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ABSTRACT

Exhaust emissions from five late model vehicles were measured to determine
the effect of aromatic fuel components on benzene emissions. The purpose of
the work was to determine if there are any fuel components that are major
sources of benzene emissions. Reducing the content of such components in
gasoline could then be a means of reducing benzene emissions. Analyses of
engine-out (before catalyst) and tailpipe-out (after catalyst) exhaust
emissions were made to determine catalyst efficiency for reducing benzene

emissions.

Benzene (in fuel) effect on benzene exhaust emissions was much greater than
that of the other aromatic species. On an equal volume basis, the non-benzene
aromatics--toluene, ethylbenzene, xylenes, and C§ aromatics--had an average
effect on benzene emissions about 1/12 that of fuel benzene. A1l of the non-
benzene aromatic components tend to increase exhaust benzene levels. However,
the ethlybenzene effect was not statistically significantly different from
zero.

The benzene reduction efficiency of the exhaust emissions control systems
was about the same as total hydrocarbon reduction efficiency. Benzene
emissions were reduced by 70 to 95% by the exhaust emission control systems.

Predictive equations were developed using the results of this study.
These equations enable estimation of the changes in the benzene emissions as a

function of changes in gasoline composition.
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SUMMARY AND CONCLUSIONS

Exhaust emission rates of benzene were measured for five current
production vehicles. Fuel composition was varied in order to determine the
effect of selected aromatic components on benzene emissions.

Analyses of exhaust sampled before and after the exhaust catalyst showed
that the source of benzene in the exhaust is from the engine and it is not
formed in the exhaust catalyst. Benzene content of the exhaust after the
catalyst was invariably less than that before the catalyst. The reduction in
benzene emissions across the catalyst ranged from about 70 to 90%.

~ The work was conducted in three phases. The tests in Phase I were done to
determine if the aromatic species of interest did indeed act as sources of
benzene emissions. The results of these tests showed that all of the species

(benzene, toluene, ethylbenzene, o-xylene) did cause benzene emissions.
Another blend component, a mixture of aromatics containing nine or more carbon
atoms, also acted as a benzene precursor. On the basis of equal content in
the fuel, benzene itself was by far the most significant precursor of benzene

in the exhaust. Benzene emission per volume percent component in fuel was
about 16 times greater for benzene than for the other aromatic species.

The tests in Phase II utilized fuels containing all of the aromatic
components examined in Phase I. For the matrix of 9 fuels, the levels of the
individual components were varied in a manner designed to enable determination
of linear and quadratic effects of each precursor on benzene emissions.
Predictive equations were developed using the results of Phase II.

Phase 1II consisted of emissions tests with three full-boiling-range
commercial fuels and one special blended fuel. The purpose of these tests Was
to verify the predictive equations developed in Phase II. A comparison of the
predicted levels with actual benzene emissions is given in table 1.



IABLE 1. - Benzene emissions with commercial énd
blended fuels, predicted versus actual

Benzene Etmissions, wt % of Total HC

Engine-out Tailpipe-out
Fuel Actual Fitted Actual Fitted
NIPER Blend 3.8 3.8 4.4 3.6
Indolene 2.4 1.9 1.8 0.9
Commercial #1 3.6 3.1 2.6 2.5
Commercial #2 3.6 3.1 2.9 2.4

The actual benzene emissions were consistently higher than the fitted (or
predicted) emissions. This could be due to benzene being formed from
naphthenes and olefins in Indolene and the commercial fuels. There were no
naphthenes or olefins in the fuels that were used to develop the predictive
equations.

Although the equations did not accurately predict the absolute level of
benzene emissions, they did reasonably well predict changes in emissions for
the different composition fuels. For the type of vehicles used in this
program, the predictive equations can be used to estimate changes in benzene
emissions as a function of changes in gasoline composition.

