc ]Jq/m3 141 139 305 131 128 179
I-Bu Aldehyde Conc ppm 0.047 0.046 0.102 0,044 0.043 0.060
MeEt Ketone Der Conc mg/ml | 0.098 | 0.084 | 0.097 | 0.198 0.252 | 0.075
MeEt Ketone Conc pg/m3 630 1060 1060 1130 634 1490
MeEt Ketone Conc ppm 0.210 0.353 0.353 0.377 0.211 0.497
Cro-Aldehyde Der Conc mg/mli | 0.086 0.074- 0.076 0.105 0.286 0.072
Cro-Aldehyde Conc ug/m3 541 917 811 587 705 1400
Cro-Aldehyde Conc ppm 0.186 0.314 0.278 0.201 0.242 0.480
Hex-Aldehyde Der Conc mg/ml 0.031 0.018 0.030 0.027 0.078 0.011
Hex-Aldehyde Conc ug/m3 250 286 411 194 246 275
Hex-Aldehyde Conc rpm 0.060 0.069 0.099 0.047 0.059 0.066
Benzaldehyde Der Conc mg/ml 0.093 0.081 0.097 0.121 0.232 0.081
Benzaldehyde Conc Lg/m3 775 1330 1370 897 757 2090
Benzaldehyde Conc ppm _9-176 0.301 0.310 0.203 0.171 0.473
Figure 15. Aldehyde collection sheet.
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mol. wt formaldehyde = 30.03 g/mole

30.03 g/mole x 1000
24.04%

ppm = 597.5 Hg/m3 + 1249 ug/mL = 0.478 mf/m3 = 0.478 ppm

density = = 1249 ug/mf

The calculations for acetaldehyde, acetone, isobutyraldehyde, methylethyl-
ketone, crotonaldehyde, hexanaldehyde, and benzaldehyde are carried out in
the same manner by substituting the appropriate derivative concentrations
and molecular weights into the above formulas. These calculations give the
following concentrations:

3
acetaldehyde, 561 Ug/m,3 and 0.306 ppm
acetone, 663 ug/m3 and 0.274 ppm
isobutyraldehyde, 141 ug/m3 and 0.047 ppm

methylethylketone, 630 ug/m3 and 0.210 ppm

crotonaldehyde, 541 ug/m3 and 0.186 ppm
hexanaldehyde, 250 ug/m3 and 0.060 ppm
benzaldehyde, 775 yg/m” and 0.176 ppm

Note: The values used in these calculations are picked from a range of tem-
peratures, derivative concentrations, etc. to validate the calculations and
may not be representative of expected raw data. The calculations are pre-
sented to confirm the manual and HP-67 calculations give the same results.
This was confirmed for six sets of calculations.

LIST OF EQUIPMENT

The equipment required for the analysis of aldehyde and ketones is
divided into three groups: sample acquisition, sample preparation, and
sample analysis. Manufacturer, stock number and any pertinent descriptive
information are listed.

Sample Acquisition

1. Glass impingers, Ace Glass Products, Catalog #7530-11, plain
tapered tip stoppers with 18/7 arm joints and 29/42 bottle joints.

2. Flowmeter, Brooks Instrument Division, Model 1555, tube size
R-2-15-C, graduated 0-15, sapphire float, 0-5 £/minute range.

3. Sample pump, Thomas Model 106 CAl8, capable of free flow capacity
of 4 %/minute.

4, Dry gas meter, American Singer Corporation, Type AL-120, 60 CFH
capacity.

5. Regulating valve, Nupro 4MG, stainless steel.
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10.

11.

12.

13.

14.

15.

16.

17.

1s8.

19.

20.

21.

22,

23.

24.

Teflon tubing, United States Plastic Corporation, 1/4" OD x
1/8" ID and 5/16" ID x 1/8" 1D.

Teflon solenoid valve, The Fluorocarbon Company, Model DV2-144NCAL.

Drying tube, Analabs, Inc., Catalog #HGC-146, 6" long, 1/4" brass
fittings.

Miscellaneous Teflon nuts, ferrules, unions, tees, clamps, connec-
tors, etc.

Digital readout for dry gas meter.
Miscellaneous electrical switches, lights, wirings, etc.
Six channel digital thermometer, Analog Devices, Model #2036/J/1.

Iron/Constantan type J single thermocouple with 1/4" OD stainless
steel metal sheath, Thermo Sensors Corporation.

Variable autotransformer, Staco Inc., Type 3PN 1010.

Heating sleeve wrapped with insulation and insulation tape.

Class A, 20 m{ volumetric pipets.

Class A, 1000 mi volumetric flask.

Teflon coated stirring bar.

Hot plate-stirrer, Corning, PC-351.

Stainless steel heated filter assembly - 7 cm, Scott, capable of
temperature to 204°C, includes 2 heaters, adjustable thermostat
switch, stainless steel insulated covers and sample bypass solenoid

valves.

Glass microfiber filter discs, Reeve Angel 934-aH, Whatman, 7 cm
diameter.

Flexible, heavy insulation heating tape, Briskeaéﬁl width-1/2 inch,
length-48 inches.

