
AN ABSTRACT OF THE THESIS OF

David Robert Rossman for the Master of Science
(Name) (Degree)

in Mechanical Engineering presented on /972
(Major) (Date)

Title: A DETERMINATION OF AN EXHAUST HYDROCARBON

REACTIVITY INDEX FOR A VEHICLE POWERED BY

GASOLINE AND LIQUEFIED NATURAL GAS

Abstract approved:
Redacted for Privacy

J. G.

Past research has shown that automobile exhaust is composed

of a mixture of many different hydrocarbons and that some of these

hydrocarbons contribute more to the smog problem than others.

Natural gas has been proposed as an alternative to gasoline as a

motor fuel, and it was desired to confirm the difference in smog

forming potential between that fuel and gasoline.

A vehicle that runs on either fuel was tested for exhaust hydro-

carbons by an NDIR analyzer and by a chromatographic technique that

allowed quantitative determination of most of the C
1

to C10 compon-

ents. A smog reactivity scale was applied to each component.

The results show that the reactivity index using the natural gas

fuel is only about 1/40 of that using gasoline, but that the hydrocarbon

concentration did not change appreciably.
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A DETERMINATION OF AN EXHAUST HYDROCARBON
REACTIVITY INDEX FOR A VEHICLE POWERED BY

GASOLINE AND LIQUEFIED NATURAL GAS

INTRODUCTION

Because automobile exhaust has been shown to contribute signi-

ficantly to the air pollution problem, many studies have been under-

taken to separate the components of the exhaust mixture and deter-

mine the composition and role of each of them as they affect air

pollution. It has been found that the hydrocarbon emissions, which

are primarily unburned portions of the engine fuel, may react in the

atmosphere with oxygen and another pollutant, nitric oxide, to form

the characteristic compounds that we recognize as smog. Caplan (3)

lists this chain of reactions that manifests itself as the familiar

"brown cloud" (nitrogen dioxide), eye irritation (aldehydes), and the

rotting of rubber (ozone), which in combination or individually can

also damage or destroy vegetation. It has been found through experi-

ments with artificial atmospheres that some hydrocarbon types are

more likely than others to react with oxygen and NO to form smog

products. Of these hydrocarbons, the olefin group has been found to

be the most reactive followed by the aromatic group, which is some-

what reactive, and the paraffins which are almost nonreactive except

when the number of carbon atoms exceeds five.

Although some heterogeneous chemical reactions take place in
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the combustion chamber, the composition of the unburned hydro-

carbon mixture in exhaust is very similar to the engine fuel. From

the above discussion, the ideal fuel from a smog formation standpoint

appears to be a low carbon number, predominantly paraffinic one;

however, gasoline is a complex mixture of hydrocarbons from all

classes with some components of carbon number greater than ten.

An alternative fuel, one which approaches the ideal fuel concept from

a composition standpoint, is natural gas. It consists primarily of

methane (C1), with very small varying amounts of ethane (C )
'

propane (C3), and other higher molecular weight paraffinic hydro-

carbons (19). It has been used for many years as a fuel for internal

combustion engines, but usually for stationary applications where the

fuel could be piped from normal supplies. The advantages for this

fuel were that fuel storage was unnecessary and that maintenance was

reduced because of inherent clean burning characteristics such that

engines could be left for long periods of time unattended.

With the current emphasis for clean air, natural gas has re-

cently been applied for use as a fuel for motor vehicles and several

groups have tested exhaust emissions and operational characteristics,.

DeVine and Mingle (4), McJones and Corbeil (17), and Fleming et al.

(11) have all studied vehicles or engines which were equipped with

dual-fuel systems, devices that permitted operation on either gaso-

line or natural gas by just opening or closing certain valves, such
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that exhaust emissions could be compared without other engine modi-

fications.

Standard testing methods for vehicle exhaust emissions have,

until recently, had several drawbacks that could make accurate

comparisons for modifications somewhat misleading. Most past

testing has been done using the seven mode Federal driving cycle

and a non-dispersive infra-red (NDIR) analyzer (9) for measuring

concentrations of CO
2 '

CO, and hydrocarbons (HC). The driving

cycle is still considered very usable for comparative purposes but it

has long been recognized that the NDIR analyzer has serious draw-

backs in its ability to detect certain hydrocarbons. It is sensitized

to n-hexane and, therefore, has a high response to most of the least-

reactive paraffins and a low response to the highly reactive aromatics

and olefins. Jackson (13) has shown that results from this type of

detector can be misleading when comparing the atmospheric reacti-

vity effects for some engine modifications. New standards specify

a total hydrocarbon, flame ionization detector, but even this does

not delineate reactive and non-reactive hydrocarbons.

Methods are available to separate and quantify the various

hydrocarbons so that smog potential can be estimated. In addition to

the NDIR train, Mc Jones and Corbeil (17) analyzed their exhaust

samples using a system of subtractive columns which separated the
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three groups of hydrocarbons for quantitative analysis, but several

authors (3, 5, 1, 13) have shown that hydrocarbons within the same

general group have reactivities that vary significantly from one

another and that subgroups smaller than the three general classes

are necessary to accurately depict each hydrocarbon' s contribution

to the smog problem.

The work of Fleming et al. (11), which has been reported since

this author' s work was completed, utilized a method which separated

all hydrocarbons and the results reported should be as accurate as

any. DeVine and Mingle (4) used only the NDIR equipment, however,

and the objective of this author' s study has been to continue their

work and to compare the smog forming potential of the emissions

from the vehicle used in their study.

In order to compare the reactivities of the two exhausts, it

was decided to try to separate samples into essentially all of the in-

dividual hydrocarbons. Several authors have published methods for

doing this (15, 6, 14, 20, 16, 18) all of which involve the use of re-

latively long, open tubular columns in gas chromatographs equipped

with flame ionization detectors. The method adopted was that of

Papa, Dinsel, and Harris (18) because it appeared that it would give

the best component separation and because the equipment they used

was similar to that available at this laboratory. Since the beginning

of this study, another has been presented by Dimitriades and
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Seizinger (8), and it appears to have aspects that might have

eliminated some of the problems encountered here.

EQUIPMENT

The vehicle used for the test program was the same one used

by DeVine and Mingle (4) for their tests, a 1970 Chevrolet Impala

with 400 cubic inch V8 engine and automatic transmission. In order

to operate the vehicle on both fuels, it was not necessary to alter the

normal gasoline system other than to add a solenoid shutoff valve in

the gasoline line upstream of the carburetor.

A schematic of the natural gas fuel system is shown in Figure 1.

Liquefied natural gas was stored in a vacuum insulated storage tank

mounted on the shelf above the rear axle in the trunk. Liquid from

the tank flowed to the engine compartment where it entered a

vaporizer heated by engine coolant from the heater circuit. From

there, the gaseous fuel pressure was reduced from the tank pressure

of 20 psig to 0. 5 inches of water gauge in a standard natural gas

service regulator before it entered the fuel mixer. A Dual Fuel

Systems fuel mixer had been added to the air cleaner that regulated

the fuel supply to the engine. The fuel mixer was not a speed control

as such but was a low pressure regulator whose flow was regulated

by the throttle plate opening of the gasoline carburetor.

The vehicle was operated on a Clayton chassis dynomometer
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set to absorb eight road horsepower at 50 miles per hour and

simulate the inertia of a 4,000 lb. vehicle. Though the test vehicle

weighed 4,770 lbs. with full capacity of both fuels and two people,

such a difference was not significant for the tests.

A diagram of the sample collection system is shown as Figure

2. Exhaust from the tailpipe was routed through the shell side of a

water cooled shell and tube heat exchanger to condense the water

vapor, and from there flowed into either a large plastic bag for the

test cycles or into an outside exhaust duct for other cycles. Piping

was constructed of galvanized and stainless steel, and the condenser

was constructed of cast iron and brass. A 10 ft. by 12 ft. Mylar bag

was used for sample collection and a bag about one foot square made of

Saran was used to transfer a sample from the collection bag to the

chromatograph. Mylar has shown itself to be less likely to lose

hydrocarbons by adsorption, permeation, etc., than many other

materials, including Saran (18), but is very brittle and cracks easily

when handled. Saran is much better than many materials at retaining

hydrocarbons and is very pliable.

An oilless diaphragm pump was used to draw a sample from the

sampling port in the large bag to fill the smaller one. The sampling

port was located at the center of the bag although Zelson (24) has

reported that sampling position is not important.

Hydrocarbon components were separated using a Perkin-Elmer
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Model 810 gas chromatograph with flame ionization detector as

shown in Figure 3. Output from the detector amplifier was recorded

on a Honeywell-Brown Electronik strip chart recorder equipped with

a Disc 4ntegrater.

Figure 3. Gas chromatograph and related equipment

In addition to the chromatograph, the vehicle emissions were

monitored using the NDIR equipment specified in the Federal

Register (9) for all emissions testing prior to 1972 model cars.

Two chromatographic columns were used for the analysis. One,

a 3 1 / 2 ft. by 1/8 in. o. d. stainless steel tube packed with a 1 :1
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mixture of Porapak Q and Porapak T, was built locally and separated

C
1

and C2 hydrocarbons at ambient temperature. The other was a

150 ft. by .02 in. i. d. capillary column coated with Dow Corning

DC-200 silicone oil and separated C3 to C10 components (Figure 4).

The capillary column was operated in the column oven at a program-

med temperature that ranged from -75° C to +120° C. The use of

subambient temperatures effected a cold trap that stopped all com-

ponents at the column inlet except those with very low boiling points,

the C
1

and C2 molecules.

