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JET ENGINE EXHAUST ANALYSIS BY SUBTRACTIVE CHROMATOGRAPHY

INTRODUCTION

The incomplete combustion of nonhomogeneous hydrocarbon-
based fuels in turbine engines produces an exhaust containing a
complex mixture of organic compounds. To properly assess the
associated health and environmental effects, it is necessary to
analyze this organic erhaust fraction. Such analyses can be
performed basically at tiree levels: (1) gross assessment of
the total organic content; (2) determination of quantities of
organic compounds according to classes or types; and (3) specific
compound-by-compound quantitation.

Since each individual organic compound has an associated
degree of toxicity and environiiental impact, the ideal analysis
is the accurate identification and determination of the quantity
of each compound present. The USAF School of Aerospace Medicine
has performed this type of analysis using coupled gas chromatog-
raphy/mass spectrometry (GC/MS) to identify and quantitate
several hundred organic compounds in engine exhaust. However,
the procedure is extremely complex, time-consuming, and costly.

At the other extreme, total organic analyses are of little
value for studies requiring health and environmental information
since one must make the erroneous assumption that all of the
organic constituents have the same toxicities and propensities
for affecting the environment. It is known that part of the
hydrocarbons emitted are, in fact, nonreactive and have little
or no effect on health.

The second alternative (i.e., organic class analysis) may
well represent the most workable compromise between the detailed,
yet very costly, compound-by-compound evaluation and the non-
definitive total organic analysis. In this case, the assumption
of similar toxicities and environmental reactivities within a
particular class of compounds may be a reasonable approximation.
Such a technique is of value for more routine analyses, partic-
ularly where previous detailed studies have established general
profiles for the organic emissions.

This report details the refinement of an analytical scheme
based on solid sorpent sampling of the exhaust stream followed

by organic class analysis using subtractive chromatographic
techniques.

In March 1975 MRC, under contract with the USAF Aerospace

Research Laboratories (ARL), participated in a joint program with
the USAF Aero-Propulsion Laboratory (APL), the USAF School of

7



Aerospace‘Mgdicine (SAM) , and A. D. Little, Inc., aimed at
characteylzlng organic emissions in the exhaust from a T56 com-
bustqr rig located at AFL. The goal of this program was to
obtain a profile of the organic exhaust constituents so that a
more accurate assessment could be made of the potential environ-
mental and toxicological effects of jet engine exhaust.

The assembling of expertise from five organizations provided
a multi-faceted analytical program made up of varying approaches
reflecting specialized talent or analytical capabilities of each
organization. It was hoped that the data obtained by the dif-
ferent organizations would be corroborative as well as supple-
mental so that the results could be established with some degree
of confidence. Unfortunately, the results obtained in this joint
effort showed only qualitative agreement. The lack of quantita-

tive agreement emphasized the need for further refinement of the
techniques used.

The approach used by Monsanto Research Corporation (MRC) for
these studies was organic class analysis by subtractive chroma-
tography. The details of the sampling and analytical systems
used by MRC in these studies are available in the literature (1).
The sampling system (Fig. 1) consisted of a combination sorbent
trap containing sections of Tenax GC and Carbosieve B. This trap
was cooled to -78°C with crushed solid CO., during sampling. The
heart of the analytical system was the column arrangement shown
in Figure 2. The collected exhaust samples were thermally de-
sorbed from the sorbent traps into the analytical system and
passed through a column containing 1,2,3-tris(2-cyanoethoxy)pro-
pane (TCEP) as the stationary phase. This column retained water
and oxygenated and aromatic compounds and allowed the paraffinic
and olefinic compounds to elute rapidly. The switching valve
was positioned to direct the flow from the TCEP column into a
removable subtractor column and subsequently into a flame ioni-
zation detector (FID A). The two sections of the subtractor
column removed olefinic (Ag.S04/H2S04) and oxygenated (PdSD4/
H2S504) compounds. At a predetermined time corresponding to the
elution of n-decane from the TCEP column, the valve was switched
to direct the water, aromatics, and oxygenates into the Chromo-
sorb 105 column, which was exterior to the GC oven and maintained
at ambient temperature. Due to the hydrophobic nature of Chro-
mosorb 105, the water passed through quickly. After the water
was eluted, the Chromosorb 105 column temperature was raised to
facilitate the elution of the aromatic and oxygenated portion of
the sample, which was detected at FID B.

In order to obtain the complete analysis, it was necessary
to have two samples of known sample volumes taken under identical
conditions. The first sample was analyzed without the subtractor
in the system and yielded the following data: (a) FID A response
= paraffins + olefins (+ light oxygenates), and (b) FID B
regponse = oxygenates + aromatics. Oxygenated compounds with

8
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retention times on TCEP shorter than that of propionaldehyde
elgted with the paraffins and olefins before the valve was
switched. Thus, they were included in the FID A response and
grouped with the olefins since they were also removed by the
§ubtractor. The second sample was analyzed with the subtractor
in the system and yielded the following data: (a) FID A

response = paraffins (total unreactive), and (b) FID B response =
oXygenates + aromatics.

Olefins were obtained by difference by subtracting the FID A
response of the second sample from the FID A response of the first
sample. The total reactive hydrocarbon value was obtained by
summing the values for olefins and oxygenates + aromatics. A
total hydrocarbon (THC) value was obtained by combining the total

reactive and total unreactive hydrocarbon values.

The data obtained from these analyses are summarized in

Table 1.

lected, cn-line total hydrocarbon

At the same time that these samples were being col-

(THC) measurements were being

made by Aero-Propulsion Laboratory (APL) personnel. A comparison

of the THC values obtained by MRC and APL is given in Table 2.

At best only about 70% of the total hydrocarbons were recovered
by the MRC sampling system. '

TABLE 1. HYDROCARBON ANALYSES SUMMARY (ppmC/%) FOR
MARCH 1975 JET ENGINE EXHAUST STUDIES
Fuel Olefins Oxygenates
(inlet + light + Total Total

nressure) oxygenates aromatics reactive unreactive THC
JP~-4 54.6/12.7 257/59.8 312/72.6 118/27.4 430
(15 psiq)

Jp-4 22.8/25.6 52.5/59.0 75.4/84.7 13.6/15.3 89.0
(33 psig)

JP-4 10.2/34.9 17.0/58.2 27.3/93.5 1.86/6.4 29.2
(50 psiq)

JP-5 - 77.7/66.4 - - 117
(33 psig)

Jp-8 - 8l1.7/74.3 - - 110
(33 psig)

Alternate

fuel blend 16.7/22.6 50.8/68.6 67.5/91.2 6.48/8.8 74.0
(33 psig)

Alternate

fuel blend 18.2/19.8 62.4/67.8 80.8/87.6 11.4/12.4 92.0
(33 psig)

Isooctane 6.82/29.9 7.33/32.1 14.1/61.8 8.70/38.2 22.8

10
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TABLE 2. COMPARISON OF MRC AND APL TOTAL

HYDROCARBON RESULTS FOR THE
MARCH 1975 JET ENGINE EXHAUST STUDIES
Fuel MRC THC APL THC THC/
(inlet pressure) {ppmC) (ppmC) APL THC
- JpP-4 430 636 68
T 15 psig)
JP~5 117 337 35
(33 psig)
JP-8 110 203 54
(33 psiqg)
Alternate 92.0 154 60
fuel blend
{33 psiqg)
JP-4 89.0 165 54
(33 psig)
Alternate 74.0 113 66
fuel blend
(33 psigqg)
JP-4 29.2 57 51
(50 psiqg)
Isooctane 22.8 32 71

(33 psiqg)

Because of the low recoveries and several desirable refine-
ments of the system that kecame obvious during the course of
these studies, a new study was initiated to improve the quality
of the data obtainable from this analytical approacn.

This study contained

l. Develop improved
with subtractive

2. Develop improved

raphy analysis techn’ ques,

three areas of investigation:

solid sorbent sampling devices for use
chromatography analysis techniques.

capability in subtractive chromatog-

3. Conduct a field demonstration of the sclid sorbent
sampling/subtractive chromatography analysis system,

This report contains the results of these investigations.

g
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EXPERIMENTAL PROCEDURE AND DISCUSSION
Development of the Sampling System

Choice of Sorbent Materials

The poor recoveries obtained by the previous sampling system
as compared with the on-line THC values for the March 1975 stud-
ies indicated a need for improvement in the solid sorbent sanm-
pling technique. In an attempt to explain these low recoveries,
samples were collected from *“he APL combustor rig under similar
conditions to those used in the March 1975 studies. The sampling
system was modified by placing an evacuated bulb after the sor-
bent trap to collect the effluent that passed through the trap.
Although the experiment was qualitative, the results showed that
the sample collected in the bulb contained organic compounds
which wevye of the same general composition as those collected in
the so-nent trap. These results confirmed that the trap capaci-
ties had een exceeded in the March 1975 studies with subsequent
low THC recoveries.

At least three factors could singly or in combination he
responsible for exceeding the trap capacities:

l. Inefficient sorbent material
2. Insufficient quantity of sorblent
3. 1lmproper sample volume (i.e., flow rate and/or time)

It was decided to examine the prover relationship between
these factors to develop a sorbent trapping system that would be
efficient for recovering jet engine exhaust samples.

Under an internally funded program MRC has been actively
pursuing the study of solid sorbent materials as sampling media
for organic compounds. One of the major products to come out of
these efforts is a detailed compilation of inforration from the
major sources of expertise in the area of solid sorbent sampling.
buring the process of compiling this information a new series of
sorbent materials that show promising sorbent characteristics was
i.dentified. These are the Ambersorb resins (XE-340, XE-347,
XE-348) produced by Rohm and Haas Company. The unique feature
about these sorbent materials is that they vosscss sorbent char-
acteristics that are intermediate between the porous polymer type
materials and the activated charxcoal. They are produced by a
process which "carbonizes" a porous polymer material. The pro-
duct is a hard, shiny, black-beaded material. The promotiocnal
literature sugyests that these materials can be tailored to be
more porous pelymer-like or more charcoal-like depending upon the
degree of carbonization. The promising forecast for these mate-
rials is tha* they will combine the bhost agualities of porocus
polymers and activated charcoal to "bridge the gap" between these

12

i

il

m
i

(T

sl Ltk S ss di Mesas lshll

“M‘um Lot

b Ll il

Ll L

il

Lol

1 et

bl 00 il 1,

"



types of materials. For cxample, one would hope that they would
have the ability to trap highly volatile compounds but not be

adversely affected by water, a highly attractive feature for
exhaust sampling.

Some preliminary evaluations have been made of the sorbent
characteristics of Ambersorb XE-340 (the most polymer-like of
the sc¢ries). Holzer et al. (6) determined the specific retention
volumes for a group of normal alkanes on Ambersorb XE-340 at
25°C. The results of this work are givern in Table 3.