Temperature Controller, Athena, 100-600°F.

Heated TFE Teflon hose, Technical Heaters Inc, 5' x 1/4", tempera-
ture limit 400°F.
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Sample Preparation

1.

9.

10.

11.

12.

Fritted glass filters, Ace Glass Company, porosity D, ASTM 10-20
microns pore size, 24/40 ground glass joint, vacuum takeoff,

Constant temperature vacuum oven, National Appliance Company.
Pump for oven, Thomas Industries, Model 907CAlS8 2.

Flasks, 125 mf capacity, 24/40 ground glass joints.
Separatory funnels, 125 mf.

Separatory funnels, 250 mf.

Separatory funnel shaker, Burrell Corporation, Wrist—Action.@Dtype
with appropriate funnel holders, Model 75.

Ring stands, labels, holders, tubing, vacuum tubing, fittings and
clamps needed for equipment manipulation.

Wash bottles, 500 mf.
Graduated cylinders, 50 mf.
Vials, Kimble, 1/2 dram.

Vacuum pump, Sargent-Welch.

Sample Analysis

1.

Varian 1700 gas chromatograph equipped with dual flame ionization
detectors in differential operation, and a linear temperature
programmer.

Soltec Model B-281 1 mv recorder.

Hewlett-Packard Model 3354 gas chromatograph computer system with
remote teletype printout.

Syringe, 10 m{, Hamilton Company, #701.
bual columns, 24 x 1/8" ID, stainless tubing packed with 6.7

percent Dexsil 300 GC on Chromosorb G 60/80 mesh, DMCS treated
and acid washed.

LIST OF REAGENTS

A list of the reagents used in the determination of the aldehydes and
ketones in exhaust is provided along with chemical formula, molecular weight,
purity, manufacturer, and catalog number.
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1. Hydrochloric acid, HCl, 36.46 g/mole, concentrated (37%), analyt-
ical reagent, Mallinckrodt, Cat. #2612.

2. Pentane, CsHy2, 72.15 g/mole, Distilled in glass (bp 35-37°C),
Burdick and Jackson Laboratories, Inc.

3. 2,4 Dinitrophenylhydrazine (2,4-DNPH), (N02)2C6H3CH=N~NH2,
210.149 g/mole, Aldrich analyzed, Aldrick, Cat. #D19,930~3.

4, Sodium Bicarbonate, NaHCO3, 84.00 g/mole, Mallinckrodt, Cat. #7412.

5. Anthracene, C14H10' 178.24 g/mole, K and K Laboratories, Cat.
#10714.

6. Toluene, C HSCH3, 92.14 g/mole Baker Analyzed Reagent, Baker
Cat. #3-9460.

7. Methylene Chloride, CH2C12, 84.93 g/mole, Reagent ACS, Eastman,
Cat. #13022.

PREPARATION OF ABSORBING SOLUTION

To prepare the absorbing solution, 163 mf of concentrated HCl and 2.5 g
of 2,4~DNPH crystals are added to a one liter volumetric flask containing
about 500 m? of deionized water. The flask is diluted to mark and stirred
for several hours at room temperature with an automatic stirrer/Teflon
coated stirring bar to dissolve the DNPH. Fresh absorbing solution is pre-
pared daily as needed.

PREPARATION OF TOLUENE/ANTHRACENE SOLUTION

Toluene containing approximately 0.05 mg anthracene per ml of toluene
is used to dissolve the dried phenylhydrazone extracts. This solution is
made by adding 100 mg of anthracene to a two liter volumetric flask and di-
luting to mark with toluene.

PREPARATION OF PHENYLHYDRAZONE DERIVATIVES

In order to obtain response factors for each of the phenyhydrazone
derivatives to anthracene, pure derivatives were prepared from their re-
spective aldehydes and ketones. These derivatives were made by adding each
of the carbonyl compounds separately to a 2 N HC1-DNPH solution. 'I'he.result-
ing orange to red precipitates were filtered and dried. The derivatives
were then recrystallized from hot absolute ethanal. The melting points
for each of the derivatives were compared to literature values before use.

A GC trace was also made on each of the derivatives to further check the
purity.
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PREPARATION OF STANDARD SOLUTION OF PHENYLHYDRAZONE DERIVATIVES AND ANTHRACENE

A standard containing the phenylhydrazone derivatives and anthracene in
toluene is prepared to obtain a response factor of each of the derivatives
to anthracene. The solution is made by dissolving weighed amounts of an-
thracene and each of the derivatives in a quantitative volume of toluene.
These solutions contain 0.05 mg anthracene per mf of toluene and 0.2 mg of
each derivative per m{ of toluene.