Figure 4. Capillary column installed in oven
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Changes made to the standard chromatograph, similar to those

of Papa, Dinsel and Harris (18), included the following:

1. Three Perkin-Elmer gas sampling valves were mounted on

the side of the column oven such that two of them introduced a cali-

brated amount of sample on line with the carrier gas flows, and the

other backflushed the Porapak column after the elution of C1 and C2

hydrocarbons (Figure 5).

2. The sample injection port was blocked off and samples to

the capillary column were introduced by the gas sampling valve in

the carrier gas stream.

3. A regulated auxiliary detector flow (ADF) of nitrogen was

introduced at the outlet of the capillary column upstream of the de-

tector. The addition of nitrogen at this point has been shown to

increase peak resolution.

4. A thermocouple was placed in the column oven to record

temperatures lower than the standard instrument pyrometer.

5. The detector was insulated from the column oven by sur-

rounding it with glass fiber andfiber sheeting. Sheeting was also

placed between the oven and amplifier units to thermally isolate

these units from each other.

6. Because the unit had a dual column dectector and the pro-

cedure called for a single one, fuel flow to the reference side of the

detector was blocked off and a dummy column installed on the
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reference side of the oven. This was necessary so that carrier gas

could flow to the reference side of the detector preventing oxidation

of the unit.

Chromatographic conditions are shown in Table 1.

Table 1. Chromatographic Conditions (18) *

C1 -C2 C3-C10

Determination Determination

Column Substrate Porapak T and Q DC-200

Column Length 3 1/2 ft. 150 ft.

Column Diameter 1/8 in. , o. d. 0.02 in, i. d.

Column Material Stainless Steel Stainless Steel

Column Temp.

Start Room Temp. -75° C

End Room Temp. +120° C

Program Rate 0 10° C/min

Detector Temp. 150° C 150 ° C

Carrier Gas Nitrogen Helium

Carrier Gas Flow 35 ml/min 12 ml/min

Air Flow (Dectector) 400 ml/min 400 ml/min

H
2

Flow (Dectector) 60 ml/min 60 ml /min

N2 (ADF) Flow

Sample Size 5 ml

35 ml/min

5 ml

* Table includes changes from Papa et al. (18) conditions as
explained in text.
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SAMPLE COLLECTION AND ANALYSIS

Vehicle Preparation

Since previous testing by DeVine and Mingle (4) when the vehicle

was essentially new, about 20,000 miles had been added using pri-

marily regular grade gasoline. Before any emissions sampling was

done, the electrical and fuel systems were inspected and adjusted.

The distributor parts, spark plugs, and air cleaner appeared in good

condition and were not replaced. Timing, dwell angle, idle speed

and carburetor idle mixture adjustment were set to factory specifi-

cations. The natural gas fuel mixer was adjusted for minimum CO

and HC at idle as seen by the NDIR analyzer. General operation of

the car was satisfactory, and there were no signs of excessive oil

consumption, exhaust leaks, or other defects that might have affected

results.

Sample Collection

The vehicle was operated following the seven mode seven cycle

procedure described in the Federal Register (9). Because a signifi-

cant difference in emissions was expected between hot and cold cycles

when operating on gasoline, all seven cycles were run for that fuel,

even though the engine did not cool completely between runs.

Emissions with natural gas are not so temperature dependent so that
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only four cycles were run. In both cases, exhaust from the last two

cycles was diverted to the collection bag. This method of obtaining

an integrated sample for all modes of operation has been described

by Zelson (24) and was used by De Vine and Mingle (4) in their work

for determining an integrated NOx
value. Immediately following the

completion of the last cycle, the capillary column oven was cooled to

its starting temperature and the transport bag was filled for analysis

in the chromatograph. Though the entire contents of the transfer bag

were not analyzed, filling the bag entirely lowered the surface to

volume ratio and lessened the chance for loss of hydrocarbons through

the bag walls.

Sample Analysis

The column oven was cooled to -75° C prior to the beginning of

the analysis by using crushed dry ice contained in hardware cloth

cages constructed to fit into spaces around the capillary column.

When these cages were filled with ice and the oven fan started, the

oven temperature could be lowered from ambient to starting temper-

ature in about one minute. Only one filling of ice was necessary for

each analysis.

Both the Saran sample bag and the pump were moved to the

chromatographic set-up and the bag was reconnected to the suction

side of the pump. When the oven reached starting temperature, both
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sample loops were purged at the same time with about two liters of

the exhaust and then sealed by pinching a piece of tubing on the vent

ends and disconnecting a quick disconnect coupling with end shut-off

on the upstream end.

About two minutes later, the recorder was started and a

sample injected into the Porapak column. After the C2 hydrocarbons

finished eluting, usually about three minutes later, the column was

backflushed so that the heavier components could be vented to the

atmosphere. When switching to backflush position, it was necessary

to depress the detector flame ignition button to prevent the flame

from being extinguished by the surge of nitrogen from the sample

valve.

Four minutes after the Porapak sample was injected, the

capillary sample was injected and the temperature program shown

in Figure 6 was followed. This program is slightly different from

that of the Papa, Dinsel and Harris (18) procedure and is closer to

that of Dimitriades and Seizinger (8). The former program called

for a rapid temperature rise from -70° C to +30° C followed by a

10°/minute increase to 120° C. Using this program, the separation

of the earlier eluting components was not as good as expected so a

modified version of the Dimitriades and Seizinger (8) program was

tried. That program, as specified, starts at -100° C, followed by

a rapid rise to -20° C two minutes after injection and a 10 °/minute
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increase to 120° C. Lowering the oven temperature to -100° C would

have been difficult without the liquid CO2 injection method used by

those authors, so a compromise was tried, starting at -75° C but

otherwise following their program. Preliminary experimentation

showed that the Dimitriades program gave better separation and was

used for the present analysis, but it may not be the optimum program

for this column.

The operation of the column oven required almost constant

attention because the Model 810 comes with a ballistic type of heat

control for the oven. The heating element is regulated by a variable

resistor type of power control, but with no temperature program

control. Thus, the heater had to be manually adjusted almost con-

tinually to maintain the correct oven temperature over time.

CALIBRATION

Component Identification

Because the method used was very similar to that of Papa,

Dinsel, and Harris (18), it was deemed unnecessary to try to sub-

stantiate the identity of all the hydrocarbon peaks expected, but that

it would suffice to establish the elution times of only a few compon-

ents spaced within the Papa (18) spectrum. This made it possible to

interpolate to find the identity of other peaks using the labeled

exhaust chromatogram included in their report. It was recognized
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that the gasoline used for their work and that used for this work were

undoubtedly of somewhat different composition, but it seemed rea-

sonable that most of the same components would be present, though

in somewhat different proportions.

The concentration of samples used to establish elution times

was not critical, but had to be great enough to give a well defined

peak without overloading. Sample concentrations were adjusted by

diluting them with nitrogen in a 100 cc glass syringe. For gases,

the syringe was filled completely with sample, emptied to 10 cc and

then filled and emptied to the 10 cc mark enough times to give a

suitable concentration. For liquid samples, it was only necessary

to wet the end of the syringe needle before diluting as with the gases.

Experimentation was usually necessary to find suitable dilution ratios

for different hydrocarbons, but they usually ranged from 10-3 to

10-6.

Selection of the calibration hydrocarbons was determined by

their relative positions on the Papa (18) list of elution order and by

their availability. Table 2 lists these hydrocarbons.

A plot comparing some of the approximate elution times ob-

tained by Papa (18) and those obtained in this work is included as

Figure 7. It was expected that the times obtained would be somewhat

longer than those of the previous authors because of the different

temperature program, but this was not always the case.
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Table 2. Hydrocarbons used in Elution Time Calibration

Peak Number Hydrocarbon

1 Methane
3 Ethylene
4 Acetylene
5 Propylene
6 Propane

10 I s obutane
11 I sobutylene and

1 - Butene
13 n- Butane
14 trans- 2- Butene
16 cis- 2- Butene
19 I sopentane
20 1 - Pentene
22 n- Pentane
24 trans-2- Pentene
25 ci s- 2- Pentene
26 2- Methyl- 2- butene
31 Cyclopentene
40 n- Hexane
53 Benzene
54 Cyclohexane
59 Cyclohexene
68 n-Heptane
73 Me thyl cy cl ohexan e
84 Toluene

109 m + p- Xylene
113 o- Xylene
119 Is opropylbenzene
139 n- Decane
141 1- Methyl -4- i sopropylbenzene
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Calibration samples were injected with the same sample valves

and loops as used for the analysis, but since only one of the columns

was used for each hydrocarbon, the vent pipe of the unused sample

valve was blocked causing all of the gas coming through the manifold

to purge the open sample loop. Syringe prepared samples were in-

jected into the sample manifold through a short piece of rubber tubing

connected to the manifold at one end and pinched closed at the other.

Using the tubing for a septum did not cause any contamination pro-

blems and gave longer service than silicone septums.

Quantitative

The calibration of flame ionization detectors has been a sub-

ject of discussion by several authors. This type of detector is

essentially a carbon atom counter, its response being about propor-

tional to the concentration and the number of carbon atoms in the

molecules, The point of discussion is that some authors claim an

apparent change in response of the detector to different classes of

hydrocarbons. Sternberg, Gallaway and Jones (21) showed a differ-

ence in effective carbon number of only about -15% for most classes

except acetylene which was +30% and Dimitriades and Seizinger (8)

show differences of ±8% with nothing unusual about acetylene.. The

authors whose procedure has been followed in this work, however,

report adjusting flame conditions to minimize this difference to only
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about ±3 to 4%. By using these flame conditions in the present study,

it was felt that response differences between hydrocarbon classes

would not be significant and that quantitative calibration with only one

hydrocarbon would be sufficient.