TABLE 3. SPECIFIC RETENTION VOLUMES (Vg) FOR
SELECTED ALKANFS ON AMBERSORB XE-340

Compound Vg at 25°C (liters/g)

Ethane 0.8
n-Propane B.5
n-Butane 8l.0
n-Pentane 880.C
n~-Hexane 7600.0
n-Heptane 74000.0

We have evaluated Ambersorb XE-340 for an EPA research pro-
gram (EPA Contract No. 68-02-2774) and have obtained similar
results (3). Our studies invclved the determination of retention
volumes at several temperatures for various hydrocarbons on a
column containing a known quantityppf Ambersorb XE-340. Fig~
ure 3 is a plot of the log of the Vg (retention volume corres-
ponding to the first detectable elution of a compound) versus
1/T (°K) for the studies conducted with Amkersorb XE~340 at MRC.
The time associated with each of the curves for the various com-
pounds represents the maximum sampling time before compound
breakthrough for a sample collected at 20°C using 1 gram of
XE-340 and a flow rate of 30 ml/min. ©Eased on the indicated
cffectiveness of XE-340 for highly volatile compounds and the
anticipated sampling parameters, we decided to pursue the use of
this material for collecting the very volatile components in jet
engine exhaust.

Tenax=-GC is probably the most widely used and most thor-
oughly characterized sorbent material for sampling volatile
organic compounds in air. It has very desirable characteristics
including high temperature limit (350°C) and low background
bleed. It is generally considered to be an effective sampling
material for compounds Ce¢-C-» and above. This, of course, i1s very
dependent on the sampling parameters. We have ccnducted exten-
sive studies of Tenax-GC as a sorbent material using a selection
of organic compounds representing a wide range of volatilities
and polarities (4). Table 4 contains thre capacity data and
theoretical sampling times for these test compounds.

13
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“ABLE 4. CAPACITIES AND THEORETICAL SAMPLING TIMES
FOR TEST COMPOUNDS ON TENAX-GC AT 20°C

FETyq a
No. Compound name {liters/g) Sampling time
1 n-liecxadecane 1.3 x 10% 41 years
2 Hexachloro~1l, 3-butadiene 1.15 x 104 19 weeks
3 Succinonitrile 1.04 x 10¢ 17 weeks
4 iso=-0Octane 0.532 9 minutes
5 Bis- (2-chlorcethyl)ether 1.06 x 10*% 17 weeks
6 Ethyvlene glycol 120 34 hours
7 n-Butane 0.16 2.6 minutes
8 Propylene coxide 3.14 52 minutes
9 Acrylonitrile 9.35 2.6 hours
10 Phenanthrene 1.9 x 10° 6l years
11 4-Bromodiphenyl ether 2.4 x 10° 75 years
12 s-Nltroaniline 2.9 x 10¢ 48 weeks
13 Naphthalene 3260 5 weeks
14 1,2,4~Trichlorobenzene 1.57 x 10¢ 26 weeks
15 ~=Nitrcanisole 1.14 x 10 19 weeks
16 Benzene 82 23 hours
17 Benzyl chloride 1.02 x 10% 17 weeks
13 Phenol 5460 9 weeks
anssuming 0.5 ¢ of sorbent material and 2J¢ =l/mi» pling
rate.

Based on the capacity data that we had on these two sorbent
materials, indicating that a sufficiently broad range of com-
pounds can be collected, it was decided that a sampling system
using a combinaticn of these materials should be evaluated. Two
attractive features of this combination trap are:

1. Both materials have high temperature limits (>350°C)
and can be thermally desorbed under the same conditions
making containment in the same tube and single analysis
possible.

2. Both materials are hvdrophobic and should be minimally
affected by the water in exhaust gases.

Once the selection of sorbent materials had been made, a
calculation of theoretical trap capacities was made based on
expected sampling parameters to see if this combination could be
expected to efficiently recover the organics from exhaust samples.
The design paramcter that was used as a starting point for these
calculations was the sample tube size (1/4 in. 0.D. x 6 in. long)
(0.6 cm O0.D. x 15.2 cm long). This was chosen since the tube
furnace that was toc be used for thermal desorption of the samples
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acconmodated tuhbes of these dimensions. It was found that a
1/4 in. 0.,D. x 3/16 in. I.D. x 6 in. long (0.6 cm O0.D. % 0.5 cm
I.D. x 15.2 cm long) stainless steel tube conveniently contained
~0.2 g of Tenax-GC (8 cm) and ~0.4 g of Ambersorb Xiz-340 (5 cm).
Table 5 can be used to illustrate the types of capacities that
would be expected for a tube containing these cuantities of
sorbent materials.

|

S

TABLE 5. THEORETICAL CAPACITIES FOR REPRESENTATIVE
COMPOUNDS AT 20°C ON COMBINATION SORBENT TRATS

Sorbent Compound Capacity ~%

A

Tenax-GC: Benzene 16.4 (liters/0.2q) =
Propylene oxide 0.6 (liters/0.2g) =

n-Butane 0.03 {(liters/0.2qg) 3

E |

Amber<orb Xe-340: n-Butane 42.4 (liters/0.4q) %
Ethane 0.09 (liters/0.4q) C 5

Methane 0.004 (liters/0.4g) g

3

,%

‘!

The guantity of exhaust sampled in the March 1975 studies 3

was normally ~0.8 liter. This amount proved to ke more than 3
sufficient to carry out the class analysis, and the signal had 2
to be attenuated to keep the recorder trace on scaie Jor this 3
reason a smaller sample size (100 ml) should provide .ufficient g
sample to complete the analvsis. Tt wis decided that a sample 3

flow rate of 10 ml/min for 10 1 nutes, providing a total of
100 ml of sample, would be a cc :.venient size for th.s progran .
From the capacity data using t! -+ =scribed t“e < -sign (0.2 a
Tenax-GC and 0.4 g Ambersorb XE-,20) and samp.ing .arameters E
(10 ml/min for 10 minutes) one could expect tc retain esscentially
all of the crganics except methane.

Conditioning of Sorbent Materials

It is usually the case tl.c¢ commercially available sorbent
materials are not suitable for use as sampling media in the con-
Jition received because of interfering background impurities that
are desorbed under the conditions used for sample desorption.
The degree to which this is a problem depends largely upon the
individual sampling problem, particularly the comparative level
of the sample to be collected with that of the background impur-
ities. In any case it is essential to do at least a minimum
preconditioning of the sorbent material which correspends to
cycling it through the desorption procedure and evaluating the
background level.

ottt 4ol e oW L,
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AsS an extra precaution we used a more stringent "clcan-up’
procaedure for the scorbents used in the jet exhaust s+tudinz, Thig
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procedure involved both solvent clean-up and thermal precondi-
tioning. The details for cach of the sorbents are as follows:

Aubersorb XE-340--The Aambersorb XE-340 resin was conditioned
bv o series of solvent extractions using methylene chloride,
acthanel, and distilled water. Each extraction was fcr 24 hours
1n a Soxhlet extractor. After the final extraction, the XE-340
was dried in a vacuum oven at ~100°C overnight and stored in a

vacuum degiccator until being packed into sampling tubes.

Tenax-GC--The Tenax-GC was preconditioned using a series of
Soxhlet extractions invclving pentane (24 hours), ethyl acetate
{24 hours), and methanol (72 hours)., Followinyg the final extrac-
tion, the Tenax was dried in a wvacuum oven at ~100°C overnight
and stored in a vacuum desiccator until being packed into the
samplinag tubes.

Preparation of Sorbent Sampling Tubes

ihe sorbent sampling tubes to be used in the jet encine
cxhaust studies were made of 1/4 in. 0.D. x 3/16 in. I.D. x 6 1in.
long (0.6 cm 0.D. x 0.5 cm I.D. x 15.2 cm long) stainless steel
tubing. The choice of stainless steel was made to previde ruc-
Jedness to the sampling tubes and nrevent breakage that was
experlienced in earlier tests due to extremes of heat and stresses
durina sampling. The problems with compound reactivity on metal
surfaces and higher backgrounds are not so critical at the high
concentrations that are anticipated in exhaust samples.

The stainless steel tubes were filled with v0.2 g Tenax-GC
and v0.4 g Ambersorb XE-34C separated by a plug of silanized
ilass wool and contained by similar plugs at each end. Figure 4
1s a schematic of the sampling tube.

GLASS v/00L

———— e ——— //

}’________._—
sapLe oy ——[ oo 2~ DESORPTION FLOW
/
s

. §cm *———4;P’——6cm———ﬁ
/ oy ; . -
GLASS WOOL TENAX-GC (~0.29) : AMBERSORB XE-340(~0.49)
i

GLASS WOOL

MATERIAL: 1/4"0.D_ x 3/16 " 1,D. STAINLESS STEEL TUBING

Figure 4. Combination sorbent sampling tube
for jet engine exhaust studies.
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After packing, the tubes were thermally conditioned at 300°C
under a flow of He for 1t hours. As indicated in Figure 4, the
sample flow direction is throudh the Tenax first, then through
the Ambersorb. This allows the hicgher molecular weight combounds
to be collected on the Tenax while the more volatile cerpounds
are collected on the Ambersorb. Desorption is in the cppesite
direction (backflush) so that the less volatile compounds never
come in ccntact with the Ambersorb.

Evaluaticn of Sampline Characteristics of 5Scrbent Tuboes
———ee e e . . . ——e e ————————

The combinatlon Tenax-5C/Ambersorb XE-340 sorbent sarpling
tubes were evaluated using known concentrations of test compounds
generated on the standard sample generation system described in
Appendix A. The first comround to be evaluated was hertane. Tt
was decia. to cenerate these samvles at relatively hich levels
to test the cavacities of the traps in sincele compound concens=
traticn ranoces that would be similar to the tcetal hydrocarbon
concentraticns anticipated for exhaust samwples. Such conditions
would represent the "worst case" for any single compcund. lien-
tane vapors were cenerated at a level of ~40C ppm (w2800 vpmC) in
nitrogen usincg the dynamic generation system. Samples were
collected for 2, 4, 5, 6, 8, and 10 minutes at 10 ml/min using
the ccombination sorbent traps. These samples were subsequently
thermally desorbed at 300°C using a modified Chromalytics Con-
centratnr and analyvzed with FID. A plot of sampling time versus
integrator counts is shown in Figure 5. The linear plot indi-
cates a guantitative recovery of the heptane. In addition, a
backup tube collected in series with the 1l0-minute sample shouwed
nc breakthrouah of heptane.
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Figure 5. Sampling time versus 1ntegrator counts
for 400 pum heptanc at 10 ml/min.
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“ne second compound to be evaluated was pentane. There was
some concern about our ability to recover pentane quantitatively
since liolzer (6) had cited an inability to quantitatively desorb
ventane from Ambersorb XE-340 at 300°C (the desorption tempera-
turc wo used). DPentane was generated at ~520 ppm (%2600 ppmC).
Samples were collected for 2, 4, 5, 6, 8, and 10 minutes. As in
the case of heptane, the linear plot of sample time versus inte-
qrator counts (Fig. 6) indicates guantitative recovery. No
Lreakthrough was observed in the backup tube for the 10-minute
sample.

e
9 BEST ST, LINE: Y=3,20x-0.15 i
: ) : |
a i
> It ,
= i
= 6 [0) ‘
z
< 5 9////
& I \
z «f
v |
3r |
| I
2r ’
I '.
1 1 — |
0 1.0 2.0 0
N3
INTEGRATOR COUNTS (x 10 ")
Figure 6. Sampling time versus integrator counts

for 520 ppm pentane at 10 ml/min.