REFERENCES

This procedure is taken from the procedure: "Oxygenated Compounds in
Automobile Exhaust-Gas Chromatograph Procedure" by Fred Stump, ESRIL,
Environmental Protection Agency, Research Triangle Park, North Carolina.
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APPENDIX B

TOTAL CYANIDE PROCEDURE
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THE MEASUREMENT OF TOTAL CYANIDE IN EXHAUST

The measurement of total cyanide (hydrogen cyanide and cyanogen) in
dilute exhaust is accomplished by bubbling exhaust through glass impingers
containing a 1.0 N potassium hydroxide abgsorbing solution. The cyanide
reacts with the potassium hydroxide to form a stable salt which remains in
solution. Upon completion of the test, an aliquot of the absorbing solution
is treated with monopotassium dihydrogen phosphate buffer and Chloramine-T.
The reaction of cyanide and Chloramine-T in the presence of the buffer re-
leases a gas, cyanogen chloride. For analysis, a portion of this cyanogen
chloride gas is injected into a gas chromatograph equipped with an electron
capture detector (ECD). External cyanide standards in 1.0 N potassium
hydroxide are used to quantify the results. The detection limit for this
procedure is less than 0.01 ppm.

SAMPLING SYSTEM

Two glass impingers in series, with each containing 25 m{ of 1.0 N
potassium hydroxide, are used to collect exhaust samples for analysis of
cyanide. A flow schematic of the sample collection system is shown in
Figure 1. The two glass impingers, when maintained at ice bath temperature
(0-5°C), collect 99+ percent of the hydrogen cyanide and cyanogen. The flow
rate through the impinger is maintained at 4 2/minute by the sample pump.

A dry gas meter is used to determine the total flow through the impinger
during a given sampling period. The temperature of the gas stream is
monitored by a thermocouple immediately prior to the dry gas meter. A
flowmeter in the system allows continuous monitoring of the sample flow.

A drier is included in the system to prevent condensation in the pump,
flowmeter, dry gas meter, etc. When sampling from diesel fueled vehicles,

a heated filter, located between the on-off solenoid valve and the dilution
tunnel, is used to prevent diesel particulate from contaminating the sampling
system. The filter and line connecting the filter to the dilution tunnel are
heated to 375°F in order to keep hydrogen cyanide and cyanogen from being re-
tained on the removed particulate. The Teflon line connecting the heated
filter and the solenoid valve is heated to ~175°F in order to prevent water
from condensing in the sample line. Several views of the sampling system
are shown in Figure 2.

ANALYTICAL PROCEDURE
The analysis of total cyanide (hydrogen cyanide and cyanogen) in exhaust

is accomplished with the use of a gas chromatograph equipped with an :electron
capture detector (ECD). This detector is highly sensitive to halogens and
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halogenated compounds. 1In this procedure the cyanide ion (CN™) is reacted
with Chloramine-T (sodium paratoluene sulfonchloramide) to form cyanogen
chloride (CNC1l) which can be detected at low concentrations by the ECD.
Because of the sensitivity of the ECD to the halogenated cyanogen chloride,
cyanide can be detected at low concentrations in exhaust by this procedure.
A detailed description of this procedure follows. An analysis schematic for
the procedure is shown in Figure 3.

During each test cycle a portion of the diluted exhaust is bubbled
through two impingers in series, with each impinger containing 25 m of 1.0N
potassium hydroxide. The temperature of the impingers is maintained at

0-5°C by an ice water bath, and the flow rate through the impinger is main-
tained at 4 %/minute throughout the test cycle. Upon completion of each
driving cycle, the impingers are removed and the content of each are trans-
ferred to a separate 30 m{ plepropylene bottle and capped. A 1 ml aliquot
is removed from one of the bottles and placed in a 5 m{ Glass Reacti-vial.
A2 ml allquot of 1. Oripota551um dihydrogen phosphate buffer is then added
carefully down the side of the vial. This adjusts the pH to neutral or
sllghtly a01d. Almk allquot of Chloramine-T is then carefully added down
the side of the v1al to the buffered solution. Turbulent addition of this
reagent can cause premature release of cyanogen chloride. The cap with a
septum top is immediately screwed tightly into place. The resulting solu-
tion'is then set aside for 5 minutes. This allows the Chloramine-T to
react completely with the trapped cyanide ion. The vial is then vibrated for
‘5 seconds to release cyanogen'chloride into the gas phase. With a gas-tight
syringe a 100 u2 sample of the head space is removed through the septum top
and 1mmed1ately injected into the gas chromatograph. This procedure is then
repeated for the second 1mplnger. Some of the steps in this procedure are
shown in Figure 4.

A Perkin-Elmer 3920B gas chromatograph with an ECD is used to analyze
the sample. A 6' x 1/8" stainless steel column packed with 100/120 mesh
Porapak’Q is used to separate the cyanogen chloride from other compounds
in the sample. The carrier gas, 95% argon-5% methane, flows through the
column at a flow rate of 40 m{/minute. The column temperature is isothermal
and malntalned at 140°C. Oxygen, carbon dioxide, and water elude from the
column before cyanogen chloride. The sample peak area is determined with a
Hewlett-Packard Model 3354 computer system with a remote teletype printout.
The peak area is compared to ghe peak area of a'standard cyanide ion solution
which is developed in a manner similar to that .of the sample. Figure 5 shows

the analytical system with gas chromatograph detector, integrator, and
recorder.