Quantitative calibration of the detector was done using n-Butane

purchased from Matheson Company as a 1000 ppm concentration in

nitrogen. Dilutions were prepared in the same manner as for the

elution time calibrations, using the 100 cc syringe, but more care

was taken to assure a known concentration.

When a calibration sample had completely eluted, the number

of integrator counts was determined and tabulated. Three samples

were usually run at each concentration and the values obtained were

averaged and converted to peak area by a conversion factor to be

explained later. The results of these calibrations are plotted as the

solid line in Figure 8.

Although the detector operating temperature was maintained,

no oven temperature program was used for the quantitative cali-

bration. With the capillary column at ambient temperature, it was

found that when approaching the lower threshold of the detector, the

nitrogen used for dilution and the n-butane eluted at the same time,

and, further, that the nitrogen affected the flame condition enough to

give a noticeable peak at zero concentration. (This may be caused

by the difference in thermal conductivity between the helium carrier
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gas and the nitrogen, but this is only speculative.) The. amount of

this peak has been subtracted from the experimental values of Figure

8 and the results plotted as the dashed line on the same coordinates.

There was some question as to the gas-tightness of the ground

glass syringe used for the calibrations. After finding that there was

a problem with adsorption and desorption of the molecules if high-

vacuum silicone grease was used to seal the sliding barrel, a leak

test without grease was performed by closing off the needle opening,

mounting the syringe in a vertical jig, and weighting the piston. With

5 lbs. on the piston, the leak rate was not more than 10 cc/minute.

So, for dilution purposes, where one was careful not to push or pull

too vigorously on the piston, leakage was negligible. The conse-

quence of leakage meant only that the sample would be diluted with

air rather than nitrogen.

DATA REDUCTION AND CALCULATION METHODS

Peak Identification

Two guidelines were followed in order to identify peaks from

the exhaust. They were: 1) elution time comparisons with previous

calibrations and with the Papa, Din.sel, and Harris (1.8) times, and

2) the relative heights of the various peaks as compared with the

previous authors' sample chromatogram. Major peaks were
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tentatively identified by using their elution times and Figure 7 to find

the approximate elution time for that component in the Papa, Dinsel,

and Harris study (18), and referring to the example chromatogram to

see if it showed a major peak at about the same time. If it did, other

peaks on either side of the major one were compared for relative

heights and elution times to verify its identity. The use of elution

times alone would not have been dependable because of the human

errors involved in the temperature programming and day-to-day

changes in carrier gas flow rates that would affect elution times.

It is recognized that the method of peak identification used was

not exact, and that other, better methods such as mass spectroscopy

are available and are frequently used, However, the opinion was

held that if the chromatographic procedure of the previous authors

was followed closely, there would be reasonable correlation of re-

sults. The calibration done with this machine would appear to sub-

stantiate that view.

Quantitative

Peak separation for the lighter hydrocarbons was not as good

as that obtained by Papa, Dinsel, and Harris (18), nor was the base-

line nearly as stable. This presented problems in interpreting

chromatograms because the use of the Disc integrator is made much

more difficult by either of these problems. This type of integrator
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can be a very useful tool in many circumstances, but it was felt that

the errors and effort introduced by trying to compensate for these

problems made its use on exhaust chromatograms impractical.

Though inherently a less accurate method, a planimeter was used to

measure the peak areas. Overlapping peaks were separated by esti-

mating the division between the components using relative peak

heights and time between peaks. Projections were drawn down to an

artificial baseline to approximate a well resolved peak. The base-

line was established by drawing a smooth line just below the bottom

of the lowest minimums between well separated peaks.

The Disc integrator was used for quantitative calibration pur-

poses because the baseline was more stable and could be adjusted

without introducing error. Integrator counts were correlated to the

square inch units of the planimeter by setting the amplifier zero con-

trol such that the recorder pen traversed the paper at some point off

of the chart zero. After some interval of time, the area of the

rectangle under the pen trace was measured and the number of inte-

grator counts tallied and compared. This test was performed at

various points over the pen scale to verify linearity.

Areas obtained with the planimeter were converted to concen-

trations using the calibration curve, Figure 8. Because the detector

could only count carbon atoms, concentrations found from the curves

were in units of parts per million of carbon and had to be converted
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to parts per million of the particular component by dividing by its

carbon number.

Reactivity Scales

There is currently some difference of opinion among prominent

authors as to what is a valid method of evaluating the reactivity of

vehicle emissions. Dimitriades, Eccleston and Hurn (5) have pre-

sented an excellent argument in favor of the direct measurement of

exhaust reactivity using the artificial atmospheres mentioned pre-

viously; however, in most laboratories chromatographic equipment

is available whereas an artificial atmosphere chamber would have to

be specially built. By using chromatographic methods and the

reactivity data obtained by others using pure substances in these

chambers, it is felt that reasonable measures of exhaust reactivity

may be obtained.

The use of reactivity scales as described by Caplan (3) in his

timely paper is about like adding up the amount of a handful of-odd

coins. Each coin or type of coin has a specific value which is multi-

plied by the number of coins of that type to get a part of the total

amount. In this case, each hydrocarbon is assigned a specific value

called relative reactivity which is multiplied by its concentration to

get a reactivity index, its contribution to the mixture' s total reacti-

vity. This additive effect has been verified by Jackson (13) in
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another noteworthy work.

The question then arises as to what relative reactivity values

should be assigned to the various hydrocarbons. Figure 9 shows the

relative concentrations of various smog components as they react

with time and the basis of experiments with artificial atmospheres is

the rate at which these reactions take place for different types or

combinations of hydrocarbons. Most laboratory irradiation experi-

ments have used rate of NO2 formation as the basis for the reactivity

parameter; however, as is apparent from Figure 9, NO2 is only one

of several manifestations of smog. As pointed out by Altshuller (1)

in an evaluation of various reactivity scales, the rate of NO2 forma-

tion is not indicative of other smog characteristics and problems such

as eye irritation and plant damage, which cannot be measured object-

ively should also be considered. He has proceeded to take these smog

characteristics into account and has compiled information from sever-

al sources to present a scale that should be more indicative of smog

problems than those based only on rate of NO2 formation. His scale

and the information on which it was based is reproduced as Table 3.

The averaged response values from this table were used for all

reactivity index calculations in this work.



Hydrocarbon Aldehydes

Oxidant-
aerosol

Irradiation time 6 hrs

Figure 9. Reaction diagram of a hydrocarbon/N0x/air/sunlight system (5)



Table 3. Comparison of product yields and effects caused by various organics (1)

Substances or
Sub -Class

CI-05 paraffins
acetylene

benzene

C6 + paraffinsa

toluene (and other
monoalkylben-monoalkylben-
zenes)

ethylene

1-alkenese

diolefins

dialkyl and trialkyl-
benzenes

internally double-
bonded olefinsf

aliphatic aldehydes

Ozone or
Oxidant

Peroxy
acyl

Nitrate

Response on 0 to 10 Scale

Formal-
dehyde Aerosol

Eye
Irrita-

tion
Plant

Damage

Aver-
aged

Re sponse

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0-4 0
b

0
b

0 0
b

0 1

4 ND
c

2 2 4 0 -3 3

6 0 6 1-2 5 +
d

4

6-10 4 -6 7-10 4-8 4-8 6-8 7

6-8 0-2 8-10 10 10 0
b

6

6-10 5-10 2-4 +
d 4-8 5-10 6

5-10 8-10 4- 6 6-10 4-8 10 8

5-10 +
d

+
d

ND
c

+
d

+
d

a
b
c
d
e

f

Averaged over straight-chain and branched-chain paraffins.
Very small yields or effects may occur after long irradiations.
No experimental data available.
Effect noted experimentally, but data insufficient to quantitate.
Includes measurements on propylene through 1-hexene, 2-ethyl-l-butene and 2, 4, 4-trimethyl-l-pentene.
Includes measurements on straight-chain butenes through heptanes with double-bond in 2 and 3 position,
2- methyl- 2- but ene, 2, 3 - dimethyl- 2- butene, cyclohexene.
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RESULTS

Table 4 is a summary of the results obtained and Figure 10 is

a typical exhaust chromatogram when running on gasoline. Three

vehicle runs were made on each of gasoline and Liquefied Natural

Gas (LNG). One sample from each run was analyzed chromato-

graphically except for the last run on LNG when a second sample was

taken from the Mylar bag after completion of the first analysis.

These are labeled 6a and 6b.

The results show that when using LNG as a fuel, the exhaust has

only about 1/40 the reactivity of exhaust using a gasoline fuel. Hydro-

carbon concentrations do not appear to be significantly different by

the chromatographic technique, but the NDIR analyzer shows a re-

duction of more than 50%. This discrepancy is not unreasonable and

will be discussed later. Results with gasoline show decreasing

trends in hydrocarbon concentration with successive trials and only

those results that showed reasonable consistency were averaged.

DISCUSSION OF RESULTS

When comparing the results of the tests, particularly the

hydrocarbon concentrations, it is important that some of the detector

characteristics be kept in mind. Examination shows that the flame

ionization detector (FID) in the chromatograph is more responsive
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Table 4. Hydrocarbon concentration and reactivities from a vehicle
powered by gasoline and liquefied natural gas

Trial No. Fuel

Hydrocarbon Concentration
by NDIR ppm by GC
as n- hexane ppmC

Total
Reactivity

Index

1 Gasoline 6, 960 5, 020

2 Gasoline 4, 750 3, 290

3 Gasoline 329.7 3, 240 2, 440

Average 2 and 3 4, 000 2, 870

4 LNG 3,510 180

5 LNG 4, 100 90

6a LNG 147.7 3, 060 60

6b LNG 3, 470 40

Average 5 and 6a 3, 580 80



CHAF,
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than the NDIR analyzer to most hydrocarbons, particularly mothane.