The combination sampling tube was also evaluated using
methanol as a representative volatile oxygenate. These types of
polar compounds are the ones that have traditionally given prob-
lems with activated charcoal sampling due to reactivity and/or
irreversible adsorption. Methanol was generated at ~1080 ppm
using the sample generation system and samples of 1, 2, 4, 5, 6,
8, and 10 minutes were ccllected at 10 ml/min. The plot of sam-
pling time versus integrator counts is shown in Figure 7. Al-
though not as linear as the plots for pentane and heptane, there
appears to be satisfactorily consistent recovery of methanol
using this technique. Two of the points (4 and 10 minutes) seemn
to deviate appreciably from the line. If these two points are
excluded, an excellent straight line relationship is obtained
for the remaining points as indicated by a correlation coeffi-
cient of 0.9997. Unfortunately, each of these points represcnts
a single sample, and duve to time restrictions it was not possible
t> repeat the experiments.
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2, m=xylene,
, was lntroduced into the sample generation
L. 0.0121 l/min and a diluent cacricr flow of 1000 ml/min.
' further diluticon was made. The concentrations of the various
components in the effluent from the sanple generation svstem are
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TABLE 6. CONCENTRATION OF TLOST MIXTC
IN SAMPLE GENERATIONN SYSTEM

Corgpound DD 132w

Pentane 0.37 1.384

Heptane 0.33 2.28

Decane 0.22 2.20

Benzenc 0.48 2.88

Toluence 0.40 2.80

m=Xvlene 0.35 2.76

-Avlene S 2.0,
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A sample was collected for 17 minates at 10 ml/min using the
combinaticn Tenax/Ambersorb trap. The chromatogram for this
sample is shown in Figure 8. The "subtracted" and "unsubtracted"
traces refer to the splitting of the sample to achieve analysis
wilth and without the ovlefin/oxygenate subtractor respectively
{sce section on "Development of the aAnalytical 3System,” p. 25).
Also included is the chromatogram for the backup tube (bottom
two traces) used in series with the sampling tube during sample
collection. The recovery of these compounds was excellent, and
i no significant breakthrough above tuhe hackground was detected.

A similar experiment was run with the addition of 4 times
the volume of water (compared to the volume of sample added).
; This produced a concentration of +65 vpm water. There was no
. detectable change in the recovery efficiency, and no sample
’ breakthrough occurred as the result of the addition of water.

m

In order to evaluate the effectiveness of the combination
trap for collecting gaseous compounds, the sample generation sys-
tem was modified to accommodate gas cylinders containing standard
cas concentrations. This series of studies involved the use of
two sorbent tubes in series to check for sample breakthrough. A
1060 ppm methane standard was collected at 10 m!'/min for 10 min-
utes. Analysis of the two tubes showed definite breakthrough
with as much or more ctf the CHy collected on the second tube as
the first. Figure 9 contains the chromatcgrams for the analysis
0of the two tubes from a similar experiment using 1025 ppm ethane.
Only a very small amount (<2%) of the ethane was detected on the
second tube. Ethylene (1010 ppm) showed no detcctable break-
through when sampled at 10 ml/min for 10 minutes. These data
indicate that the combination Tenax/Ambersorb trap should effi-
ciently collect all volatile organic compounds except methane
at room temperature under the anticipated sampling conditions
{i.e., 1C ml/min for 10 minutes).
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The evaluation of the sorbent traps was much less extensive
than had originally been planned bccause of limitations of time
and funding. Nevertheless, the preliminary data indicaced that
this selection of sorbent materials should be effective in
collecting the organic compournds from jet enaine exhaust.
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Differences From Previously Used Sampling Systen

One of the main thrusts of the current program was to im-
pvrove the sampling system used in the March 1975 studies so that
samples could be collected more efficiently and conveéeniently.

It is worthwhile to enumerate the differences in this sampling
system compared to that used in the 1975 studies. The following
areas differ significantly 1in the two systems:
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Figure 5. Analysis of standard compound mixtulce collecicd
from standard gyencration system on combiiation
sorbent trap at 10 ml/min for 17 mintes.
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Material - The sampling tubes used 1in the 1975 studies
-9 : were glass., As discussed =arlier, the tubes
used in this study were stainless stecl for
added strength.

Tube Capacity - In both cases the sample tubes were made of
L in. (0.6 cm) O.D. tubing and were 6 in.
{15.2 cm) Jlong. However, the tubes used in
1975 had a 2 mm I.D., whilc the current tubes
have a 5 mm J.D. providing for -6 times the

volume of sorbent material.

Sorbent Ma*erial - In both studies, combination sorbent traps =
were used. In 1975 the sorbents werc Tenax- -3

b
i

GC and Corbosicve B. The current tubes con-
tain Ambersorb ¥[-340 rather than Carbosicve B,

¢

ine Made - In 1975 the traps were cocled to dry Joo
temperature during samplinag.  The current
studics weore conducted at room temperature.

Samp

i, Mn‘.nMlvﬂﬂﬂdrluw

Sampling Rate - In 1975 the sampling rate was -60-7C ml/min.
The current studies used sampling rates of

10 ml/min.
Sampling Time -~ Typical samplino timoes during the 1975 studies
were 13 minutes. Ven-minute sampling tilmes

were normally uscd for those studies.

Flow Rate Control

and Measurement - In 1975 the flow throuagh the sampling tubce was
controlled by a necdle valve, and measurcacents
of the flow rate woere made continuously during
the sampling period using a soap bubble meter.
The flows charged appreciably during the sam-
pling pericd. The current method used a mass
flow sensor/controlier to maintain the flow at
a pvresct 10 ml/min during the sampling peoerioed,

ke kbl e s

e

In summary, all thrce of the areas {scrbent material,
guantity of material, and sampic volume) that most significantly
atfect sampling capacity were modif:icd 1in the current sampling
system to produce a more effective system for collecting crganics
in jet engine exhaust. The success of these modifications is
illustrated by the TIC recovery data compared with on-line data
presented in thec section on "Sampling and Analysis of Jdet ingine
Exhaust” (p. 35).
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Development of the Analytical System

Evaluation of Aromatic/Oxygenate Differentiation Techniques

One of the major improvements of the analytical method that
was sought during these studies was a technique for separately
estimating the aromatic and oxygenate content of the exhaust
samples. The previous analyses (March 1975) had lumped these
into a single category (aromatics and oxygenates) of "reactive"”
hydrocarbons. Twdo approaches were evaluated as possible solu-
tions toc the aromatic/oxygenate differentiation.

The first approach was to use PdSO4/H,;S04 on Chromosorb W
as a subtractor column. This material had already been shown

to be an effective oxygenate subtractor as demonstrated by the
removal efficiencies in Table 7.

TABLE 7. EFFICIENCY OF PdS04/H2504 AS AN
OXYGENATE SUBTRACTOR (80°C)

Conc., Efficiency,
Compound Lg 3 compound removed
Acetaldehyde 100 99.1
n-Propionaldehyde 67 100
n-Butyraldehyde 22 100
Allyl ether 98 . 100
2-Methyl furan 125 100
Methyl acetate 53 100
Acetone 25 100
Methanol 19 100

It was hoped that aromatic compounds passinc through this
subtractor would not be retained and thus a basis for the differ-
entiation of aromatic from oxygenated species would be realized.

The initial experiment to examine this possibility showed
promise. An eight-port switching valve was configured in such
a way as to allow a ~25 cm section of Teflon tubing (+2 mm I.D.)
packed with Pd504/H,S04 on Chromosorb W to be manually switched
in or out of the chromatographic column flow system. The
responses from the FID detection of samples of benzene with and
without the subtractor at a temperature of 30°C are shown in
Figure 10. The responses are esscentially identical indicating
that only an insignificant amount, if any, of the benzene was
retained by the subtractor.

The case for toluene, Figure 11, was much different. A
comparison of the FID responses for toluene with and without the
subtractor at 30°C (Fig. 11) showed that a significant portion
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FID response for identical 0.2 ;1 (176 .q)
injections of benzene without (w/0) and with
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ol the toluene was removed by the subtractor. The cffect was
more dramatically illustrated with m-xylene in which case no FID
response was obtained with the subtractor in the system indica-
ting total removal of the m-xylene.

At elevated temperatures the subtraction efficiency of
PdSQL/H280, for aromatics was increased. Figure 12 contains
the FID responses for samples of benzene with and without the
subtractor at 100°C. Onlv a very small portion of the benzene
was unretained. Both toluene and r-xylene were completely removed
at 100°C. It was hoped that perhaps at elevated temperatures
the efficiency of PdSOL/H2504 for oxygenate removal might be
reduced. Methanol was selected as a representative oxygenate
and evaluated with PdS0O./H2S04 at 100°C. The removal efficiency
was still 100%. A summary of these data is contained in Table 8.

DETECTOR RESPONSE
Benzene at 100°C W/0 Subtractor

Benzene at 100°C with Subtractor

Sample
Injection
Sample
Injection

——

Figure 12, FID Yesponse for identical 0.2 ul (176 .qg)
injections of benzene without (w/0) and with
a Pads0./H250, subtractor in the chromatographic
flow system at a temperature of )00°C,
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TABLE 8. PdAS0,4/1i80, SUBTRACYOR EFFICIENCY DATA

Compound  Mass (ng) % Removed £30°C ¢ Rcmoved ©100°C

Benzene 176 0.74 §9.3
Toluene 173 58.4 100
m=Xylene 173 100 100
Methanol 159 100 100

These cdata show that PASO./H.;S804 is definitcly not suitable
for oktaining aromatic/oxygenate differentiation.

The explanation for the removal of aromatic compounds Ly
PdsS0,/H280, most likely involves the formation of the aromatic
sulforic azid accerding to the reaction

S0,

r{:?\j PAS0.L 1 280, f//\
) = (0

which 1s probably catalyzed by the palladium. The resulting
sulforic acid is then retained threoush svecific interaction with
the Pd in the liguid phase. Such an: c¢xilanation is consistent
with the more facile removal of toluenc and »ylene comparcd to
benzene since the sulfonation of these compounds is more readily
accomplished due to the activation eifect of the methyl groups.
A hiciher temperature would altso be cxpected to promote this
reaction as was observed.

Because the PdSU4/H2S0, subtractor also cfficiently removed
aromatic compounds, 1t was of no value in differentiating bhetwoeen
oxygenates and aromatics. This subtraction ability was uscd,
however, to achieve a more accurate interuretation of the data
for the arcmatics and oxygenate fraction than was obtained in
the previous study (sce section on "Output from Analysis," |-

(%)

3).