This procedure provides a rapid and sensitive method for analyzing total
cyanide in exhaust without extensive wet chemical work up. The analysis time
is on the order of about 5 minutes after injection into the gas chromatograph.
The sensitivity of the ECD extends the minimum detectable 1limit to less than
0.0l ppm cyanide ion with the specified flow rates, absorbing solution vol-
ume, syringe size, vial size, and reagent quantities. This limit can possibly
be extended by changing these parameters. The simplicity and rapid data
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ME TRIC .

Step 1. Glass reacti-vial with septum cap

-

Step 2. Aliquot removal

Figure 4. Various steps in sample collection and
analysis of total cyanide in exhaust.

238



Step 3. Reagent addition

Step 4. Sample shaking

Figure 4 (Cont'd). Various steps in sample collection and
analysis of total cyanide in exhaust.
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Step 5. Head gas removal

Step 6. Sample injection

Figure 4 (Cont'd). Various steps in sample collection and
analysis of total cyanide in exhaust.
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turnover makes this procedure ideal for repetitive analysis. A gas chroma-
tograph trace for a cyanide standard is shown in Figure 6.

CALCULATIONS

This procedure has been developed to provide the user with the concen-
tration of total cyanide in exhaust. The results will be expressed in ug/m3
of exhaust and ppm. The equations for determining the concentrations in
ug/m3 and ppm are derived in the following manner. -

The first step is to correct the volume of exhaust sampled to a stan-
dard temperature, 68°F, and pressure, 29.92"Hg, by use of the equation

P \ P V.
exp X eXp = Corr X COrr-,

T T
exp corr
3
Ve = experimental volume of gas sampled in ft
Vcigr = volume of gas sampled in ft3 corrected to 68°F and 29.92"Hg

o = experimental barometric pressure
PP = 29.92mg

ngrr = experimental temperature in °F + 460
°¥P = 68°F + 460 = 528°R
corr .
Solving for Vcbrr gives:
P "H 8 3 -]
v _ Pexp ("Hg) x Véxp (f£”7) x 528°R
corr T {°R) x 29.92"Hg

exp

The next step converts the volume from cubic feet to cubic meters by
use of the conversion factor; 1 cubic meter is equal to 35.31 cubic feet.

P ("Hg) x V  (£ft3) x 528°R
exp exp

.31 ft3/m?

pI

o . " )
Texp (°R) x 29.92"Hg x 3?

(Equation 1)

The next step is to find the concentration of total cyanide in ug/mf.
Since the gas chromatograph ECD has a linear response in the concentration
of concern, then the following equation holds.

Coam (gg/mz) ) Corg fug/ml)
Asa_'m AStd
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C = concentration of the sample in ug/mf

AiZﬁ = GC peak area of sample in relative units
Cstd = concentration of the stan@ard in yg/m% .
Astd = GC peak area of standard in relative units

1lvin i s
Solving for Csam gives

(ug/ml)  A___
A

std

C
Csam (ug/mf) _ _std

The Cggy (Mg/mR) in solution is corrected for any necessary dilution by
multiplying by the dilution factor, D.F.
A D.F.
(ug/mf) x cam X

Astd

C ..
Csam (Ug/mi) = std

To obtain the total amount of ug of total cyanide in the absorbing
solution, the absorbing reagent volume is multiplied by the concentration
to give:

g sample = C o (hg/ml) x Abs. Vol. (ml)

sal

C
= Copq (Mo/mU)x A x D.F. x Abs. Vol. (ml)

Astd

(Equation 2)
X 3 . . -
To obtain Ug sample/m , Equation 2 is divided by Equation 1 to give:

c (ug/ml) % A x D.F. x Abs. Vol. (ml)
ug sample/m3 = std sam

" <]
Astd x Pexp ("Hg) x 528

T X 29.92"Hg x 35.31 (ft3/m3)

% __EXp
v (£t3)
exp

(Equation 3)

To find the concentration of total cyanide (as HCN) in ppm, the density
of hydrogen cyanide is needed. At 29.92"Hg and 32°F, one mole of gas oc-
cupies 22.4 liters. This volume is corrected to 68°F from the equation

AN 4
T Tl
Vl = 22.42
T1 = 32°F + 460 = 492°R
V = volume at 68°F
T = 68°F + 460 = 528°R
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solving for V gives:

A\ T 22.4 x 528

V=7 = 93 = 24.042

Since one mole of gas occupies 22.04% at 68°F, the density can be found
in g/& by dividing the molecular weight in g/mole by 22.04 2/mole

N

mole. wt. g/mole
24.04 %/mole

density (g/) =

The density in ug/mf can be found by converting g to Ug and £ to mf as
follows:

. . x 106
density pg/mg = 2oL- wt. g/mole 1 X 10° ug/g _ mol. wt. X 1000

.0 1 ' -
24.04 Q/mo e 1 % 103 m,Q,/,Q, 24.04

(Equation 4)

To obtain the concentration of total cyanide (as HCN) in ppm, the concen-
tration in JUg CN"/m3 needs to first be converted to Ug HCN/m~. This is done
by multiplying the concentration in ug CN /m by the ratio of the formula
weight of HCN to the formula weight of CN~

formula weight HCN (ug/y mode)
formula weight (N~ (ug/u mode)