The NDIR detector operates on an electromagnetic radiation absorp-

tion principle where its response is proportional to the density of

carbon to carbon bonds in the detection chamber and is sensitized to

a particular hydrocarbon, in this case n-hexane. The main drawback

to this detector is that its response is not uniform for different

hydrocarbon types; and because it sees carbon to carbon bonds, its

response to methane, which has only one carbon atom, is only about

30% of that from an equivalent mole percent of carbon atoms as

n-hexane (22). This lack of uniformity has been apparent since before

Federal Standards (9) were written; but because no better methods

were available at the time, it was adopted and an approximate cor-

rection factor included in the calculations for mass loadings to

account for its error. The correction factor was determined for an

average gasoline fuel, however, and no compensation was made for

natural gas, If the results from the NDIR analyzer, when running on

gasoline, are multiplied by this factor, 1.8, and the results from the

same analyzer when running on LNG are multipled by 3 to account for

its low response to methane, the concentration shows a drop of only

about 25% when using natural gas. This is well within the area of

uncertainty of the chromatographic results.

The flame ionization detector, a more recent development,

converts the hydrocarbon molecules to carbon ions and measures
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the ion concentration by the current flow as they pass through an

electric field. Unless the detector is overloaded, all hydrocarbon

molecules in the sample stream, regardless of type, are ionized

and counted. Officials have recognized this advantage, and new ex-

haust emission standards are now based on this method (10).

Although other authors have recently reported concentration

decreases for natural gas using a flame ionization detector (11), it

was not surprising that present results did not show this trend. The

tests performed here did not include the effect of changing the spark

timing to account for the decreased flame speed of natural gas,

whereas the other authors changed their timing to achieve a minimum

emissions, maximum performance compromise.

In addition to the apparent concentration discrepancy, Table 4

shows another interesting result. The three runs on the gasoline

fuel exhibited a trend toward decreasing emissions with successive

tests. These decreases are thought to be caused by residues in the

collection or analytical equipment. The high values for trial one

over other gasoline runs may be attributable to the time schedule of

vehicle operation and the condenser. The car was not run for about

four hours before the first test, and with only about one hour between

the following trials on gasoline. It is possible that during Trial 1 the

first two "cold cycles" of the seven cycle sequence were very high in

exhaust hydrocarbons and some of these hydrocarbons were trapped
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in the condenser and condensate trap. As the vehicle warmed and

the exhaust for the last two cycles was collected, the vapor pressure

of the hydrocarbons in the exhaust decreased and the trapped hydro-

carbons vaporized and were collected and analyzed. This would not

have been a problem for the subsequent trials on gasoline because

the engine did not cool enough between trials for the choke to operate

even on the "cold cycles'." LNG seemed to show a relatively constant

hydrocarbon concentation but with a decreasing reactivity index. The

primary consituent of each of the LNG chromatograms was methane,

but the chromatograms of the first trials showed the same series of

peaks obtained with gasoline. 'Ihe concentrations of these peaks were

much less than on gasoline and decreased with successive runs such

that, for the last run, Trial 6, most of them were either non-existent

or very small. As mentioned previously, however, heterogeneous

chemical reactions take place in the combustion chamber and it was

not unlikely that small concentrations of reactive hydrocarbons would

be formed from the unreactive components of natural gas.

Two things could have been done to avoid the residue problems

encountered. First, and probably most important, the vehicle should

have been run longer to flush the collection system of any warm-up

residues or residues of past fuels. Although the equipment necessary

was not available at this laboratory, a proportional sampling system

(10) would have avoided most of the residue problems encountered.
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Second, the gas sampling valves and sample loops on the chromato-

graph should have been mounted in an oven and kept heated as des-

cribed by Dimitriades (8).

Separation by the chromatographic columns was not as good as

expected and in several cases may have led to significant errors,

particularly in the reactivity calculations. Ethylene, which is very

reactive, and ethane, which is non-reactive, were to be separated in

the ambient temperature Porapak column, but one appeared only as a

small bump on the side of the other. Papa, Dinsel, and Harris (18)

designed the column to be a 1 :1 mixture of Porapak T and Q because

Q would not separate ethylene and acetylene and T would not separate

ethylene and ethane. It is possible that the column was deficient in

the Q Porapak.

Separation problems also occurred for some of the lighter hy-

drocarbons in the capillary column. In the previous authors' work,

the C
1

and C2 components, peaks one to four, were expected to come

out as a single peak and separation was to occur starting with the C3

molecules, peak five. With the equipment and program used, the first

peak out of the capillary contained peaks 1 to 11, and the second peak

contained both 12 and 13. This is particularly serious because propy-

lene, which was supposed to be peak five, contributed about 17% of the

total reactivity index in another study (13), and peak 12, 1, 3-butadiene,

is one of the most reactive components while the substance it is
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combined with, n-butane,, is non- reactive. The problem in obtaining

these separations is thought to be that the cold trapping of the hydro-

carbon molecules at the beginning of the temperature program was

not completed before raising the column temperature. It is likely

that not all of the hydrocarbons in the sample had reached the cold

area of the chromatograph because of the relatively long length of

tubing between it and the sampling valve. Papa, Dinsel, and Harris

(18) routed the end of their column through the oven wall, connecting

it directly to the sample valve, and were able to get component

separation with a 45 second cold trapping period. Even the two

minute period used with the present equipment was apparently not

long enough for the sample to completely flush the three feet of 1/8

inch 0. D. tubing and the blocked injection port between the column

and the sampling valve. Future efforts with the present chromato-

graph should include coupling the column directly to the sampling

valve, or a longer cold trapping period.

In addition to the separation problems mentioned, it is possible

that some other large peaks masked smaller ones. Several authors

(7, 15, 16) have looked into this problem using subtractive columns,

but its investigation was outside the scope of this research.

Separation problems were probably the greatest sources of

error in the analysis, but there were other areas where uncertainty

existed and should be looked into for future work with the equipment
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used. They include the following:

1. The 5 ml sample loop used for the Porapak column was

built locally and may not be calibrated as exactingly as those loops

purchased from Perkin-Elmer. This loop should be checked and

adjusted or replaced.

2. The effect of detector temperature changes on its response

should be investigated. The slowness of response of the detector to

its heater made manual adjustment difficult when changing oven

temperatures, so that its temperature changed about 20° C over the

course of a chromatographic run.

CONCLUSIONS

An experiment has been conducted to determine the atmospheric

reactivity index of motor vehicle exhaust when the engine fuel was

gasoline and when it was natural gas. The chromatographic results

show that there is a significant reduction in reactivity when using

natural gas instead of gasoline, but the hydrocarbon concentration on

a ppmC basis did not show a significant change. The results of the

NDIR detector indicated a reduction in the concentration for natural

gas, but these results are not considered valid because of the very

low response of this detector to the primary component of natural

gas, methane. Modifications to the engine, particularly the spark

timing, should decrease this concentration when using natural gas,
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but this was not investigated in the present work.

The chromatographic method used for the analysis is thought to

be a very useful tool for this type of study, but the modifications

recommended in the discussion would make the equipment used more

accurate. In addition, daily calibration on a standard mix of hydro-

carbons would show fluctuations in flow rates making peak identifica-

tion routine, and would verify the quantitative response of the detector.

Use of the computer in data analysis, perhaps using a magnetic re-

cording of the detector output, could eliminate several hours of

manual work as well as the accompanying human errors.

Hopefully, the establishment of chromatographic equipment at

this laboratory will stimulate further studies of exhaust emmissions

that will include the effects of changes in engine operating parameters

not embodied in this study.
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APPENDIX I. Tabulated Test Results

FUEL: Gasoline

RUN #: One

PEAK
NO.

COMPONENT CONCENTRATION RELATIVE REACT .

PPMC PPM REACT . INDEX

PARAFFINS

1 Methane 480 480 0 0

2 Ethane 145 72.5 0 0

19 Isopentane 410 82 0 0

22 n-Pentane 220 44 0 0

33 Cyclopentane 10 2 0 0

34 2,3-Dimethylbutane 23 4.6 0 0

35 2 -M ethylpentane 105 21 0 0

37 3 -Me thylpentane 68 13.6 0 0

40 n-Hexane 180 30 1 30
47 Methylcyclopentane 65 10.8 1 10.8
48 2,4-Dime thylpentane 30 4.3 1 4.3
54 Cyclohexane 19 3,2 1 3.2
58 2 -Me thylhexane and/or 120 17.1 1 17.1

2, 3- Dim ethylpentane
60 3 -Methylhexane 75 10.7 1 10.7
61 Unknown 3 .4 1 .4
62 Unknown 8 1.1 1 1.1
64 2,2,4- T rime thylpentane 65 8.1 1 8.1
68 n-Heptane 70 10 1 10



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION
PPMC PPM

RELATIVE
REAC T.