A secoend approach that was cvaluatcd for the differentia-
tion owf arcmatics/oxvaenates Invoived the use of the lanthanide
chelate, tris-(1,1,1,2,2,3,3-heptaflucro-7,7-dimethyl-4,6-octa-

nedionato)europium (III), commonly called fu(fod);. The rationalc

behind this approach is that Fuflfod)s intcracts with oxygcnated
coumpouncs due to its capacity feor accommodating exira electron
donors in 1ts coordination sphere. This interaction forms the
basis for the so=-called "nmr shift reagent” phenomenon c¢f vwhich
Eu(fod), i5 ope of the more widely wuscd (8Y.  Ful(fod) s has been
incorporated into the stationary phasc of a cliromatoaraphic
coiumn in order to study the interactions petween cuyigehat: -
compounds and the europium chelate (7;. It was hoped tiat

.
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a similar approach could be used to selectively retard oxygen-
ated compounds while allowing the aromatics to pass through the
column, thus achieving the aromatic/oxygenated differentiation.

To test this concept a column was prepared as follows. A
0.13 molar solution of Eu(fod); was prepared by dissolving
0.2022 g Eu(fod)as in 1.5 g squalane., The solution was dissolved
in 10 ml CH2Cl, and added to a slurry of 8.5 g Chromosorb P
(60/80 mesh) in 20 ml CH,Cl,. After mixing, the CH,Cl, was re-
moved using a rotary evaporator and a water aspirator at room
temperature. This packing was placed in a 4 in. x % in. 0.D,
(10 cm x C.6 cm) » 2 mm I.D, glass column and conditioned over-
night at 100°C.

Retention times obtained on this column for a selected
group of compounds at 80°C and carrier flow (He) of 60 ml/min
are given in Table 9.

TABLE 9. RETENTION TIMES FOR SELECTED
COMPOUNDS ON Eu(fod) s COLUMN

Compound Minutes
n-Hexane 0.55
n-Decane 14.78
Methanol 0.29
Acetone 0.32
Benzene 0.82

From these retention times it is obvious that such a column
is unsatisfactory for achieving the oxygenate/aromatic differen-
tiation. The problem lies in the fact that it is necessary to
incorporate the Eu(fod)s; in some solution as the stationary phase
in order to achieve the best contact for the oxygenate inter-
action (i.e., in solution). Unfortunately this "solvent" (in
this case squalane) functions as a normal chromatographic
stationary phase and retains the compounds that do not interact
with Fu(fod)s; (e.g., aromatics) according to normal chrcmato-
graphic principles (i.e., vapor pressure, solubility. vpolarity).
The interactions between the oxygenates and the Eu(foa,. are too
weak to offset the gross effect of the squalane solvent, ané the
column functions very similarly to a column which has squalane
as 1ts liquid phase.

Subsequent to these studies we have learned of the success-
ful use of LCu(fod)as coated cn controlled porosity glass beads
without a solvent as an oxygenate subtractor (9). The details
of this work were unavailable at the time that the sampling was
conducted so that this technology could not be used in the cur-
rent studies. It does, hcwever, offer a possible solution to
the problem for future applications.
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The lack of success in these attempts to further extend the
compound class characterization technique by developing a mcthod
for differentiating between aromatics and oxygenates led to the
decision to deemphasize this effort. This decision was basc¢d on
limitations of funding and time and the Lelief that morc benc-
ficial information could be obtained by applying the remaining
resources to the area of sampling technology.

Improved Speed and Lase of Operation

The analytical system that was used 1n the March 1975
studies had some features that made the analysis slow and rela-
tively cumbersome. For example, the use of a two-column svstem
{Fig. 2) with a manual valve switch during the analytical run and
the requirement for two identically collected samples to obitain
a single analysis areatly encumbered the analytical method. &
major enphasis in thls program was directed toward improving thc
analytical method in terms cf speed and ease of operaticn.

The purpose of the Chromosorb 105 columr irn the previous
system (Fig. 2) was to allow the water to pass through ravidls
while retailning the oxygenated and aroinatic compounds. liowever,
the relatively high concentrations of water in the actual samples
never proved to be a problem in the analyses since the FID re-
sponse associated with the presence of water was insignificantly
small compared to the hydrocarbon response. This lead to the
conclusion that the Chromozoric 103 column performed an unnecos-
sary fun~tion and could ke celiminat~d. I+ climinating this
ccluinn it was no longer necessary to modify the gas chromatograrch
so that a column with serarate heating capabilities cculd beo
located external to the oven. This also eliminated the reguire-
ment for switching the carrier flow during the analysis.

A second modification that was made in the analytical
system was to split the column effluent such that half of the
flow passed directly into a [lame ionizaticon detector while the
other half was directed through the olefin and oxygenate suli-
trector column (Ag,S80,/11,50, and 1dS04/H250.) and subsequently
into a second flame ionization detector. This provided for both
"subtracted"” and "unsubtractad” anaivses on a single sample elim-
iratine the neced for duplicate samples. The basic flow schematic
for the analytical zystom usced in these studics is shown in
Figure 13.

The implenentation of these rodifications cut the analyels
time by more than 3067 and eliminated several manual oporations
{c.qg., valve switching and insertion of subtractors) from the
analytical prccess.
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Sample = FID B
eln _ Analytical Column

TCEP Subtractor Column ——-—-
AgZSOA/HZSO4
PdSOdeZSO4

.Figure 13. Flow diagram for analytical system.

Ilnstrumentation

The analytical system used for the jet engine exhaust
samples centered around a conventional gas chromatograph (GC)
equipped with dual flame ionization detectors (FID). The uaiqgue
features of this system were the method of sample introduction
and the data processing capabilities.

The chromatograph used in these analyses was a Hewlett-
Packard Model 5710 GC. The samples were introduced by means of
a modified Chromalytics Concentrator (Model 1047). This unit
normally functions to thermally desorb samples from sorbent sam-
pling tubes and reconcentrate or "focus" the sample on a second
sorbent trap. This second trap is then switched into the normal
carricr system and heated to desorb the sample in a backflush
mode onto the analytical column. The necessity to "focus" sam-
ples and introduce them onto the analytical column in a single
"slug" is most acute when sampling has been done over an extended
period (e.g., hours) and the sample has become significantly
dispersed throughout the sampling tube.

For the jet engine exhaust sampling the time necessary to
‘icsorb and reconcentrate the sample on the second trap was com-
sarable to the total sampling time so that no advantage would
be realized in this reconcentration step. Consequently, the
Chromalytics unit was modified so that the sampling tube itself
could be switched into the normal carrier flow path and thermally
desorbed in a backflush mode onto the analytical cclumn (see
cection on "Chromatographic Analysis," p. 40).

Through various tests and evaluations it was determined

that thce optimum thermal desorption procedure was a 30-second
preheat period at 300°C under no-flow conditions before switching
the sorbent trap into the carrier flow path. The temperature was
maintained at 300°C and the tube remained in the carrier flow
sath throughout the entire analysis. The switching valve was
maintained at 250°C continuously. The Chromalytics Concentrator
has very good thermal desorption characteristics because of its
rapid temperature rise capabilities (ec.q., room temperature to
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ifﬂ“C in 1 seconds) . The sorbent matevials (Tenax-GC and
sobersorb XE-346) are quite compatible with thermal desorption
{gvnniques.sincv they both have -igh thermal stability (»3507C).
‘t-nr:71¢ is a tvpical chromatogram from a "blank"™ combination
Ctas/ambersorl sorbent sampling tube showing the residual back-
cround under these desorption condit:ions.  This

‘ is small comparcod
wilh the actual exhaust concentration-.

— UNSUBTRACTED
——=— SUBTRACTED

DFTECTOR RESPORSE --—-v

INJECT

|

TIME ———

Figure 1l4. Background from thermal desorption of combination
Tenax-GC/Ambersorbh XE-340 sampling tube.

The other unidgue feature of the analytical system was the
data interface with a lewlett-Puckard lModel 3354 laborator, data
gvstem equipped with a 32X computer and dual disc data storagoe
capability. This meant that the data collected during the
wnalyses could be stored for subsequent computer reduction.
his capability greatly cuwpedited the processineg of the data
from the exhaust sampling studies.

Analytical Column

The analytical column to be used for the jet engine exhaust
studies is a 12 ft. x 1/8 in. (266 cm x 0.3 cm) 0.D. nickel
column packed with 10% 1,2,3 tris-(2-cyanoethoxy)propane (TCLP)
on 100/120 mesh Chromosorb G (acid washed) (Supelco, Inc.).

The choice of this column is based on previous experience (4, 8)
that demonstrated the ability of TCEP for retaining oxygenated
and aromatic compounds. The performance characteristics are such
that essentially all oxygenated compounds (except acetaldehyde)
and all aromatics have longer rctention times than saturated and
olefinic hydrocarbons of carbon numbers 10 or less. The scpara-
tion characteristics of this column are demonstrated with the

wJ
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test mixture in Figure 8. Note that benzene elutes after decane.
Actually, undecane was also found to elute before methanol,
acetone, and benzene. A mixture of compounds including heptane,
decane, benzene, toluene, and xylene was used to calibrate the
QQtector response over the range of compounds collected in the
jet exhaust samples. Each of these compounds was used as a
;tandard for a particular area of the chromatogram. This made

1t possible to compare the areas under the chromatograms from
the exhaust samples with compounds having similar characteristics
and retention times. It was believed that this would be a more
accurate way of assessing the hydrocarbon content rather than
calibrating with a single standard. The analytical column was
operated at an isothermal temperature of 80°C and flow rate of
50-60 ml/min for the jet exhaust samples.

Subtractor Column

A subtractor column was used to remove olefinic, oxygenate,
and aromatic compounds. The subtractor column consisted of a
6 in. x % in. (15.2 cm x 0.6 cm) O.D. x 4 mm I.D. glass tube
containing two sections: Ag2SO4/H2S04 on Chromosorb W (0.5 g)
and PdS0./H2S04 on Chromosorb W (0.5 g). The Ag2S04/H2S04 served
as an efficient olefin and aromatic subtractor, while the
PdSO4/H2S0,4 served as an oxygenate subtractor. The effectiveness
of this trap for olefin subtraction was tested using l-butene.
The total removal is demonstrated in Figure 15. The effective-
ness of aromatic subtraction is demonstrated in Figure 8. The
subtractor was also tested with representative oxygenates, and
100% removal was obtained for acetone, methanol, ethanol, pro-
panol, and butanol. These test compounds were run to verify the
activity of the current preparations of the subtractor materials.
Their efficiency for accomplishing these class subtractions is
well documented (1).

The effluent from the analytical column was split so that
one half passed directly into a FID while the other half passed
through the subtractor column and then into a second FID. By
simultaneously monitoring the signals from both FID's a compari-
son was made between the chromatograms of subtracted and unsub-
tracted sample.