27.026 ug HCN/U mole
X 26.018 Uug CN~/uU mole

ug HCN/m3 = pg cN~/m3 x

Il

3
Ug CN~/m

g HCN
ug CN™

Hg CN'/m3 x 1.039
' (Equation 5)

The concentration of total cyanide (as HCN) in ppm can now be obtained by
dividing by the density in ug/m.

ppm (HCN) = ug HCN/m3 + density ug/mi = m/m3
Using Equations 3, 4, and 5 gives the ppm concentration in the form of the

raw data. -
- F. Abs. Vol.
24.04 (L) x Cstd (Ug CN~/mR) x Asam x D.F. x Abs

H = ”
pem (HCN) mol. wt. (g/mole) x 1000 x AStd X Pexp ("Hg)
ug HCN
T (°R) x 29.92 "Hg x 35.31 f££3/m> x 1.039 L =
5 SXP Hg

528°R x V (££3) ]
exp (Equation 6)

At this point, the concentration can be expressed in Hg CN~/m3 (Equation 3) and
ppm (Equation ) at 68°F and 29.92"Hg from the raw data.
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User Instructions

‘1 TOPAL CYANIDE IN EXHAUST

INPUT OUTPUT
STEP INSTRUCTIONS DATA UNITS KEYS DATAONITS
03 | switch to on; switch to Run i b :
3, | Feed Card in from right to left, side 1 | H i
031 Set Decimal Place ) | g |]sc1)
1 | Input Sample Volume £t3 I a1l !
2 | Input Barometric Pressure "Hy [ RIS
3 | Input Sample Temperature “F Pwstl
4 | Input Absorbing Reagent Volume md | R/5 i
5 | Input Dilution Factor, Bubbler i (RS i
[ Input Standard Conc. Bubbler #l1 ng ON"/mt IRYERN }
7 Input Standard Area, Bubbler #1 counts ! RS ! | !
8 Input Sample Area, uB}xbblgr #1 counts | R/S | ;
'+ | Output Sample Conc., Bubbler #1 | il i oy N /m?
16 | Input Dilution Factor, Bubbler #2 | w5 i [ ’
11 | Input Standard Conc., Bubbler #2 g CN~/mi | R/S | |
12 | Input Standard Area, Bubbler #2 counts [ | R/s{] !
13 | Inpuc Sample Area, Bubbler #2 counts | Iwsil |
14 | Output Sample Conc., Bubbler #2 | | ug ON-/m3
15 | Output Sample Conc., Bubbler #1 & #2 | ué CN'/mj
16 Olir.put; Sample'Conc. i ppm HCN
i
{ .
1
|
|
(
!
|
[ —

Fiugre 7.

HP=-65 user instructions.

246




STEP

KEY ENTRY KEY CODE

247

COMMENTS STEP
001 £ IBL A |31 25 11 |In Sample Vol. Its <TYENTRY Kev cone COMMENTS
2 02 - —
£ 8l T D—
R/S 84 In Barometric "Hg R
X 71
STO 1 33 01 ]
R/S B84 In Sample Temp. °F
4 04
[ 06
o1 g 00
+ 61
KCL 1 34 01
: 81
R/S. 84 In Sol. Vol., m¢ 070
X 71
STO 2 33 02.
RCL 2 34 02
R/S B84 In Dilution Factor
X 71
929 RZS _ 84 In Std Conc ug/mk
X 1 .
R/S 84 In Standard Area
¥ 81
R/S 84 In Sample Area, 080
X 71 Bubbler #1
STO 3 33 03
R/S 84 |%bbier $ g/ m?
RCL 2 34 02 In Dilation Factor
—X 71
&0 R/S 84 In Std Conc, lg/mf
X 71 )
R/S 84 Input Std. Area
% 81
R/S 84 In Sample Area, 090
X 71 Bubblex #2
R/S 84 Out Sam. Conc,
RAL 3 34 03 Bubbler #2, pg/m3
+ 61
R/S 84 out Conc. Mg CN™/m3
040 1 01
. 83
0 20
3 03
8 08 100
) 07
X 71
1 01
1 01
2 02
%0 4 04
+ 81
R/S 84 Output ppm HCN
h_RTN 35 22
119
REGISTERS
0 1 To 3 & 5 3 7 g 9
S0 St 52 53 54 S5 56 S7 S8 59
A JE C D
Figure 7 (Cont'd). HP-65 program form,



Hewlett-Packard Calculations

In order to insure maximum turnaround in a minimum time period, a
Hewlett-Packard 67 program was developed to calculate the total cyanide
concentration in Hg/m3 and ppm from the raw data. This program is
presented in Figure 7.

Sample Calculation

Assume exhaust samples were collected in glass impingers for each por-
tion of a three-bag 1975 FTP. Raw data for these tests are presented in
Fiugre 8. Calculations were performed using the HP-67 program and manual
calculations.