REACT,
INDEX

73 Methylcyclohexane 54 7.7 1 7.7
74 Unknown 2 .3 1 .3
78 2,4-Dim e thylhexane and/or 18 2.3 1 2.3

2,5- Dim e thylhexane
82 2,3,4- T rirnethylpentane 2 . 3 1 . 3

86 2,3,3-T rirnethylpentane 4 . 5 1 . 5

88 2 -M ethy1-3 - ethylp entane and/or 21 2.6 1 2.6
2,3 -Dirnethylhexane

90 3, 4- Dimethylhexane and /or 7 . 9 1 . 9

3 -Me thylheptane
92 2,2,5 - T rim ethylhexane 7 . 8 1 . 8

94 trans -1,2 -Dune thylc yc lohexane 1

96 n-Octane 12 1.5 1 1.5
101 c is-1,2 -Dim ethylc yc lohexane 2 . 3 1 . 3

102 Unknown 2 .3 1 .3
103 Ethylcyclohexane and 1

104 Unknown
106 Unknown 2 .3 1 .3
110 Unknown 3 .4 1 .4
115 Unknown 3 . 4 1 . 4

117 n-Nonane 3 .3 1 .3
139 n-Decane 1

143 Unknown 1

SUBTOTAL 2,238 834.3 114.6
rn



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION
PPMC PPM

RELATIVE
REACT.

REACT,
INDEX

ACETYLENES

4 Acetylene 1,000 500 0 0

SUBTOTAL 1,000 500 0

AROMATICS

53 Benzene 140 23.3 0 0

84 Toluene 235 33.6 3 100.8
107 Ethylbenzene 15 1.9 3 5.7
109 m + p-Xylene 70 8.8 6 52.8
113 o-Xylene 21 2.6 6 15.6
124 n-Propylbenzene 3

125 1-Me thy1-4-ethylbenzene and/or 8 .9 6 5.4
1 -M ethyl- 3- ethylb enz ene

126 1,3,5- T rimethylbenzene 9 1 6 6

128 1 -Methy1-2-ethylbenz ene 11 1.2 6 7.2
132 1,2,4- T rimethylbenzene 14 1.6 6 9.6
137 sec -Butylbenzene 3 .3 3 .9
140 1,2,3-T rim ethylb enz ene 6

144 n-Butylbenzene and/or 3

1-M e thy1-4-n-p ropylbenz ene
145 1,3 - Dimethyl- 5 - e thylbenzene and/or 6

1, 2-Diethylbenzene



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION
PPMC PPM

RELATIVE
REACT.

REACT.
INDEX

146 1-Methyl-2-n-propylbenzene 6

SUBTOTAL 526 75.2 204

OLEFINS

3 Ethylene 1,790 895 4 3,580
11 Isobutylene and/or 1-Butene 7 1.8 7 12.6
12 1,3-Butadiene and 1,300 325 3 975

13 n-Butane
21 2 -Methyl-l-butene 11 2.2 7 15.4
23 2- Methyl -1 -3- butadiene 14 2.8 6 16.8

24 trans-2 -Pentene 38 7.6 8 60.8
26 2- Methyl -2- butene 11 2.2 8 17.6

32 4-M ethyl-l-pentene and/or 5 .8 7 5.6
3 -Me thyl-l-pentene

38 2-Methyl-l-pentene and/or 5 .8 7 5.6
1-Hexene

41 trans -3-Hexene and 8

42 trans -2 -Hexene
44 cis-3-Hexene 3 .5 8 4

55 3-Ethyl-l-pentene 3 .4 7 2.8
56 5 -Me thyl-l-hexene 3 .4 7 2.8
70 2,4,4- Trimethyl-l-pentene and/or

trans -2-Heptene and
8



APPENDIX I (continued)

PEAK COMPONENT
NO.

CONCENTRATION
PPMC PPM

RELATIVE
REACT.

REACT.
INDEX

71 cis-2-Heptene
76 2, 4, 4- T rimethy1-2-pentene

SUBTOTAL

TOTAL

4

3, 194

6, 958

.5

1, 240

2, 649. 5

8 4

4, 703

5, 021.6



APPENDIX I (continued)

FUEL: Gasoline

RUN #: Two

PEAK
NO.

COMPONENT
CONCENTRATION RELATIVE REACT.
PPMC PPM REACT INDEX

PARAFFINS
1 Methane 215 215 0 0

2 Ethane 42 21 0 0

19 Isopentane 310 62 0 0

22 n- Pentane 250 50 0 0

33 Cyclopentane 10 2 0 0

34 2,3 -Dirnethylbutane 19 3.8 0 0

35 2-Me thylpentane 105 21 0 0

37 3 -Methylpentane 60 12 0 0

40 n-Hexane 141 23.5 1 23,5
47 Methylcyclopentane 65 10.8 1 10.8
48 2,4-Dimethylpentane 29 4.1 1 4.1
54 Cyclohexane 14 2.3 1 2.3
58 2 -M ethylhexane and/or 122 17.4 1 17.4

2,3 -Dirnethylpentane
60 3 -M ethylhexane 65 9.3 1 9.3
61 Unknown 3 . 4 1 . 4

62 Unknown 15 2.1 1 2.1
64 2,2,4-T rirnethylpentane 46 5.8 1 5.8
68 n-Heptane 86 12.3 1 12.3

crt

73 Me thylcyc lohexane 45 6.4 1 6.4 o
74 Unknown 6 .9 1 .9



APPENDIX I (continued

PEAK
NO. COMPONENT

CONCENTRATION
PPMC PPM

RELATIVE
REACT.

REACT.
INDEX

78 2,4- Dim ethylhexane and /or 15 1. 9 1 1. 9
2,5 -Dirn ethylhexane

82 2,3,4-T rimethylpentane 3 . 4 1 . 4

86 2, 3,3-T rim ethylpentane 13 1.6 1 1.6
88 2 -Me thy1-3 - ethylpentane and /or 23 2.9 1 2.9

2, 3 -Dim ethylhexane
90 3,4-Dirnethylhexane and /or 10 1.3 1 1.3

3-Me thylheptane
92 2,2,5-T rime thylhexane 7 . 8 1 . 8

94 trans -1,2 -Dim e thylc yc lohexane 1

96 n-Octane 10 1.3 1 1.3
101 c is -1,2 -Dirnethylcyc lohexane 1

102 Unknown 2 .3 1 .3
103 Ethyicyclohexane and 1

104 Unknown
106 Unknown 2 .3 1 .3
110 Unknown 5 .6 1 .6
115 Unknown 3 .4 1 .4
117 n-Nonane 3 .3 1 .3
139 n-Decane 1

143 Unknown 1

SUBTOTAL 1,744 494.2 107.4



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION
PPMC PPM

RELATIVE
REACT

REACT.
INDEX

ACETYLENES

4 Acetylene 375 187.5 0 0

SUBTOTAL 375 188 0

AROMATICS

53 Benzene 140 23.3 0 0

84 Toluene 280 40 3 120

107 Ethylbenzene 18 2.3 3 6.9
109 m +p-Xylene 115 14.4 6 86.4
113 o-Xylene 48 6 6 36

124 n-Propylbenzene 2 .2 3 .6
125 1 -M ethy1-4- ethylb enzene and/or 20 2.2 6 13.2

1 -Me thyl -3 - ethylbenz ene
126 1,3,5-T rimethylbenzene 12 1.3 6 7.8
128 1 -Me thy1-2 - ethylbenz ene 10 1.1 6 6.6
132 1,2,4- T rimethylbenzene 25 2.8 6 16.8
137 sec -Butylbenzene 3 .3 3 .9
140 1,2,3-T rimethylbenzene 6

144 n-Butylbenzene and/or 3

1 -Me thy1-4-n-p ropylb enz ene
145 1,3-Dimethy1-5-ethylbenzene and /or 6

1, 2- Diethylbenzene



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION
PPMC PPM

RELATIVE
REACT.

REACT.
INDEX

146 I -Methyl -2 -n-p ropylbenz ene 6

SUBTOTAL 673 93.9 295.2

OLEFINS

3 Ethylene 1,100 550 4 2,200
11 Isobutylene and/or 1 -Butene 7

12 1, 3- Butadiene and 780 195 3 585
13 n- Butane
21 2-Methyl- I -butene 7

23 2- Methyl -1 -3- butadiene 11 2.2 6 13.2
24 trans -2 -Pentene 19 3.8 8 30.4
26 2-Me thy1-2 -butene 9 1.8 8 14.4
32 4-Methyl-l-pentene and /or 5 . 8 7 5.6

3-M e thyl -1 -pentene
38 2-Me thyl-1 -pentene and /or 5 .8 7 5.6

1 -Hexene
41 trans - 3-Hexene and 7 1.2 8 9. 6
42 trans-2 -Hexene
44 cis-3-Hexene 3 .5 8 4

55 3 -E thyl-1 -pentene 8 1.1 7 7.7
56 5-Methyl-l-hexene 5 . 7 7 4. 9
70 2,4,4-T rimethyl-l-pentene and/or

trans-2 -Heptene and
5 . 7 8 5.6



APPENDIX I (continued)

PEAK
NO.

COMPONENT CONCENTRATION RELATIVE REACT.
PPMC PPM REACT. INDEX

71
76

c is -2-Heptene
2,4,4- T rirn ethy1-2 -pentene

SUBTOTAL

TOTAL

5

1,962

4,754

6

759.2

1,535.3

8 4.8

2,890.8
3,293.4



APPENDIX I (continued)

FUEL: Gasoline

RUN #: Three

PEAK
NO.