Output From Analysis

The analysis accomplished by the subtractive chromatographic
technique described above provides the following data:

FID A = Subtracted Sample
FID B = Unsubtracted Sample
Paraffinic (<€ C4o0) = FID A (Heptane and Decane)
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Figure 15. Demonstration of subtraction efficiency
for clefins of combination AgzS0,/H,50.
and Pds0,/t250, subtractor.

Olefinic (£C o) = FID B - FID A (iieptane and Decane)
Paraffinic (>C.0) = FID A (Benzene, Toluene, and Xylene]

Aromatic + Oxygenated + Oleiinic (~la0) - ¥ B - FID A
{Benzene, Toluene, and Xylene)

The compounds in parentheses are the standards by which
the various classes were calibrated. The above relationships
demonstrate how the data were processed to assescs the contribu-
tions from the various classifications of compounds. The
raraffinic compounds were indicated by the subtracted sample
response (FID A). Those of Cqi0 or less werc cobtainred by summing
the contributions from the areas of thc chromatogram calibrated
against heptane and decane. Those >C,0 were obtained by summing
the areas calibrated against benzene, toluenc¢, and xylene. The
clefinic contribution (#C.,) was obtained by subtracting the
subtracted sample response (FID A) from the unsubtracted responsc
(rID B) during that portion of the chromatogram calibrated
against heptane and decane. That area of the chromatogram that
was calibrated against benzence, toluence, and sylene produced the

contribution due to oxygenates, aromatics, and olefins »Ca. vy
subtracting the suptracted sample responsce (FID A} from £l un-
subtracted response (I'ID B) during this time iorive,
34
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Differences From Previously Used Analytical System

The system used for the analysis of the jet exhaust samples
collected in March 1975 differs significantly from that used in
the current studies. The following is a summary of the most
notable differences:

- Deletion of the Chromosorb 105 Column - In the 1975 studies

1 a Chromosorb 105 column was used in series with
the TCEP to separate water from the oxygenate +

3 aromatic fraction. Since water was found not to

1 present a problem, this column was eliminated in

] the current analytical scheme.

Sample Splitting - In the 1975 studies two identically
collected samples were required for a single anal-
ysis, One was analyzed with the subtractor in
the system and the other without the subtractor.
Because of the changes in the analytical system,
the current studies required only a single sample
which was split to obtain subtracted and unsub-
tracted results.

b

Ly ot £

Data Obtained - The use of the subtractor has been extended
in the current system to oxygenates and aromatics.
Previously it was assumed that all compounds elut-
ing after a certain time were either oxygenates
or aromatics. The new technigue accounts for
higher paraffins (>C,0) that may be present.

s s s i
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Data Reducticn - The current analytical system 1s interfaced
with a lakboratory data system that was used to
accomplish the {total data reduction for the jet

ik s ol . il

exhaust studies. 1In 1975 the data were reduced 3
using an integrator and manuval manipulat:i:on (pla- 3
, nimetry). The specd and ease of data reduction E
1 : were significantly increased. ?

The changes that were made in the analytical system not only
H improved the quality of the data but also greatly facilitaved the
! analysis of the jet engine exhaust samples.
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Sampling and Analysis of Jet Engine Exhaust

Cxhaust Sample Collection

Boblobidod

On 18-20 January 1978 exhaust samples were coilected from

3 a J85-5 jet engine at the Aero-Propulsion Laboratory, Wright- 3
Patterson Air Force Base, Ohio. This sampling and analysis pro- p

gram involved three organizations: é

3

3 3
4 3
3 A
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l. Aero-Propulsion Laboratory (APL) - operation of jet
engine and on-line total hydrocarbon analysces.

2. Monsanto Rescarch Corporation (MRC) - solid sorbent
sampling and subtractive chromatographic analysis.

3. USAF School of Aerospace Medicine (SAM) - cryogenic
and solid sorbent sampiing and GC/MS analysis.

MRC collected a total of 15 samples during this series of
tests. The test matrix indicating the conditions and numbers
of samples is given in Table 10. Additional samples (numbcrs
in parentheses, Table 10) were collected on 9 February 197& when
it appeared that a computer malfunction at MRC had resultced in
the loss of a substantial portion of the 18-20 January data.
Fortunately, these cdata were later recovered.

TABLE 10. TEST MATRIX FCR MRC SAMPLES

No. of samples at

J85-5 Conditions stated conditions
Approx. 10 min @ 20 min @

Power Fuel APL THC 10 ml/min 10 ml/min Other
IDLE 46% rpm JP-14 600 5(2)° - -
IDLE 46% rpm Ale. fuel ~200 5103) - 2(2)
CRUISE 75% rpm Jp-1 ~500 £3) 3 -

dNumbers in parentheses indicate samples collected on
8 February 1978.

bAlternate fuel is a blend of JP-4 with xylene added to bring
the total aromatic content to 25.1%.

The system depicted in Iigure 16 was used to transport the
exhaust samples to the on-line THC analyzer (Beckman Model 402)
and the collection system. All sample transfer lines were heated
to ~110°C. A schematic of the sample collection system is shown
in Figure 17. ©Onlv the MRC trap was used to collect samples
during the 9 February tests.

The MRC cecllection system (ig. 18) consisted of a % in.
(0.6 cm) stainless steel toggle valve (Whitev Valve Company), a
combination Ambersorb XE-346/Tenax-CC sorbent trap, and a Brooks
Model 5341 thermal mass flow sensor/controller to maintain a
vrecise flow rate durince the sampling period.
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MRC - Monsanto Research Corporation
SAM - School of Aerospace Medicine
APL - Aero-Propulsion Laboratories

Figure 17. txhaust samp:le collection system.
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In several instances a second sorbent tubc was placed in
sories with the first to cvaluate the possibility of samplc
breakthrcugh. In addition, the on-~-line THC analyzer could be
configured by appropriate valving to monitor the effluent from
the sampling devices. The sampling time was defined by timing
the period between operning and closing of the toggle valve.

The rationale for the selcction of Ambersorb XE-340G (Rohm
and Haas) and Tenax-GC (Applied Science l.aboratories, Inc.) &s
the sorbent materials is prescnted in the scction on "Choice of
Sorbent Materials,"” . 12. A schematic of the sampling tubces is
presented in Figure 4. The tubes were constructed of ' in. 0.D.
x 3/16 in. I.D. x 6 in. long (0.6 ¢m O.D. % 0.5 ¢cm I.D % 15.2 cm)
stainless steel tubing and contained 0.2 g Tenax-=GC (60/80 mesh)
and ~0.4 g Ambersorb XE-340 (unsicvea) with silanized c¢lass weool
vluegs at roth ends and separating the sorbent materials.  Thc
sorbent mi:terials were preconditioned as described in the scction
on "Conditioning of Scrbent Materials," p. 16. 7he traps werce
thermally desorbed at 300°C under N, flow for 16 hours prior to
sampling. The tubes were capped with plastic tubling cavs during
transfer and storage to prevent contamination.

The sampling tubes were positioned such that the {low was
directed throuch the Tenax-GC first and then through the amber-
sorb XE-340. Our previousz evaluations (sce scction on "Choico

of Sorbent Materials,"” p. 12) led to the usce of the following
sampling paramcters:

Flow Kate 10 ml/min
Sampling Time 10 min
Sampling Temp.. = Ambient

1l

A few samples were collected under other conditions. 'Theso
can be identified in Table 10. A more complete description of
the samples 1s contained 1n Appendix B.

Chromatoyraphiic hnalysis

The samples collected at APL were analyzed at MRC using
thermal desorptiorn and subtractive chromatography technicues.
The analytical instrumentation consisted of a Chromalytics
Model 1047 Concentrator for thermal desorption and introduction
intc a Hewlett-Packard Model 5710 gas chromatouraph equipped
with a dual flame ionization detector (I'ID). %his Jdesorption/
analytical systom i depicted in Figure )49, Note that the
Chromalytics Concentrator oven contains a six-port, two-position
valve which is skectched in Tigurc 20, This valve offcrs the
alternative o’ direct syringe inject.on of a standard or thormal
desorption of a samoling tube. The analytical column was a
12 £t % 1/8 in. O.L. (366 cm » 0.3 or ©.1) nickel column packoed
with 1C% 1,2,3-tris (2-cyanccthoxyluroone (TCHP) on 1007125 mesh
Chromoscrb G (Supelico). The eiflucent from the analvtical colunn
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Figure 19. Desorption/analytical system used
in jet engine exhaust evaluations.
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Sorbent Tube In Tube Furnace

I

Switch In 'Trap"
Position

Currently Unused (Capped)

(Direct) Injection Port

Carrier Gas Source To GC
DIRECT INJECTION OF STANDARDS INTO GC

Sorbent Tube In Tube Furnace

Switch In ""Backflush"
Position

Currently Unused (Capped)

Carrier Gas Source ToGC
THERMAL DESORPTION OF TUBES INTO GC

Figure 20. Diagram of six-port, two-position
valve within Chromalytics oven.




was split with one half passing directly into one of the FID's
while the other half passed through a 6 in. (15.2 cm) column con-
taining 0.5 g Chromosorb W coated with Ag.S04/H,S04 and 0.5 g of
Chromosorb W coated with PASO,/H2S0,4 before passing into the sec-
ond FID. This column served as an efficient olefin, oxygenate,
and aromatic subtractor. The details of this analytical system
are discussed previously in this report (see section on "Develop-
ment of The Analytical System," p. 25).

Typical chromatograms for the three engine/fuel settings are
shown in Figures 21, 22, and 23. TFigure 21 is the chromatogram
from the analysis of a sample collected at the IDLE (46% rpm)
engine setting using JP-4 fuel. The so0lid line represents the
detector response for the unsubtracted sample (i.e., that por-
tion passing directly from the column into an FID), while the
dashed line represents the detector response for the subtracted
sample (i1.e., that portion passing through the Ag,S80./H2S04 and
Pds04/H2504 subtractors before passing into the FID). A backup
tube was also used on this sample to check for any sample break-
through. The bottom two traces of Figure 21 represent the unsub-
tracted and subtracted analyses of the backup tube. This shows
that there was no significant breakthrough of sample during the
collection period, since the backup tube chromatogram compares
very similarly with the typical trap blank (backgrcund) shown in
Figure 14 (see section on "Instrumentation," p. 31). Figure 22
contains a typical chromatogram (subtracted and unsubtracted) for
the CRUISE (75% rpm) setting using JP-4, while Figure 23 contains
the similar representation for the IDLE (46% rpm) setting using
the alternate (JP-4 + xylene) fuel. 1In every case where backup
tubes were used, no significant breakthrough was detected. The
raw data from all of the analyses were stored on a disc in the
MRC Hewlett-Packard Model 3354 laboratory data system for later
reduction.

A calibration standard consisting of heptane, decane,
benzene, toluene, and m-xylene in carbon disulfide was run daily
during the analysis period. The raw data from these calibration
rans were also stored on the computer disc.