Manual Calculations for Driving Cycle Cold-FTP

For Bubbler #1

3 cstd (Hg/ml) x Asamx D.F. X abs. Vol. (mf)

Ug CN /m” =
x n
Astd Pexp (*Hg)

, 3,3
) Texp % 29.92"Hg , 35,31 £t /m
528°R X V (£t3)
exp

_ 5.0 yg/mf X 1500 X 1 x 25 ml
2000 X 29.19"Hg

(460° + 70°) X 29.92"Hg X 35.31 £t°/m>

X
528° x 3,453 ft>

= 986 g CN_/m3

The concentration in bubbler #2 is calculated in the same manner using the

appropriate dilution factor, standard concentrations, standard area, and
sample area:

For Bubbler #2

-, 3 _1ug/m X 500 X 1 X 25 m&
CN =
HICN /m 1000 X 29.19"Hg

« (460° + 70°) X 29.92"Hg X 35.31 £t3/m>
528° x 3.453 ft3

= 131 ug N /m>
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6

SWRI PROJECT NO.11-1234 TEST NO.

FUEL: EM-237 CVS NO. 3
SAMPLE COLLECTION BY:
GENERAL COMMENTS:

CHEMICAL ANALYSIS BY:

001

TUNNEL SIZE: 18"
D.E.B.

DRIVER:
H.J.B.

R.R.

MILES:

TEST DATE: 11-10-79 VEHICLE: Practice
1000

L.R.S.

CALCULATIONS BY:

Test No. 1 2 3 4 5 6
Driving Cycle Cold FTP|Hot FTP | SET-7 HFET NYCC Backgro
Volume, Ft3 3.453 3.486 3.508 1.926 1.525 15.826
B.P., "Hg 29.19 28.66 20.33 | 29.40 29.10 29.04
Temp. op 70 75 80 85 90 77
Absorb. Rea. Vol., mi 25 25 50 50 25 25
Dilution Factor, Bubbler #1 |1 5 10 2 1 1
Std. Conc UgCN™/mf Bub. #1 5 2 1 1 2 1
Std. Area - Bubbler #1 2000 1500 3000 5000 10,000 | 58
Sample Area - Bubbler #1 1500 1800 2500 4500 9000 4000
Sample Conc UgCN~/m3,Bub #1 | 986 3213 4374 1732 1115 2000
Dilution Factor, Bubbler #2 i1 1 1 2 1 1
Std. Conc UgCN /ml Bub. #2 |1 1 2 0.5 1 0.5
Std. Area - Bubbler #2 1000 2000 3000 2000 3000 2000
Sample Area - Bubbler #2 500 1000 500 200 1900 500
Sample Conc UGCN™/m3,Bub#2 1 131 134 175 9% 392 7
Total Conc. BgCN™/m3 1117 3347 4549 1829 1508 37
Total Conc. ppm HON 1.03 3.09 4.20 1.69 1.39 0.03

Figure 8.

Raw data sheet for total cyanide.



The concentrations from the two bubblers can be added for a total concentration:

Total Hg CN"/m3 conc (bubbler #1) + conc (bubbler #2)

- 13 -, 3
986 ug CN /m~ + 131 pg CN /m

-, 3
1117 yg CN /m

i

- 3. .
ppm CN (as HCN) = Ug HCN/m + density ug/mf

Mol. Wt. (HCN) x 100
24.044

density uHg/ml =
Mol. Wt. HCN = 27.026 g/mole

27.026 x 100
24.04

density ug/mf = = 1124 ug/mf

lig HON/m> = ug CN“/m> x 1.039 ug HCN/ug CN”

]

1117 x 1.039 = 1161

1161 + 1124 = 1.03

#

ppm CN™ (HCN)

Note: The values used in these calculations are picked from a range of tem-
peratures, standards, dilution factors, etc. to validate the calculations
and may not be representative of expected raw data in all cases. These cal-
culations are presented to confirm that manual and HP-67 calculations give
the same results. This was confirmed on six sets of calculations.

LIST OF EQUIPMENT

The equipment required in this analysis is divided into three basic
categories: sample acquisition,. sample preparation, and sample analysis.
Manufacturer, stock number and any pertinent descriptive information are
listed.

Sample Acquisition

1. Sample pump, Thomas model 106 CAl8, capable of free flow capacity
of 4 %/minute,

2. Glass impingers, Ace Glass Products, catalog no. 7530-11 29/42
bottle joints, 18/7 arm joints

3. Flowmeter, Brooks Instrument Division, Model 1555, Tube size
R-2~15~-C, graduated 0-15, sapphire float, 0-5 f£/minute range.

4. Regulating valve, Nupro 4MG, stainless steel

250



10.

11.

12,

13.

14.

15.

16.

17,

18.

Dry gas meter, American Singer Corporation, Type AL-120, 60 CFH
capacity ’

Teflon tubing, United States Plastic Corporation 1/4"
OD 1]
and 5/16" OD x 1/8" ID ’ x 1/8" 1Ib

Teflon Solenoid Valve, The Fluorocarbon Company, Model DV2-144NCA1

Miscellaneous Teflon nuts, ferrules, unions, tees, clamps, connec-
tors, etc.