COMPONENT
CONCENTRATION RELATIVE REACT.
PPMC PPM REACT. INDEX

PARAFFINS

1 Methane 270 270 0 0

2 Ethane 58 29 0 0

19 Isopentane 125 25 0 0

22 n-Pentane 135 27 0 0

33 Cyclopentane 4 .8 0 0

34 2,3 -Dimethylbutane 7 1.4 0 0

35 2 -M ethylpentane 70 14 0 0

37 3 -Me thylpentane 64 12.8 0 0

40 n-Hexane 77 12.8 1 12.8
47 Me thylc yc lopentane 35 5.8 1 5.8
48 2,4-Dimethylpentane 17 2.4 L 2.4
54 Cyclohexane 4 .7 1 .7
58 2 -Methylhexane and/or 84 12 1 12

2, 3- Dimethylpentane
60 3 -M ethylhexane 50 7.1 1 7.1
61 Unknown 1

62 Unknown 18 2.6 1 2.6
64 2,2,4-T rimethylpentane 30 3.8 1 3.8
68 n-Heptane 35 5 1 5



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION
PPMC PPM

RELATIVE
REACT

REACT.
INDEX

73 Me thylc yc lohexane 23 3.3 1 3.3

74 Unknown 1

78 2,4-Dimethylhexane and/or 7 . 9 1 . 9

2, 5- Dim ethylhexane
82 2,3,4-T rimethylpentane 2 . 3 1 .3

86 2,3,3-T rim ethylpentane 6 . 8 1 . 8

88 2 -M ethy1-3 - ethylpentane and/or 14 1.8 1 1.8
2,3 -Dimethylhexane

90 3,4-Dimethylhexane and/or 7 . 9 1 . 9

3 -Me thylheptane
92 2,2,5- Trimethylhexane 4 . 4 1 . 4

94 trans-1, 2 -Dim ethylcyc lohexane 1

96 n-Octane 5 .6 1 .6

101 c is - 1,2 -Dimethylcyc lohexane 2 . 3 1 . 3

102 Unknown 2 .3 1 .3
103 Ethylcyclohexane and 2 .3 1 .3

104 Unknown
106 Unknown 2 .3 1 .3

110 Unknown 5 .6 1 .6

115 Unknown 3 .4 1 .4
117 n-Nonane 3 .3 1 .3

139 n-Decane 2 .2 1 .2

143 Unknown 3 .3 1 .3

SUBTOTAL 1,175 444.2 64.2



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION
PPMC PPM

RELATIVE
REACT.

REACT.
INDEX

ACETYLENES

4 Acetylene 500 250 0 0

SUBTOTAL 500 250 0

AROMATICS

53 Benzene 44 7.3 0 0

84 Toluene 68 9.7 3 29.1
107 Ethylbenzene 8 1 3 3

109 m + p-Xylene 50 6.3 6 37,8
113 o-Xylene 20 2.5 6 15

124 n-Propylbenzene 2 .2 3 .6
125 1-Methyl -4-ethylbenzene and/or 10 1.1 6 6.6

1-Methyl-3-ethylbenzene
126 1,3,5- Trimethylbenzene 6 . 7 6 4.2
128 1 -M ethy1-2 - ethylb enzene 6

132 1,2,4- Trimethylbenzene 19 2.1 6 12,6
137 sec -Butylbenzene 4 . 4 3 1.2
140 1,2,3-T rimethylbenzene 0 0 6 0

144 n-Butylbenzene and/or 2 .2 3 .6
1-Methyl -4-n-propylbenzene

145 I, 3-Dimethy1-5-ethylbenzene and/or 3 . 3 6 1.8
1,2 -Diethylbenz ene



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION
PPMC PPM

RELATIVE
REACT

REACT.
INDEX

146 1 -Methy1-2 -n-propylbenzene 3 3 6 1.8

SUBTOTAL 239 32.1 114.3

OLEFINS

3 Ethylene 1,000 500 4 2,000
11 Isobutylene and /or 1-Butene 7

12 1,3 -Butadiene and 300 75 3 225

13 n- Butane
21 2 -Methyl- 1 -butene 7

23 2-Methyl- 1-3-butadiene 6

24 trans-2 - Pentene 11 2.2 8 17.6

26 2 -M ethy1-2 -butene 4 .8 8 6.4
32 4-Methyl-l-pentene and /or 7

3 -Me thyl- 1 -pentene
38 2 -Me thyl- 1 -pentene and /or 7

1 -Hexene
41 trans -3 -Hexene and 5 .8 8 6.4
42 trans -2 -Hexene
44 cis-3-Hexene 8

55 3 -E thyl- 1-pentene
56 5-Methyl-l-hexene 7

70 2,4,4-T rimethyl-l-pentene and/or
trans-2-Heptene and

8



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION RELATIVE REACT.
PPMC PPM REACT. INDEX

71 c is -2-Heptene
76 2,4,4- T r im ethyl-2 -pentene

SUBTOTAL

TOTAL

3

1,323

3,237

.4
579.2

1,305.5

8 3.2

2,258.6
2,437.1



APPENDIX I (continued)

FUEL: LNG

RUN #: Four

PEAK
NO.

COMPONENT
CONCENTRATION RELATIVE REACT.
PPMC PPM REACT. INDEX

PARAFFINS

1 Methane 2,100 2,100 0 0

2 Ethane 1,200 600 0 0

19 Isopentane 7 1.4 0 0

22 n-Pentane 7 1.4 0 0

33 Cyclopentane 0

34 2,3 -Dimethylbutane 0

35 2-Methylpentane 3 .6 0 0

37 3-M ethylpentane 3 .6 0 0

40 n-Hexane 4 .7 1 .7
47 Methylcyclopentane 3 .5 1 .5
48 2,4-Dime thylpentane 2 . 3 1 . 3

54 Cyclohexane 1

58 2 -M e thylhexane and /or 3 .4 1 .4
2,3 - Dim ethylpentane

60 3 -M ethylhexan.e 3 .4 1 .5
61 Unknown 1

62 Unknown 2 .3 1 .3
64 2,2,4- Trimethylpentane 2 . 3 1 . 3

68 n-Heptane 3 .4 1 .5 crs



APPENDIX I (continued)

PEAK
NO. COMPONENT

CONCENTRATION
PPMC PPM

RELATIVE
REACT

REACT.
INDEX

73 Me thylc yc lohexane 3 .4 1 .5
74 Unknown 2 .3 1 .3
78 2, 4- Dimethyihexane and /or 2 . 3 1 . 3

2, 5- Dimethyihexane
82 2,3,4- Trirnethylpentane 0 0 1 0

86 2,3,3-T rirnethylpentane 0 0 1 0

88 2 -M ethyl- 3 - ethylpentane and /or 2 .3 1 .3
2,3 -Dim ethylhexane

90 3,4-Dirnethylhexane and /or 2 . 3 1 . 3

3 - Methylheptane
92 2,2,5- T rim ethylhexane 2 . 2 1 . 2

94 trans - 1,2 -Dirnethylc yc lohexane 1

96 n-Octane 3 .4 1 .4
101 c i s - 1,2 -Dimethylcyc lohexane 1

102 Unknown 1

103 Ethylcyclohexane and 1

104 Unknown
106 Unknown 1

110 Unknown 1

115 Unknown 1

117 n-Nonane 1

139 n-Decane 1

143 Unknown 2 .2 1 .2

SUBTOTAL 3,360 2,710 6
C7,



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION
PPMC PPM

RELATIVE
REACT.

REACT.
INDEX

ACETYLENES

4 Acetylene 23 11.5 0 0

SUBTOTAL 23 12 0

AROMATICS

53 Benzene 3 .5 0 0

84 Toluene 7 1 3 3

107 Ethylbenzene 2 .3 3 .9
109 m+ p-Xylene 5 . 6 6 3.6
113 o-Xylene 3 .4 6 2.4
124 n-Propylbenzene 0 0 3 0

125 1 -Me thy1-4- ethylbenz ene and/or 3 .3 6 1.8
1-Methyl -3-ethylbenzene

126 1,3,5- T rim ethylbenzene 2 .2 6 1.2
128 1 -Methyl -2 - ethylbenzene 2 .2 6 1.2
132 1,2,4- Trimethylbenzene 4 . 4 6 2.4
137 sec -Butylbenzene 2 .2 3 .6
140 1,2,3- T rimethylbenz ene 6

144 n-Butylbenzene and/or 3

1-Me thyl- 4-n-propylbenzene
145 1,3-Dimethy1-5-ethylbenzene and/or 2 . 2 6 1.2

1, 2- Diethylbenzene



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION
PPMC PPM

RELATIVE
REACT.

REACT.
INDEX

146 1 -Methy1-2 -n-p ropylbenzene

SUBTOTAL

OLEFINS

35 4.3

6

18.3

3 Ethylene 64 32 4 128

11 Isobutylene and 1- Butane 7

12 1,3-Butadiene and 28 7 3 21

13 n- Butane
21 2-M ethyl- 1 -butene 7

23 2- Methyl -1 -3- butadiene 6

24 trans-2 -Pentene 8

26 2 -M ethyl- 2 -butene 8

32 4-Methyl- 1 -pentene and/or 7

3-Methyl- 1-pentene
38 2-Methyl-l-pentene and /or 7

1- Rexene
41 trans-3 -Hexene and 8

42 trans-2 -Hexene
44 c i s- 3 -Hexene 8

55 3-Ethyl-l-pentene 3 . 4 7 2.8
56 5 -Me thyl -1 -hexene 7

70 2,4,4- T rim ethyl- 1-pentene and/or
trans -2 -Heptene and

8



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION RELATIVE REACT.
PPMC PPM REACT. INDEX

71 cis-2-Heptene
76 2,4,4- T rim ethy1-2-pentene 8

SUBTOTAL 95 39.4 151.8

TOTAL 3,513 2,765.4 176.1



APPENDIX I (continued)

FUEL: LNG

RUN #: Five

PEAK
NO.