This calibration standard used a mixture of compounds rather
than a single one to provide a more accurate comparison of detec-
tor response to sample size over several regions of the sample
chromatogram. Furthermore, the concentrations of the calibration
compounds were determined by comparing their peak heights to the
peak heights of a preliminary sample (MRC-0, the first sample
collected), thereby ensuring a proper order of magnitude for
sample guantitation. The composition of the calibration stand-
ard is given in Table 11.
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Figure 22. Typical chromatogram for sample collected
at CRUISE (75% rpm) using JP-4 fuel. 3
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Figure 23. Typical chromatogram for sample collected at E
IDLE (46% rpm) using alternate fuel (JP-4 + xylene). 3
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TABLE 11. CALIBRATION STANDARD FOR JET ENGINE EXHAUST SAMPLES

Volume (pl) of Amount (ng) of
pure compound compound in a Eguivalent ppmC in
diluted to 50 ml 1 1 injection a 1l 1l injection
Compound with CS, cf standard of standard
Heptane 75 0.99 19.6
Decane 60 0.87 15.0
Benzene 54 0.95 17.7
Toluene 43 0.85 13.8
Xylene 51 0.88 16.3
Tctal: 82.4
n cxample of the chromatogram from a typical calibration
standard is ¢ivon in Figure 24.

Data Interpretation

As stated vreviously, the raw data from the jet engine
exnauct samples and calibration standards were stored on the data
disc of a iliewlett-Packard Model 3354A laboratoery data system.
These data are collected by the system in the form of "area
slices" during the course of the chromatcgraphic analysis. lach
area slice contains the area under the chromatographic trace
during a set time interval (e.g., normally 0.5 seconds). The
areas are accumulated and transmitted tc the computer by an
analog-to-digital (A/D) converter at the chromatograph.

This method of collecting and storing data is 1llustrated in
Figure 25. ©Note that the computer has an established baseline of
-10 mV, and the amplitude of the signal is measured in terms of
voltage (microvolts) relative to this baseline. The area is
obtained by formirg the product of the area slice width (time
interval) and the amplitude during that interval. The chromato-
graphic baseline is generally near 0 mV so that the area between
the chromatographic baseline and the cocmputer baseline is in-
cluded in each of the area slices. Once the raw data have been
accumulated the system software processes these data, determines
the existence of pcaks based on certain integration criteria,
and corrects for the area bhetween the chromatographic and system
baselines to obtain the area under each peak. This process is
1llustrated 1in Figure 26.

The calibration standard analyses consisted of chromato-
graphically distinct peaks so that the standard method of

collecting (0.5 sec intervals) and analyzinag the raw data was
used. The areas of peaks integrated by this method are aiven in
the urnits of counts (] count = 0.5 microvolt-second). Dividing

the calibration standard peak areas by the number of microurams
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of each calibration compound in a standard injection produced
the calibration factors (counts/ig) used to quantify the jet
engine exhaust samples. Therefore, for the calibration runs,
the calibration factors were determined for each of the five
standard compounds from the unsubtracted (straight to FID)

portion of the sample split. However, due to the presence of
the subtractor columns the split ratio was not exactly 1l:1,
although it was consistent. Therefore, the subtracted portion

of the sample was analvzed also and the calibration factors
determined for heptane and decane since these compounds were

not removed by the subtractor. Calibration factors for three
subtracted compounds (benzenc, toluene, and m-xylene) were then
determmined on the basis of the split ratio by taking the average
0f the subtracted/unsubtracted values for heptane and decane and
multiplying by the unsubtracted calibration factors for benzene,

toluene, and m-xylene. These calibration factors are tabulated
in Appendix B, Table B-2.

The actual jet exhaust data were not processed by the
normal peak integration technigue since the chromatograms
consisted of envelcpes of response rather than distinct peaks.
The important data for this method of analysis are the accumula-
tive area over a particular span of the chromatogram. Therefore,
larger area slices (10 sec) were collected and stored for
processing by a special comvuter program that related the areas
to the appropriate calibration standards. The basic program
(called "JET") used to process these data 1s listed in Appen-
dix C. The areas of the samples were determined by subtracting
a baseline value from the entire chromatographic run, similar
to the standard method. The baseline value for cach analysis
was selected at the minimum of the sample chromatogram at or
near the end of the run. This was found to eliminate most of
the sample tube background contribution to area aleng with the
baseline subtraction. The analysis of each sample was optimized
by individually selecting the baseline values.

The total areas of the sanmnples werée then divided into five
regions for quantitation with the five calibration standards.

These regions were defined at points selected from the calibra-
tion runs in chromatographic valleys, halfway between two cali-
Lkration compound peaks. This is illustrated by Figure 27,

Threc parts in this program were varied according to the
samplc being analyzed: (1) the point at which the haseline
value was obtained, (2) the point at which sample integration
was stopped, and (3) a value which was altered according to
the sample size. These variables are discussed in Appendix C
with the listing of the program, and the values used for each
analysis are included in Table B-1 of Appendix B along with the
sampling information. The appropriate calibration factors
(counts/.g), the sample raw file name, the report title, and

the average APL on-line THC values were the required inputs
for the program.
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Results

An oxample of a typical report resulting from the reduction
of exhaust sample data with the BASIC program, "JET", is given
in Figure 28 for both the unsubtracted and subtiracted analyses.
The total amount of hydrocarbens (ppmC) analyzed is obtained
directly from the total ppmC in the "UNSUBTRACTED" report. The

quantities of the different classes of chemicals are obtained
as follows:

Paraffins (Z2Cq0) [Eq. ppmC of Heptane + Lecare, Subtractcd]

Olefins (8Cq0) & lEg. ppmT of Heptane + Decanc, Unsubtracted)
light Oxygenates - [Paraffins (<740) ]

Paraffins (>C4q) {(Eq. ppmC of Benzene, Toluenc and m~-Xylene,

Subtractedl

Dlefins (>Cqo), {Eg. ppmC of Benzene, Toluene and m-Xylene,
Oxygenates & Unsubtracted] -[Paraffins (2Cap)])
Aromatics

The total hydrocarbon data and chemical class deta are
compiled in Tables 12 and 13, respectively.

Thice data are further reduced t¢ show the average values
for a particular sampling condition in Tables 14 and 15 fer the
total hydrocarbon and chemical class information, respectively.

Three of the samples (MRC-10, 11, and 12) were collected
on tubes that had been inadvertently packed such that the
sample passed through the Ambersorb first rather than the Tenax.
Therefore, no results were obtained for these samples. Two
cther samples collected on the same day (20 January) at the srme
conditions [Alt. Frel, Idle (46% rpm)] gave results that were
abnormally low for tnese engine conditions because of a leak in
the exhaust sample transfer lire. These results were reflected
in both the on-line and the MRC THC values. More tvpical values
were obtained for this condition from the 9 February samples.

Discussion of Results

1t is informative to consider the results of these analyses
both on an individual basis and in compariscn with similar fuel
or power settings. The results are tabulated in Table 15 for
the three fuel and power settings sampled.

The average THC values show that the more efficient cruise
setting produces a lower level of organic emissirsns by a factor
of 2.5-3 compared with an idle setting. There appears to be no
significant difference in the total organic emissions from the
JP-4 and the alternate fuel (JP-4 + xylene to give 25.1%
aromatics) under identical power settings (Idle, 46% rpm).

51




MRC =9, IDLE FUEL s SUKTRACTED» 100 m1

THE ON-LINE THC VALUE WAS 47% FrmMc

CAL IKRATION EQUIVALENT EQUIVALENT
COMFOUND u6 FFM
HEF TANE 2.47068 7.01033
IECANE 2.86126 4,91691
RENZENE 2.617%8 8.193546

TOL UENE V27477 3.36306

M- XYLENE n.7441 &, 32002

101aL FEFD

THt FSRCENT OF ON-LINE THC vAalUtL KECOVERED IS 46.662 %
MRC =9 1DLE ALl FUELUNSURTRACTEL+100 w1

THF UN="INE THC VALUE WAS 475 FFHC

CAL ISKATION EQUIVALENT EQUIVALENT
COMFOUNDD uG FEM

HE P TANC 5.42024 15.3779

DE CANE 4,51325 7475373
BENZENE 4,467541 14,635
TOLUEZNE 2.863647 7.59977

M- XYLENE 8.688641 20,4665

TOTAL FFHMI

THE FERCENT OF ON-LINE THC VALUE RECOVERED IS 103.148 4

Figure 28.

EOUIVALENT

FE ML

a3 . 7203

45,1691

EQUIVALENT
ePMC

107.65¢%

- = ¢ [
77.5579%

87.80%¢9

4£9.954

Typical exhaust sample analysis report.
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TABLE 14.

AVERAGE PERCENT OF ON-LINE THC

VALUES FOR EACH POWER SETTING

Average % of

Sample the on-line
Run Power setting Fuel size (APL) THC value

MRC-1
MRC-2
MRC-3
MRC-4 Idle (46% rpm) Jp-4 100 ml 9l%
MRC-5
MRC~R1
MRC-R2
MRC-R1
MRC-R4 Cruise (75% rpm) JpP-4 1C0 ml 105%
MRC-RS
MRC-6
MRC=-7 Cruise (75% rpm) JP-4 200 ml 90%
MRC-8
MRC-9
MRC-13
MRC=-R6 Idle (46% rpm) Alt. fuel 100 ml 102%
MRC-R7?
MRC-R8
All 100 ml

& 200 ml runs (Overall) 100 ml 96%

(i.e., all 200 1l (range: 82% to
above runs) 113%)

std. dev.: 9%
MRC-3 (backup) Idle (46% rpm) Jp-4 100 ml 21%
MRC-3 (backup) Idle (46% rpm) Alt. fuel 100 ml 11%
MRC-R9 -
MRC-R10 Idle (46% rpm) Alt. fuel 1000 ml 6B8%
MRC-14 Idle (46% rpm) Alt. fuel 500 ml 74%
MRC-14 (backup) Idle (46% rpm) Alt. fuel 500 ml 6%
MRC=-15 (Tenax only) Idle (46% rpm) Alt. fuel 10C ml 73%
MRC-15 (backup) Idle (46% rpm) Alt. fuel 10C ml 27%
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TABLE 15. AVERAGE PERCENT COMPOSI..JUN OF
JET ENGINE EXHAUST SAMPLES

% OlefinB (ZCso) v Oxygenates
Fuel and Avg. THC No. of % Paraffins + light % Paraftins + aromatics +
power setlifiq (ppmC) ruplicates (5Chal oxygenates (2Cqgl olefins (>C.s}
JP~-4 556 7 19 a 25 27 29
Idie (46% rpm) (17-22} (21-27) (21-31) {23-34)
JP-4 209 6 18 23 23 37
Cruise (75% rpm) (15-20} (20~25) (18-26) (33-42;
Alt. fuel 435° 2 21 19 21 0
Idle (46% rpm) 593 3 (20~22; (13-21) (17-25) (37-42)

dNumbers in paraentheseg indicate range of values obtained frum replicate samplos.

bThia value 18 abrormally low due to a leak in the exhaust sample delivery system
that resulted 1n dilution of samples collected on this day (20 lanuaryij.