RECOMMENDATIONS

Determine the effects of other potential benzene precursors on benzene
emissions. Specifically, measure the effects of naphthenes and olefins in

gasoline on benzene emissions.

vi
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INTRODUCTION

Background

Benzene is a toxic air contaminant identified by the Air Resources Board
(ARB) which will be regulated in accordance with the Health and Safety Code
section 39650 et seq. Evaporative and exhaust emissions from gasoline-fueled
vehicles are the largest known source of benzene to the air pollution
inventory. The ARB has projected that the annual vehicular benzene emissions
in California are 13,363 tons or 83% of the total state-wide benzene emissions
(1)*. Appropriate means of control can best be addressed with an
understanding of the interactive effects of fuel composition, engine
combustion, and catalytic conversion on exhaust emissions.

As early as 1970, research (2) showed that benzene was formed during the
combustion event using benzene-free fuels consisting of mixtures of isooctane,
jsooctene, and meta-xylene. Analysis of the results of three more recent
experimental studies (3,4,5) indicates that the benzene weight fraction of
total exhaust hydrocarbon correlates rather well with certain fueT composi-
tional variables--specifically, benzene content and total aromatic content.
Thus, it is highly likely that some (or all) aromatic species are precursors
of benzene that is formed in the combustion process and emitted to the
atmosphere. Benzene can be formed from other aromatic compounds by removal of
alkyl groups from the benzene ring, perhaps by thermal cracking. An example
of this is shown for ethylbenzene:

CoHg

- + CoHy

Ethylbenzene Benzene + ethylene

Benzene in fuel can be a source of benzene exhaust emissions as a consequence
of incomplete combustion.

*Underlined numbers in parentheses refer to items in the list of references
at the end of the report. ‘



By identifying the most significant benzene precursors and limiting their
level in gasoline, benzene emissions can be reduced. However, the signifi-
cance of the individual species as benzene precursors (other than benzene
itself) cannot be discerned from the previous studies. Because this informa-
tion was lacking, NIPER was contracted by the ARB to investigate the relative
contribution of several probable benzene precursors to exhaust emissions of

benzene from current production vehicles.

Objectives

The objectives of this research project were to jdentify the specific
aromatic compounds (e.g., toluene, isomers of xylene, ethylbenzene, etc.) that
are converted in the engine or on the catalyst to benzene and to quantify the
effects of the concentrations of these compounds in gasoline upon the benzene

concentration in the exhaust emissions.

EXPERIMENTAL METHODOLOGY

Experimental Design

Exhaust emissions from a fleet of current production vehicles were
measured following the protocol specified in the Federal Test Procedure (FTP).
Emission rates of benzene, toluene, ethylbenzene, and xylenes as well as
regulated pollutants were determined for both engine-out (pre-catalyst) and
tailpipe-out (post-catalyst) exhaust. Fuel composition was varied systemati-
cally within three different matrices corresponding to the three experimental

phases of the project.

The purpose of the Phase I experiments was to determine which of the test
compounds have any effect on benzene emissions. Each test fuel for this phase
consisted of a single aromatic compound blended into a light alkylate stock.
Each aromatic test compound (benzene, toluene, ethylbenzene, o-xylene) was
added at a level of either 5 or 10 volume percent, whichever was closer to the
level of the specific component in commercial gasolines. A fifth fuel was
formulated with a heavy reformate (primarily Cg aromatics) at a level of 10

volume percent in the alkylate.
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A measure of the significance of each test compound as a benzene precursor
was then obtained by comparing the emissions for each test fuel with the
emissions for the neat alkylate fuel. The test components that appeared to
influence benzene emissions were then included in subsequent experiments. All
of the test components did cause increased benzene emissions.

The purpose of the Phase Il experiments was to quantify the influence of
the precursors at various levels in fuel. The four components (benzene,
toluene, ethylbenzene, and mixed xylenes) were each blended at equally-spaced
low, medium, and high levels into an alkylate + reformate base to formulate
nine fuels. The medium level of each aromatic component was approximately
equal to the average level of the component in commercial gasolines.

Including three levels of each aromatic in the design made it possible to
determine whether benzene concentrations are adequately fitted by a linear
function of the aromatic levels or whether including second-order terms would
significantly improve the fit. The nine sets of levels of four aromatics
constitute a fractional factorial design (one-ninth of a complete factorial
design with four factors, each at three levels, to be precise.) Advantages of
the fractional factorial design include the statistical independence of all of
the linear and quadratic effects of the aromatic concentrations, which greatly
simplifies evaluation of properties of the relationships and their subsequent
use for prediction.