COMPONENT
CONCENTRATION RELATIVE REACT.
PPMC PPM REACT. INDEX

PARAFFINS

1 Methane 2,200 2,200 0 0

2 Ethane 1,800 900 0 0

19 Isopentane 3 . 6 0 0

22 n- Pentane 3 .6 0 0

33 Cyclopentane 0

34 2,3-Dirnethylbutane 0

35 2 -M ethylpentane 0 0 0 0

37 3 -Methylpentane 0 0 0 0

40 n-Hexane 2 .3 1 .3
47 Methylcyclopentane 0 0 1 0

48 2,4-Dime thylpentane 1

54 Cyclohexane 1

58 2-Methylhexane and/or 0 0 1 0

2,3 -Dimethylpentane
60 3-M ethylhexane 0 0 1 0

61 Unknown 1

62 1

64 2,2,4-T rim ethylpentane 1

68 n-Heptane 1

73 Me thylcyc lohexane 1

74 Unknown 1



APPENDIX I (continued

PEAK
NO.

COMPONENT
CONCENTRATION
PPMC PPM

RELATIVE
REACT

REACT.
INDEX

78 2,4-Dirnethylhexane and /or 1

2,5-Dirn ethylhexane
82 2,3,4- T rimethylpentane 1

86 2,3,3- T rimethylpentane 1

88 2 -M e thyl - 3 - ethylpentane and /or 1

2,3 -Dim ethylhexane
90 3,4-Dimethylhexane and /or 1

3 -M ethylheptane
92 T rim ethylhexane 1

94 trans-1,2 - Dime thy1c yclohexane 2 . 3 1 .3
96 n-Octane 3 .4 1 .4

101 c is - 1,2 -Dim e thylc yclohexane I

102 Unknown 1

103 Ethylcyclohexane and 1

104 Unknown
106 Unknown 1

110 Unknown 1

115 Unknown 1

117 n-Nonane 1

139 n-Decane 1

143 Unknown 1

SUBTOTAL 4,013 3,102.2 1



APPENDIX I (continued)

PEAK
NO. COMPONENT

CONCENTRATION
PPMC PPM

RELATIVE
REACT.

REACT.
INDEX

ACETYLENES

4 Acetylene 23 11.5 0 0

SUBTOTAL 23 12 0

AROMATICS

53 Benzene 2 .3 0 0

84 Toluene 3 .4 3 1.2
107 Ethylbenzene 2 . 3 3 . 9

109 m+ p-Xylene 3 . 4 6 2.4
113 o-Xylene 2 .3 6 1.8
124 n-Propylbenzene 3

125 1 -Methy1-4-ethylbenzene and/or 2 .2 6 1.2
1 -Methy1-3 - ethylbenzen.e

126 1,3,5-T rimethylbenzene 2 . 2 6 1.2
128 1 -M ethy1-2 -ethylbenzene 2 .2 6 1.2
132 1,2,4-T rirnethylbenzene 3 . 3 6 1.8
137 sec -Butylbenzene 2 .2 3 .6
140 1,2,3- T rim ethylbenzene 6

144 n-Butylbenzene and/or 3

1 -Methy1-4-n-p ropylbenz ene
145 1,3 -Dirnethyl- 5 - e thylbenz ene and/or 6

1,2 -Diethylbenzene



APPENDIX I (continued

PEAK
NO.

COMPONENT
CONCENTRATION
PPMC PPM

RELATIVE
REACT.

REACT.
INDEX

146 1 -Me thyl-2 -n-propylbenzene

SUBTOTAL 23 2.8

6

12.3

OLEFINS

3 Ethylene 32 16 4 64

11 I sobutylene and /or 1 - Butene 7

12 1,3-Butadiene and 10 2.5 3 7.5
13 n-Butane
21 2 -M e thyl- 1 -butene 7

23 2-Me thyl-1-3 -butadiene 6

24 trans-2 -Pentene 8

26 2-Me thy1-2 -butene 8

32 4- Methyl - 1 -pentene and /or 7

3 -M ethyl- 1 -pentene
38 -M e thyl-1 -pentene and /or 0 0 7 0

1 -Hexene
41 trans -3 -Hexene and 8

42 trans-2 -Hexene
44 c is -3-Hexene 8

55 3 -E thyl- 1 -p entene 7

56 5 -Me thyl- 1 -hexene 7

70 2,4,4- T rirnethyl- 1 -pentene and/or
trans -2 -Heptene and

8



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION RELATIVE REACT.
PPMC PPM REACT. INDEX

71 cis-2-Heptene
76 2,4,4- T rirn ethy1-2-pentene 8

SUBTOTAL 42 18.5 71.5

TOTAL 4,101 3,135.5 84.8



APPENDIX I (continued)

FUEL: LNG

RUN #: Six-a

PEAK
NO.

COMPONENT
C ONC ENT RATION RELATIVE REACT.
PPMC PPM REACT . INDEX

PARAFFINS

1 Methane 1,800 1,800 0 0

2 Ethane 1,200 600 0 0

19 Isopentane 0

22 n- Pentane 3 .6 0 0

33 C yc lop entane 0

34 2,3 -Dimethylbutane 0

35 2 -M ethylpentane 0

37 3 -M e thylpentane 0

40 n-Hexane 0 0 1 0

47 M e thylc yc lop entane 2 .3 1 .3
48 2,4-D ime thylp entane 1

54 Cyc lohexane 1

58 2-Me thylhexane and /or 0 0 1 0

2,3 -Dim ethylpentane
60 3-M e thylhexane 1

61 Unknown 1

62 Unknown 1

64 2,2,4- T rim ethylpentane 1

68 n-Heptane 3 .4 1 .4



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION
PPMC PPM

RELATIVE
REACT.

REACT.
INDEX

73 Methylcyclohexane 0 0 1 0

74 Unknown 1

78 2, 4-Dim e thylhexane and /or 1

2, 5-Dimethylhexane
82 2, 3, 4- Trimethylpentane 1

86 2, 3, 3- T rimethylpentane 1

88 2-M e thyl - 3 - ethylpentane and /or 1

2, 3 -Dirnethylhexane
90 3, 4-Dim ethylhexane and/or 1

3 -M e thylheptane
92 2, 2, 5- T rim e thylhexane 1

94 trans-1, 2 -Dim e thylc yc lohexane 1

96 n-Oc tane 1

101 c is -1, 2- Dim e thylc yc lohexane 1

102 Unknown 1

103 Ethylcyclohexane and 1

104 Unknown
106 Unknown 1

110 Unknown 1

115 Unknown 1

117 n-Nonane 1

139 n-Decane 1

143 Unknown 1

SUBTOTAL 3, 008 2, 401.3 . 7



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION
PPMC PPM

RELATIVE
REACT.

REACT.
INDEX

ACETYLENES

Acetylene 7 3.5 0 0

SUBTOTAL 7 4 0

AROMATICS

53 Benzene 0 0 0 0

84 Toluene 3 .4 3 1.2
107 Ethylbenzene 3

109 m+ p-Xylene 3 . 4 6 2.4
113 o-Xylene 2 .3 6 1.8
124 n-Propylbenzene 3

125 1 -Methyl- 4-e thylben z ene and/or 2 .2 6 1.2
1-Methyl -3-ethylbenzene

126 1,3,5-T rirnethylbenzene 2 . 2 6 1.2
128 1-M ethy1-2 - ethylbenzene 2 .2 6 1.2
132 1,2,4- T rimethylbenz ene 3 . 3 6 1.8
137 sec -Butylbenzene 0 0 3 0

140 1,2,3- T rimethylbenzene 6

144 n-Butylbenzene and/or 3

1 -Methy1-4-n-propylbenz ene
145 1,3-Dimethy1-5-ethylbenzene and/or 0 0 6 0

1,2 -Die thylbenz ene



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION RELATIVE REACT.
PPMC PPM REACT. INDEX

146 1-M e thy1-2 -n-propylb enzerie 6

SUBTOTAL 17 2 10.8

OLEFINS

3 Ethylene 19 9 . 5 4

11 Isobutylene and /or 1 -Butene 7

12 1,3 -Butadiene and 8 2 3

13 n-Butane
21 2- Methyl - 1 -butene 7

23 2 -M ethyl- 1-3 -butadiene 6

24 trans-2 -Pentene 8

26 2- Methyl -2- butene 8

32 4-Methyl- 1-pentene and /or 7

3 -Methyl- 1 -pentene
38 2 -M ethy1-1 -pentene and /or 7

1 -Hexene
41 trans- 3 -Hexene and 8

42 trans-2-Hexene
44 c is -3 -Hexene 8

55 3 -Ethyl- 1 -pentene
56 5 -Methyl-1 -hexene 7

70 2,4,4- Trirnethyl- 1 -pentene and/or 8

trans-2 -Heptene and
71 c is-2 -Heptene

38

6



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION RELATIVE REACT.
PPMC PPM REACT. INDEX

76 2,4,4- T rirnethy1-2-pentene 8

SUBTOTAL 27 11.5 44

TOTAL 3,059 2,418.5 55.5



APPENDIX I (continued)

FUEL: LNG

RUN #: Six-b

PEAK
NO.