Th¢ data can further be reduced by combining the less
reactive paraffins into a single category and thce more reactive
olefins, oxygerates, and aromatics into another category. These
data are presented in Table 16. e

TABLE 16, JET EXHAUST EMISSION DATA SUMMARIZED
AS TOTAL PARAFFINS AND TCTAL OLEFINS
+ OXYGLNATLS + AROMATICS

<

© Olefins,

ruel and oxygenates,
_power setting % _Paraffins aromatics
JpP-4 4¢ 54
Idle (46% rpm)
Jb-4 41 59
Cruise (75%¢ rpm)
Alt. fuel 42 58

ldle (464 rpm)

It can be seen that 1n every case the majority of the
organic emissions can be characterized as belonging to the more
reactive categorilies {olefins, oxygenates, ard aromatics).
Presented 1in this manner, the % compositions for the JP-4 at
Cruise (75% rpm) and the Alternate Fuel at Idle (46% rpm) cnis-
sions are very similar although the total organic emissicons are
much lower for the cruisc condition.

There appears to be a significantly hicher percentage of
the sample attributab.le to oxygenates, arcrmatics,
{(>C10) in the eirissions frow Ji-4 at crulse cendition

and clefins

congei od
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to idle (Table 15). This would be expected since the cruise

” power setting results in more efficient combustion which

é should increase the degree of partial oxidation in the emitted
: hydrocarbons.

: Another significant comparison can be made by considering
E the effect of different fuels at the same power setting. Both
JP-4 and the alternate fuel were run in the engine at an idle
{(46% rpm) power setting. The alternate fuel is JP-4 with xylene
added to bring the total aromatics up to 25.1%. This special
blend was created to simulate expected higher aromatic concen-
trations in shale and coal-derived fuels. The added aromatic
concentration was reflected in a higher percentage contribution
from the oxygenates + aromatics + olefins (>Ci0) category in the
emissions data for the alternate fuel. Therefore, an increased
aromatic content does significantly increase the content of the
more reactive species in the exhaust.

A significant difference between the results obtained in
these studies and those obtained in March 1975 is that the data
from the earlier studies probably contained erroneocusly high
values for the aromatic + oxygenate category because of the
acsumption that all of the emiscions falling in the area of the
chromatogram at retention times greater than decane were due to
aromatics and oxygenates. Figure 29 is a chromatogram of a
typical JP-4 fuel (5). From this chromatogram it 1s obvious
that a significant portion of the paraffin content of this fuel
is >C,0. In fact, the average paraffin carbon number is 8.7.
Since these larger paraffin molecules would be more difficult to
burn, it is reasonable to expect >C1o paraffins in the exhaust.

The changes made in the analytical system that resulted in
the subtractor column being used throughout the chromatographic
analysis (see section on "Development of the Analytical System,"”
p. 25) resulted in the ability to assess the >Cs.o paraffin con-
tent in these studies.

CONCLUSTONS

It is appropriate to consider the conclusions reached
during the course of this study in two separate areas:
(1) sampling and analysis methodology, and (2) jet engine
exhaust results.

The conclusions that can be made concerning the sampling
and analysis methodology arc summarized in the following
statements:
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The conclusinns that can be drawn

The combination Tenax/Ambersorb XE-340 trap proved
to be a highly efficient (96% average recovery)
method of recovering the organic emissions from jet
engine exhaust using the prescribed sampling
parameters.

A sampling rate of 10 ml/min for 10 minutes (100 ml
total sample volume) proved to be a good value (for
the amount of sorbents used) in terms of providing
adequate sample for the analysis and avoiding major
breakthrough of sample.

The organic class analyses gave a reascnable profile
of the composition of the exhaust such that the total
contribution from the more environmentally significant
classes (oxygenates + aromatics + olefins) could be
assessed.

The modifications to the analytical system represent

a major advancement over the system used in previous
studies (March 1975) because of the ability to measure
the >Ci0 paraffin contribution.

The ease and speed of analysis have been greatly
enhanced due to modifications that eliminate the re-
guirement for two samples to obtain a single analysis.

frocm the results of the

jet exhaust analyses are:

1.

A power setting corresponding to a crulse condition
(75% rpm) produces lower total organic ¢missions than
a power setting corresponding to idle (46% rpm).

For all power settings and fuels examined the major
contributions to the organic emissions were 1n the
more reactive category corresponding to olefins,
aromatics, and oxygenates.

The percent contribution corresponding to oxygenates

+ aromatics + olefins (>C,¢) was significantly greater
for JP-4 at cruise than at idle, probably reflecting

a greater degree of partial oxidation of the emitted
organics for the more efficient combustion at cruise
conditions.

There was a significant increase 1n the percent con-
tribution corresponding ta oxygenates + aromatics +
olefins (>C40) when an alternate fuel blend containing
an increased aromatic concentration was used, probably

reflecting a corresponding increase in the aromatic
composition ¢f the exhaust.
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RECOMMENDATIONS

The results from the jet exhaust analyses indicate a major
advance in both the sampling and analytical systems compared
with those used in the March 1975 studies. Some additional

-improvements, however, can be made to further increase the value

of this type of analysis. The following are arcas of research
and suggested improvements that should be explored:

1. Although the recovery of organic emissions using
the combination Tenax/Ambersorb ¥F-340 trap was very
impressive compared with on-line THC values, addi-
tional evaluation of this system should be made
to es+ablish that sample integrity 1s maintained
{i.e., what goes ontc the tube 1s also what comes
cff the tube and is analvzed).

2. Turther optimization as to guantity of scorbent
matericl should be made.

3. The use of glass or glass-lined stainless steel
should be considered for trap tube construction
to further reduce background levels.

4. Mlthough the efloris to accomplish arometic/
oxvgenate differentiaticn in this program we. =
unsuccessful, it now appears that the tecano.ogy
may be available to accomplish this task (9).
This should be pursued as a very desirable addi-
tional class separation that can be incorporated
into the systemn.
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APPENDIX A
STANDARD SAMPLE GENERATION SYSTEM

To evaluate the sorbent sampling systems used in this
project it was necessary to have a methed for generating known
concentrations of organic compounds in dynamic gas streams.

MRC has developed a dynamic standard sample generation system
based on the controlled syringe injection of organic liqguids
into a flowing stream of gas (N,)}, vaporization, and subscguent
dilution. This system was used to evaluate the sorbent tubes
for the jet enginc exhaust studies.

Figure A-l1 is a schematic diagram oI the sample goneration
system. The main framc of the system is a modified F&M Mcdel 700
gas chrormatogravh. The chromatograph has heen stripped of the
protective neeal covering and the detector renwoved.  The oven
(12 ir. > '2 'n. (30.5 cm » 30.% c¢cm) was reiocated from the
right to the i12ft side of the main frame. Four hcated zoncs
were available on the original CC. Ornc of these zones controls
the oven temperature while the other threc are avallaple for
heating various components of the cample generaticn system.  Twe
of these are used to separately control the temperature of the
two 3-port injection blocks (see Figure A-i). The final one 1is
avallable for heating transfer lines for direct interfacing with
a detector for frontal analysis capacity studlies. A Simpson
pyrometer (0-500°C) has been added along with a2 selection switca
and necessary circuit modifications to allcw tne monitoring of
temperatures in the four zones.

Additional modifications included an 18 in. x 18 in. x 5 1in.
(45.7 cm x 45.7 cm x 0.6 c¢mi}) aluminum plate attached to the

mein frame to the right of tiie oven to accommedate the syringe
drives and a 13 in. % 12 in. x % in. {32 cm x 30.5> c¢cm x 0.6 cm)
aluminum plate attached tc the main frame in front of the oven to
accommodate the flow controller instrumentation. The necessary
bulkhead fittings, toggle valves, reedle valves, tubing arad
pressure gages were also added to accomplish the configuration
indicated in Figure A-1l.

The generation system functions in the following mannevr.
A source of carrier gas (N.) is introduced and split 1nto a
primary and sccondary flow. The primar; flow passes through a
Brooks Mcdel 5841 mass flow sensor/controller which maintains
the flow at a preset value (0-1000 ml/min). This flow rasses
through individually heated and contreclled injection blocks
which are desianed to cach accept three syringes mounted on
Sage Model 255 variable control syringe drives. This allows
for the simultanccus introduction of si1:

purc liculd compoencnts
Oor potentially many more ii nilxtures of i

compounds are uscd 1n
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the syringes. 7The rate of injection can be varied from sub
microliter/hour to milliliter/minute rates by choice of syringe
gize and drive rate. The liquid samples arce vaporized in the
injection block and swept with the carrier gas into a constant
temperature oven.

The major portiorn of the primary flow passes through the
oven, passes through a needle valve used to regulate the
pressure in the primary flow path, and is expelled to vent. =&
small portion (usually 10 ml/min) of thc primary flow 1s spiit
off through a second needle valve and passcs into a switching
valve. The switching valve makes it possible to switch a
Hastings Model LF=-100 (0-100 ml/min) mass flow sensar inte the
flow path (dashed line in Figure A-1) to measure the exact split
on the primary flow. The porticn of the primary flow that 1is
sclit out masses from the switchinu valve and is combined with
the sccone - carrier flow which c¢nters the constant temperature
oven tarcuch o Arcoxs Model 5841 mass flow senscr/controller
0-2000 mi. man!. 3s in the case of the primary flow, thc najor
vortion ¢f the secondary flow passes through the oven and is
cxpelled to vent through a necedle valve. & small portioun ¢. the
seconcary flow is split off through a toggle valve to a solid
sorbent sampling tube. The rate of sampling (0-500 ml/min) 1s
contrelled by a Rrooks Model 5841 nass flos sensor/controller
at the tube e:

tth the cumple generatilon system in thirs configuration
it is possible to achieve dynamic sample generation of pure
compounds down to low ppb concentrations. For example, a
concentration of 20 pph can be achioved using pure benzene
in a 25 1.1 syringe at a syringe drive rate of 257 of the 1,/1000
c7 full rarge setting and primpary and secondary flows of
1000 nii/min and 2009 ml/min, respectively, using a 10 ml/min
spiit from the primary flow. Under these conditions, the
syringe drive mechanism delivers 0.0143 u1/min.

The data :n Tablc A-1 show the results of numerous syririge
delivery rate deterpinations for the sample generation system.

The final column entitled "Eguivalence" has been added to

vrovide a common basis for comparison cf the various scttings
bv converting te the eguivalent delivery rate assuming a 25 1
svrings at a cetting of 1007 of the 1/100 range. These date
show cood agrecement in general and excellent agreement foi
repeat measurencvnts of the same setting (e.y., 25 «1 syrirge
3t 257 ¢f 17100 rarnge). Sonie problems cof nonlinearity arc

encountered at lower percent of range settings, and these arc
flected 1inn the deta oktained for the delivery at 5: of 1,/1000

range. Geaecrally settings below 257 ot any range will not bo

used. Tihe valuce ortawned for the 190 -1 svringe agreed sur-

prisingly woell with those obtained with the 25 ! syrince.