Drying tube, Nalgene Corporation, 10 cm length x 1/2 in. diameter
Digital readout for dry gas meter

Miscellaneous electrical switches, lights, wirings, etc.

Six channel digital thermometer, Analog Devices, Model #2036/J/1.

Iron/Constantan type J single thermocouple with 1/4" OD stainless
steel metal sheath, Thermo Sensors Corporation

Stainless steel heated filter assembly - 7 cm; Scott, capable of
temperature to 204°C, includes 2 heaters, adjustable thermostat
switch, stainless steel insulated covers and sample bypass solenoid
valves

Glass microfiber filter discs, Reeve Angel 934-2H, Whatman, 7 cm
diameter

Flexible heavy insulation heating tape, Briskeaﬂgk width-1/2 inch,
length-48 inches

Temperature Controller, Athena, 100-600°F

Heated TFE Teflon hose, Technical Heaters, Inc., 5' x 1/4", tem-
perature limit 400°F.

Sample Preparation

1.

Glass gas syringe, Teflon tipped plunger, 100 ul, Pressure-Lok
Series A-2, Alltech Associates

Glass Reacti-vials, 5 mf, Pierce Chemical Company
Class A, 1 ml volumetric pipets
Class A, 2 m? volumetric pipets

Class A, 25 mi volumetric pipets
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10.

11.

Class A,. 50 m2 volumetric flask
Class A, 100 m? volumetric flask

Class A, 250 mf volumetric flask

Class A, 500 m{ volumetric flask
Class A, 1000 m% volumetric flask

Vortex-Genie, Scientific Industries, Inc. Model K-550-G

Instrumental Analysis

LIST OF

Perkin-Elmer Model 3920B gas chromatograph equipped with a lin-
earized electron capture detector (ECD)

Soltec Model B-281 1 mv recorder

Hewlett-Packard Model 3354 gas chromatograph computer system
with remote teletype printout

REAGENTS

This procedure requires the sample collection in glass impingers using
a 1.0 N potassium hydroxide absorbing reagent. After collection, a buffer
potassium phosphate monobasic is added to control the pH followed by
Chlormaine~T to convert the (N~ to cyanogen chloride. Potassium cyanide is
used as the CN~ standard in 1.0 N KOH. ¥The reagents are listed below along
with the manufacturer and quality.

1.

Potassium phosphate monobasic, formula weight = 139.09, chemical
formula = KH,PO,, ACS Analytical Reagent Grade, crystals, Mallinc-
krodt Code 7100.

Potassium hydroxide, formula weight = 56.11, chemical formula =
KOH, ACS Analytical Reagent Grade, pellets, Mallinckrodt Code 6984

Potassium cyanide, formula weight = 65.12, chemical formula KCN,
ACS Analytical Reagent Grade, granular, Mallinckrodt Code 688l

Chloramine-T (sodium para-toluene sulfonchloramide trihydrate),
formula weight = 282.70, chemical formula = p~CH3CgH4SO;NC1lNa®3H0,
Assay (by titration) 96% minumum, Eastman, crystals, Eastman

Code 1022

PREPARATION OF REAGENTS

Primary Standard - the primary standard is prepared by dissolving 0.602

grams of KCN in 500 mf of 1.0 N KOH. This is eguivalent to 500 ppm HCN
(500 ug HON/ml) or a 481 ppm CN~ (481 ug CN—/m%). Additional standards are
prepared from the primary standard. A typical dilution to prepare a 0-10
Hg CN-/mf calibration curve is as follows:
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ml of 481 ug CN~/mi Final Diluent

CN™ concentration,
Primary Standard Volume, mf

Hg/CN"/m{,
1.000 m& 50.0 m& 9.62
4.000 mf 250.0 ml 7.70
1.000 m? 100.0 mf 4.81
3.000 m% 500.0 ml 2.89
1.000 ml 250.0 ml 1.92
1.000 m{ 500.0 m 0.96

Buffer Solution - A 1.0 M KHyPO4 buffer solution is prepared by dissolving
13.609 g KHoPO4 in 100 mf of deionized H50. The buffer solution should be
prepared daily.

absorbing Reagent - The absorbing reagent is a 1.0N KOH solution. This

solution is prepared by dissolving 56.11 grams of KOH in 1000 m% of deionized
water.

chlormaine-T - The Chlormaine-T converts the CN™ to CNCl. This reagent is
prepared by dissolving 250 mg in 100 m& of deionized water. This reagent
is the most critical in this procedure and should be prepared daily.
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THE MEASUREMENT OF INDIVIDUAL HYDROCARBONS IN EXHAUST

This procedure was developed to measure individual hydrocarbons in di-
lute automotive exhaust. The term, individual hydrocarbons (IHC) is used to
define the collection of compounds: methane (CHy), ethane (CpHg), ethylene
(CoHy) , acetylene (CpHp), propane (C3Hg), propylene (C3Hg), benzene (CgHg),
and toluene (CjHg). Dilute exhaust is collected in Tedlar bags during a
test cycle and analyzed with a gas chromatographic system containing four
separate columns and a flame ionization detector (FID). The peak areas are
compared to an external calibration blend and individual hydrocarbon concen-
trations are analyzed with a Hewlett-Packard 3354 computer system. The
analysis flow schematic is shown in Figure 1.