COMPONENT
CONCENTRATION RELATIVE REACT.
PPMC PPM REACT INDEX

PARAFFINS

1 Methane 2,200 2,200 0 0

2 Ethane 1,200 600 0 0

19 I sopentane 0

22 n-Pentane 2 . 4 0 0

33 Cyclopentane 0

34 2,3 -Dirnethylbutane 0

35 2 -M e thylpentane 0 0 0 0

37 3 -M ethylpentane 0 0 0 0

40 n-Hexane 0 0 1 0

47 Methylcyclopentane 0 0 1 0

48 2,4-Dim e thylp entane 1

54 Cyclohexane 1

58 2 -Methylhexane and /or 2 .3 1 .3
2,3 -Dim ethylpentane

60 3 -M e thylhexane 1

61 Unknown 1

62 Unknown 1

64 2,2,4- T rim ethylpentane 1

68 n-Heptane 0 0 1 0



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION
PPMC PPM

RELATIVE
REACT

REACT.
INDEX

73 Methylcyclohexane 0 0 1 0

74 Unknown 1

78 2,4-Dime thylhexane and /or 1

2,5-Dime thylhexane
82 2,3,4- Trimethylpentane 1

86 2, 3, 3 -T rime thylpentane 1

88 2 -Me thyl- 3 - ethylpentane and /or 1

2,3 -Dim ethylhexane
90 3,4-Dime thylhexane and /or 1

3 -M e thylheptane
92 2, 2, 5- Trimethylhexane 1

94 trans - 1,2 -Dim ethylc yc lohexane 2 .3 1 .3
96 n-Octane 1

99 Dim e thylheptane 3 .3 1 .3
101 cis -1,2 -Dimethylcyclohexane 1

102 Unknown 1

103 Ethylcyclohexane and 1

104 Unknown
106 Unknown 1

110 Unknown 1

115 Unknown 1

117 n-Nonane 1

139 n-Decane 1

143 Unknown 1

SUBTOTAL 3,409 2,801.3 . 9



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION
PPMC PPM

RELATIVE
REACT.

REACT.
INDEX

ACETYLENES

4 Acetylene 11 5.5 0 0

SUBTOTAL 11 5.5 0

AROMATICS

53 Benzene 7 1.2 0 0

84 Toluene 3 .4 3 1.2
107 Ethylbenzene 2 .3 3 .9
109 m+ p-Xylene 3 . 4 6 2.4
113 o-Xylene 2 .3 6 1.8
124 n-Propylbenzene 3

125 1-M ethy1-4- ethylb enzene and/or 2 .2 6 1.2
1-Methyl -3-ethylbenzene

126 1,3,5- T rimethylbenzene 2 .2 6 1.2
128 1 -Me thy1-2 - ethylbenzene 2 . 2 6 1.2
132 1,2,4- T rim ethylb enzene 3 . 3 6 1.8
137 sec -Butylbenzene 2 .2 3 .6
140 1,2,3- T rimethylbenzene 6

144 n-Butylbenzene and/or 3

1-Methyl -4-n-propylbenzene
145 1,3-Dimethy1-5-ethylbenzene and/or 6

1,2 -Diethylbenzene



APPENDIX I (continued)

PEAK
NO,

COMPONENT
CONCENTRATION
PPMC PPM

RELATIVE
REACT.

REACT.
INDEX

146 1 -M ethyl -2 -n-p ropylbenzene 6

SUBTOTAL 28 3. 7 12. 3

OLEFINS

3 Ethylene 7 3.5 4 14

11 Isobutylene and /o r 1- Butane 7

12 1, 3-Butadiene and 11 2. 8 3 8.4
13 n-Butane
21 2 -M ethyl- 1 -butene 7

23 2- Methyl -1 -3- butadiene 6

24 trans-2-Pentene 8

26 2- Methyl -2- butene 2 .4 8 3.2
32 4-Methyl-l-pentene and/or 7

3 -M ethy1-1 -pentene
38 2-Methyl-l-pentene and /or 7

1-Hexene
41 trans- 3-Hexene and 8

42 trans-2 -Hexene
44 c is -3 -Hexene 8

55 3 -E thyl -1 -pentene 7

56 5-Methyl-l-hexene 7

70 2, 4, 4- T rimethyl- 1 -pentene and/or
trans-2 -Heptene and

8

71 c is-2-Hepten.e



APPENDIX I (continued)

PEAK
NO.

COMPONENT
CONCENTRATION RELATIVE REACT.
PPMC PPM REACT. INDEX

76 2,4,4- T rimethy1-2-pentene 8

SUBTOTAL 20 6.7 25.6

TOTAL 3,468 2,817.2 38.8



APPENDIX IL Identification of Hydrocarbon Peaks (18)

Peak
Number Hydrocarbons

Peak
Number

1 Methane 26
2 Ethane 27

3 Ethylene 28

4 Acetylene 29

5 Propylene 30

6 Propane 31

7 Cyclopropane 32

8 Propadiene
9 Methyla cetylene 33

10 Is obutane 34

11 I s obutylene and/or 1- Buten.e 35

12 1, 3- Butadiene 36

13 n- Butane 37

14 trans- 2- Butene 38

15 Unknown 15
16 cis- 2- Butene 39

17 Unknown 17 40

18 3- Methyl-1- butene 41

19 I sopentane 42
20 1 - Pentene 43
21 2- Methyl-1- butene 44
22 n- Pentane 45
23 2- Methyl-1- 3- butadiene 46
24 trans- 2- Pentene
25 ci s- 2- Pentene 47

Hydrocarbons

2- Methyl- 2- but ene
Unknown 27
2, 2- Dimethylbutane
Unknown 29
Unknown 30
Cy clopent ene
4- Methyl-1- pentene and /or
3- Methyl - 1 - pentene
Cyclopentane
2, 3- Dimethylbutane
2- Me thylpentane
4- Methyl- cis- 2 - pent ene
3- Me thylpentane
2- Methyl- 1 - pentene and/or
1 -Hexene
2- Ethyl-1- but ene
n- Hexane
trans- 3-Hexene
trans- 2- Hexene
2- Methyl- 2- pent ene
cis- 3- Hexene
ci s- 2- Hexene
3-Methyl- trans- 2-pentene and/or
3- Methyl- cis- 2 - pentene
Methylcyclopentane



APPENDIX II (continued)

Peak
Number Hydrocarbons

Peak
Number Hydrocarbons

48 2, 4- Dimethylpentane 70 2, 4, 4- T rimethyl- 1 -pentene and/or
49 2, 2, 3- Trimethylbutane trans- 2- Heptene
50 3, 4- Dimethyl- 1 - pentene 71 ci s- 2- Heptene
51 4, 4- Di me thyl- ci s- 2- pentene 72 2, 5- Dimethyl- trans- 3-hexene
52 3, 3- Dimethylpentane 73 Me thylcyclohexane
53 Benzene 74 Unknown 74
54 Cyclohexane 75 Unknown 75

55 3- Ethyl- 1 -pentene 76 2, 4, 4- Trimethyl- 2- pentene
56 5- Methyl- 1 -hexene 77 4- Methyl-1- cyclohexene
57 4- Methyl-1 -hexene 78 2, 4- Dinnethylhexane and/ o r
58 2- Methylhexane and/or 2, 5- Dimethylhexane

2, 3- Dimethylpentane 79 2, 2, 3- Trimethylpentane
59 Cyclohexene 80 Unknown 80
60 3- Methylhexane 81 4 - Methylheptane
61 Unknown 61 82 2, 3, 4- Trimethylpentane
62 Unknown 62 83 Unknown 83
63 Unknown 63 84 Toluene
64 2, 2, 4- Trimethylpentane 85 Unknown 85
65 1- Heptene 86 2, 3r 3- Trimethylpentane
66 Unknown 66 87 2, 5- Di methyl- trans- 2-hexene
67 trans- 3-Heptene 88 2- Methyl- 3- ethylpentane and/or
68 n-Heptane 2, 3- Dimethylhexane
69 ci s- 3- Heptene and/or 89 Unknown 89

3- Ethyl- trans- 2 - pe.nten.e 90 3, 4 - Dimethylhexane and /or
3- Me thylh ep tane



APPENDIX II ( continued)

Peak
Number Hydrocarbons

Peak
Number Hydrocarbons

91 Unknown 91 116 Unknown 116
92 2, 2, 5- Trimethylhexane 117 n- Nonane
93 1 -Octene 118 Unknown 118
94 trans-1, 2- Dimethylcyclohexane 119 I s op ropylbenz ene
95 Unknown 95 120 Unknown 120
9 6 n- Octane 121 Unknown 121
97 trans- 2-Octene 122 Unknown 122
98 Unknown 98 123 Unknown 123
99 Di methylheptane 124 n- Propylbenzene

100 ci s- 2- Octene 125 1- Methyl- 4- ethylbenzene and/ o r
101 cis -1, 2- Dimethylcyclohexane 1 --Me thyl- 3- ethylbenzene
102 Unknown 102 126 1, 3, 5- Trimethylbenzene
103 Ethylcyclohexane 127 Unknown 127
104 Unknown 104 128 1- Methyl- 2- ethylbenzene
105 Unknown 105 1 29 Unknown 129
10 6 Unknown 106 130 Unknown 130
107 Ethylbenzene 131 t- Butylbenzene
108 Unknown 108 1 32 1, 2, 4- Trimethylbenzene
109 m + p- Xylene 133 Unknown 133
110 Unknown 110 134 Is obutylbenz ene
111 Unknown 111 135 Unknown 135
112 Unknown 112 136 Unknown 136
113 o- Xylene 137 sec- Butylbenzene
114 2- Methyl° ctane 1 38 1- Methyl- 3 - i sopropylbenzene
115 Unknown 115 139 n- De cane



APPENDIX II (continued)

Peak
Number Hydrocarbons

140 1,2,3- Trimethylbenzene
141 1- Methyl- 4- i s op ropylbenz ene
142 1,3- Diethylbenzene
143 Unknown 143
144 n- Butylbenzen.e and/or

1- Methyl- 4- n- propylbenzene
145 1,3- Dimethyl- 5- ethylbenzene and/or

1,2- Diethylbenzene
146 1- Methyl- 2- n-propylbenzene
147 -
153 Unknown
154 Durene
155-
172 Unknown
173 1- Dodecene
174-
200 Unknown