This will rot nocassari Le the casce from syrinas to syrindge

.
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TABLE A-1l. SYRINGE DELIVERY RATE DATA

Amount
Syringe delivered kKate Equivalencea

si1ze (w1 0 (wl) o dneo (p1/min) Range _(pl/min)
20 4 27.67 ¢.145 1/100 @ 25% 0.580

25 1 70.00 0.0143 1/1000 & 25% 0.572

25 1 52.50 0.0190 171000 2 31.9% 0.596

25 5 34.23 0.146 17100 @ 25% 0.584

25 5 34.37 0.145 1,100 @ 25% 0. 580

25 5 34.138 0.146 17100 8 25% 0 584

25 2.5 978, 0.0026 1/1000 @3 5% 0.512
100 18 7.37 2.44 1/100 @ 100% 0,610

Assuming 25 ul syringe at 1G0% of 1/100 range.

since the graduations along the syringe barrels will no: neces-
sarily be the same. Although the linearicy of delivery 1is 1in

most cases good, this is used only to cbtain a rough approxima-
tion of the delivery rate at a particular setting. An accurate

measurement is made with each experiment to detrrmine 4he
precise delivery rate.

To give some indication of the accuracy “he system
for ¢generating standard vapor concentrations, .ne following data
were obtained using acrylonitrile as the test compound. The
conditions were as follows:
Primary flow: 1000 ml/min
Split flow: 10 ml/min
Secondary flow: 2000 ml/min
Samprle flow: 10 ml/min
Dilution factor: (10/1000) (10/2010) = 4.975 x 10-%°
Syringe size: 25 il
Syringe drive settings: 1,100 @ 25%

Delivery race: 0.146 pl/min

Table A-2 contains the results of two sampling evperiments

using Porapak N sampling tubes and sampling times of 30 and 60
minutes.
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TABLFE A-2. RLCOVLERY CF ACRYLONITRILL FROM
STANDARD SAMPLE GENERATION SYSTEM

Sampling Theoretical Actual
time amount amount %
{min) (ig) {(+g) Recovery
60 0.35 0.36 103
30 0.17 0.18 106

The acrylonitrile was analyzed by thermally desorbing the
Porapal N tubes at 150°C onto a Porapak ¢ analytical column
(at 150°C) and subsequent detection by a nitrogen specific FID.
Agreement to within 10% of theoretical values has consistently
been obtain~d from samples generated on the system.
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APPENDIX B
COMPILATION OF SAMPLING AND ANALYSIS PARAMETERS

Table B-1 describes each sample that was taken, the date
sampled, the sampling parameters, the date analyzed, and
various analysis parameters. The analysis parameters include
the separation of the subtracted and unsubtracted information

. into different files, a coded reference of calibration factors,
"and the program variables (which are discussed in Appendix C).

Table B-2 is a listing cf the calibration factors by the coded
reference used in Table B-1.
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TABLE B-2. JET ENGINE EXHAUST SAMPLE CALIBRATION FACTORS

Analysis Calib. Calibration factors (counts/uqg)
Run date factor # Heptane Decane Benzene Toluene Xvlene
MRC-1 1/21/78 la 10416 10937 11223 11285a 12082a
) 1b 9878 10324 10623 10677 11431
1 MRC-2 to 1/23/78 2a 11715 117¢3 ].2727a 12592 12930
MRC-5 2b 11285 11374 12267 12137 12482
MRC-6 to 1/23/78 3a 12136 12325 12995 13060 136]9a
MRC-9 3b 11646 11889 12502 12565 13103
3 MRC-9 (kackup) 1/30/78 4a 12032 12382 13057 lBGBOa 13/19
to MRC-14 4h 11709 12215 12793 1281¢ 13344
MRC-15 L/ 55,0 5a 11892 11970 12828 12842 13147
5b 11469 11722 12466 12480 12776
MRC-R1 to 2/10/7¢8 ta 9515 3409 10307 10093 16965a
MRC-R4 6b 8196 7922 8777 8595 0337
MRC-R5 to 2/13/78 7a 12229 1223¢C 13066 13033 14334 :
MRC-R1C 7b 10593 10295 1111¢C 11082 12158 )

a . . .
Determined by ratio.




APPENDIX C

LISTING AND EXPLANATION OF BASIC PROGRAM "JET"

Table C-1 1s a listing of the Basic program "JET" that was
used to reduce the data from the jet engine exhaust analyses.
Three lines were modified depending upon the particular sampling
and analysis parameters for each run:

130 FOR N = 1 TO | 340]| (Baseline)
1 370 LET L = |201| (Run Time)
{ ' 500 LET P(M]) = S[M]* | 244.5]/Q (sample Size)

3 Line 130 is used to set the baseline value to a level that
was appropr:ate for each particular chromatographic run. The
example given (value of 340) is a typical value used and corres-
ponds to the 10-second area slice at 3400 seconds into the run.
Values were always chosen on the back side of the chromatogram
(i.e., after the analytical peaks) when the trace had reached a
stable baseline condition.

o o st il et ol Al L i il L‘um:wm‘_w..‘M.MMmmmmwW,\_MMmmm.mmmmmwmmmwmmm;w il

Line 370 is used to set the length for the final area of
integration (calibrated with m-xylene). The analytical technicue
used multiple standards (heptane, decane, benzene, toluene, and
m~-xylene) to calibrate appropriate portions of the chromatogram.
Lines 210 (heptane), 250 (decane), -20 (benzene), and 330
(toluene) determine the areas of the chromatogram to be cali-
brated against each of the other standards. The sum of the L
values from these steps determines the total length of the
[ chromatogram that was integrated (i.e., the effective run time).
1 : Line 370 being the final of these steps was adjusted to an
i appropriate value (normally 201) to include all of the remaining
chromatogram that contained analytical information.

e e il

Line 500 is modified to correct the conversion factor for
variations in sample size (usually 100 ml or a factor of 244.5).
The actual values used in each of these steps for each of the
individual analyses are included in Table B-1 of Appendix B.
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TABLE C-1. LISTING OF BASIC PROGRAM "“JET"

10 I1M A+rg02

20 FILES x

30 REM!: INFUT FARAMETERS

40 FRINT *WHAT ARE THE CALIERATION FACTORS®i

S0 INFUT CC11,CC239CL31,CLAT9CLS]

60 FPRINT °“WHAT RAW FILE®} '

70 INFUI C$%

80 FRINT °*REFORY TITLE®;

90 INFUT A%

100 FRINT *AFL THC VALUE®

110 INFUT Z

120 ASSIGN C$y1+E

130 READ #12

140 REM: TH1S LOOF SETS HRASELINE VALUE

150 FOR N=1 TO 340 3

140 1+ END #1 THEN 190 E]

170 Kl Al $15K ;

180 NEXT N E

150 tET Sr11=SC21+=8C31=5C41=8[51=0 ~

Z00 REND #1012 3

210 REM:! SET FARAMETERS FOR DATA CALIBRATED WITH HEFTANE 3

220 FOR M=1 TO S =

230 IF M#1 THEN 280 3

240 LET t=11 g

250 LET Q=B&.17 2

260 LET R=7 E

270 Kt'M:  SET FARAMETERS FOR DATA CALIERATED WITH DECANE E

280 If M$#2 THEN 330 3

290 LET L=11 z

300 LET Q=142,28 E

310 LET &=10 .

320 REM: SET FARAMETERS FOR LATA CALIEBRATED WITH RENZENE E

330 IF M#3 THEN 380 2

340 LET =21 3

350 LET @=78.11

360 LET R=6 ‘é

370 REM: SET FARAMETERS FOR DATA CALIERATED WITH TOLUENE 3

380 IF M#4 THEN 430 g

290 LET L =264 1
3 400 LET Q=92.13 ]

410 LET K=/ . 3

420 KEFM: SET FARAMETERS FOR DATA CALIERATED WITH XYLENE 3
% 430 IF M$S THEN 480 3
i 440 LET L~-20] 3
3 450 LET 0=106.16 <
E 460 LET R=8 3
: 470 REM: THIS LOOF SUMS AREAS 3
] 480 FOR N=1 TO L 3

490 READ #1551 :
E 500 TF  END' #1 THEN 530 3
3
1 70 3
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TABLE C-1 (continued)

510 LET S[MI=SCMI+I ' S
520 GOTD S50 o
530 LET L=N-1 E
540 GOTO S70 3
550 NEXT N

560 REM: REDUCE AREARS TO uG AND ppmC EQUIVALENTS
-870 LET SLMI=SL[MI-(LXB)
580 LET SCHMI=SICMI/(CCMIx%4)
' 590 LET FCMI=SLMI%244.5/Q
4600 LET ACMI=RXFIM] "
410 NEXT M
620 REM! SUM TOTAL eremC
630 LET TL11=AL1J+AL2I+AL31+AL41+A(5]
640 FRINT "FOSITION FAFER AT BOTTOM OF FAGE,» MIT SFACE» RETURN.®}$
650 REM! OUTPUT LATA
660 INFUT Iis

670 FOR N=1 TO 10 =
&80 FRINT .
690 NEXT N e

700 FRINT A$ =
710 FRINT "THE ON-LINE THC VALUE WAS *;Zi* FFMC® E
720 FOR N=1 TO S

730 FRINT 3
740 NEXT N -
750 FRINT "CALIBRATION®;TAKR(24); *EQUIVALENT®3TAK(47); *EQUIVALENT®;

760 FRINT TAR(70); "EQUIVALENT® .
770 FRINT * COMFOUND®3 TAR(28)3"UG" i TAE(S1) 5 *PPM® i TAR(73) i "FFMC® 3

780 FRINY '———~—-=eee— "ITAR(24) 4 "~ — “iTAB(47)§ "~ o] -
790 FRINT TAB(70) 3 '~~-—~————— ¢ 4,
800 FRINT E-

810 FRINT "HEFTANE'iTAR(24)iSL1IiTAR(A47)iFL11iTAR(70)3A01]
820 FRINT =
830 FRINT °"DECANE®;TAEB(24)+SL21:TAR(47)iFL2I3TAR(Z0)5AL2] B
840 FRINT

850 FRINT *"BENZENE"iTAE(24)3SL31iTAR(47)iFL31iTAR(70)7A03)
840 FRINT

870 FRINT "TOLUENE"iTAE(24)3SL43iTAE(47)iFL41iTAEB(70)iAL4]
8RO  FRINT

890 FRINT *"M-XYLENE*;TAR(24)3SL51+TARB(A7)iFLSIiTAR(?20)7ALS)
90, FRINT TAR(70)3"~———--mm== -

210 FRINT TAB(S5&6)35*TOTAL FFMC = *3TC12

920 FRINT

v30 KEM: CALCULATES % OF ON-LINE THC VALUE RECOVERED E
940 LET Q=TC11/Z%100 E'
S0 FRINT "THE FERCENT OF ON-LINE THC VALUE RECOVERED IS *3Qi* %° E
L0 FOR N=1 TO 15 =
970 FRINT

980 NEXT N :

990 END