ANALYTICAL SYSTEM

The analysis for individual hydrocarbons is conducted with a Varian
Aerograph Series 1400 gas chromatograph using a flame ionization detector
(FID). Four separate packed columns are used to resolve these individual
compounds. An elaborate system of timers, solenoid valves, and gas sampling
valves are used to direct the flow of the sample through the system. The
actual analytical system is shown in Figure 2.

The first two columns are used to resolve air, methane, ethylene, ethane,
acetylene, propane and propylene, respectively; while columns III and IV re-
solve benzene and toluene. Column I consists of an 8' x 1/8" stainless steel
tube packed with Porapak Q 80/100 mesh. This column is primarily used to re-
solve methane from air. It undergoes temperature programming from 25°C to
100°C at 12°/min. Column II consists of a 4' x 1/8" Teflon column packed
with 35/60 mesh type 58 Silica gel. C5 and C3 hydrocarbons are resolved
with this column. It is held isothermal at room temperature (20°C). The
third column is used to resolve benzene from the other aromatics, paraffins,
olefins, and acetylenes. It consists of a 15' x 1/8" stainless steel colum
packed with 15 percent 1, 2, 3-tris (2-cyanoethoxy) propane on 60/80 mesh
Chromosorb PAW. This column is held isothermal at 100°C at the end of the
temperature program sequence. Column IV is a 2' x 1/8" stainless steel tube
packed with 40 percent mercury sulfate (HgSO4) and 20 percent sulfuric acid
(H2504) on Chromosorb W. This column resolves benzene and toluene from the
oxygenated hydrocarbons such as aldehydes and ketones. It is also held iso-
thermal at room temperature for the entire analysis sequenc:. All samples
pass through a 6' x 0.01" capillary restrictor before entering the detector.
Helium is the carrier gas with a column flow of 52 mi/minute.

The temperature program sequence is accomplished with the oven of the
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gas chromatograph. Columns I and III are in this oven although Column I is
the only one used during the temperature program. The gas sampling valves
are contained in a Bendix Valve Oven. The temperature is maintained at

100°C. Columns II and IV are external to this oven for isothermal room tem-
perature operation.

Samples as well as backgrounds are collected in Tedlar bags during the

driving cycle. The sample is purged through two 10 m% sample loops for
four (4) minutes. Sa@ples from diesel fueled vehicles are passed through an
ice trap.before entering the sample loops. The ice trap removes high mole-
cular weight compounds that can interfere with later analyses. The ice trap
consists of 8 feet of 1/4 inch stainless steel tubing submerged in an ice
bath. The initial configuration of the analytical system is shown in Figure
3. Upon injection, gas sampling valve A is activated by solenoid valve G,
the temperature program sequence is started, and the first timer begins to
count 680 seconds. The temperature program sequence for Columns I and II
starts at 25°C and increases at 12°/min to a final temperature of 100°C.
Colums I and IIT are held isothermal at this temperature for the remainder
of the analysis. The configuration of the analytical system is shown in
Figure 4. The sample in the first loop passes through Columns I and II and
into the detector. The peaks (in the order of elution) are air, methane,
ethylene, ethane, acetylene, propane and propylene. After 670 seconds, the
second step begins with solenoid H activating gas sampling valve B. The
second timer begins to count down 120 seconds. At this time, the sample
trapped in the second 10 ml sample loop is channeled through Column ITI.
The analytical system configuration is shown in Figure 5. After 120 seconds,
step 3 begins. The third timer starts counting down 480 seconds and gas
sampling valves C and J are activated by solenoid valve E. Columns I and
II are backflushed through a capillary restrictor to the vent and Columns

- III and IV are directed to the detector. The configuration is shown in
Figure 6. After 480 seconds, solenoid valve F activates gas sampling valve
D. Column III is backflushed through a capillary restrictor to the vent.
The final configuration is shown in Figure 7. The last two peaks in the
order of elution are benzene and toluene. Upon elution of the last peak,
the system is reset to the initial position.

A time/temperature system operation sequence is presented in Figure 8.
The solid line on this graph represents the gas chromatograph oven tempera-
ture during the temperature program sequence. The time at which each step
begins is also represented on the graph.

Figures 9 through 13 illustrate a simplified version of the flow of the
carrier gas and sample through the gas sampling valves. Figure 9 sh?w§ the
configuration of the gas sampling valvesin the sample loop purge position. The
sample is pumped out of the sample bag and through the sample loops. Column
IIT is flushing and Column IV is backflushing to the vent and Columns I.ayd
IT are directed to the detector. At the start of an injection, the position
of gas sampling valve A changes and the trapped sample is directed to ?olumns
I and II. Columns III and IV remain in the flushing mode. Figure 19 illus-
trates the analytical configuration upon injection. Step 2 begins with the
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