The purpose of the Phase III experiments was to verify the predictive
equations developed from Phase II test results. This was done by comparing
the results of the exhaust emissions tests with predictions using analyses of
the Phase III fuels and equations developed in Phase II.

Equipment and Materials

Vehicles - Five vehicles were used in this program. Their descriptions
are given in table 2. A1l vehicles were 50-state certified and were selected
from a California vehicle certification 1ist supplied by the ARB. The vehicle
selection was limited to electronic fuel injection systems--central and port.
A1l five vehicles were equipped with three-way catalyst systems with closed
loop control. Three of the vehicles utilized air injection, and one of these
also used an oxidation catalyst. The vehicle selection required specific
vehicle identification based on individual engine family numbers which are



included in table 2, test vehicle specification. The fleet consisted of three
domestic and two foreign manufactured vehicles. One of the imported vehicles
carried the Dodge nameplate but was built in Japan by Mitsubishi and was
jdentified as an imported vghic]e. A1l vehicles had a minimum of 4,000 miles

at the start of the test program.

TABLE 2, - VYehicle descriptions

Engine Emission

Vehicle Mode | Family Curren'r1 Fuel Control

No, Year Manufacturer Mode 't No. Mileage System System

505 1985 o’ Regal F4G3.8V8XEB3 20,131 PFI EGR, 3CL

606 1986 Ford4 Thunderbird  GFM2,3V5FGK3 4,222 PF1, TC EGR, 3CL

603 1586 MazdaS 626 GTK2,0V5FF 0 \8,092 PRI EGR, 3CL, AIR

605 1986 Dodge5 Colt GMT1 ,6VSFFD6 4,097 CFI, TC EGR, 3CL, AIR

(Mitsubishi)
604 1986 Fora® Escort GFM1 ,9VSHMKS 4,045 PFI EGR, 3CL, OX,
AlR

]Vehicle mi leage at start of the test program,
2Fuel system: CFl - central fuel injection; PFl - port fuel injection; and TC - turbocharged.
Emission control system: EGR - exhaust gas recirculation; 3CL - “hree-way catalyst and
closed loop; AIR - air injection; OX - oxidation catalyst.
Domestic manufacturer,
Foreign manufacturer,

To enable collection of engine-out exhaust samples, a sampling port was
jnstalled in the exhaust system after the exhaust manifold or turbocharger (if
equipped) and in front of the exhaust catalyst. The engine-out sampling port
was installed in all five test vehicles.

Fuels - A different fuel matrix was used in each of the three phases of
the experimental program. The test fuels for Phases I and II were blended at
NIPER. One of the fuels for Phase IIl was blended at NIPER and the others

were purchased from commercial suppliers.

There were six test fuels in Phase I. These included an aromatic-free
alkylate stock and five blends of the alkylate stock with each of the
individual aromatic species: benzene, toluene, ethylbenzene, ortho-xylene,
and reformate (C§ aromatic blending stock). The target compositions and
analyzed compositions are given in table 3. Specific gravity, hydrogen-to-
carbon ratio, and Reid vapor pressure were also measured for each fuel and are
included in table 3.
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There were nine test fuels used in Phase II. Nine of the fuels were
formulated with four aromatic components (benzene, toluene, ethylbenzene, and
xylenes) blended at low, medium, and high levels in the alkylate base stock.
The target level of reformate in all nine fuels was 10 volume percent.

TABLE 3. - Composition of Phase I test fuels

Fuel No. 8603 8635 8636 8637 8638 8639
Volume Percent
Target Fuel Composition

Ethyl-
Alkylate Benzene Toluene benzene o-Xylene Reformate
100 5 10 5 10 10
Fuel |

Component Analyzed Fuel Composition
Benzene 0.0 5.10 0.01 0.01 0.01 0.01
Toluene 0.11 0.17 11.23 0.11 0.10 0.10
Ethylbenzene 0.01 0.00 0.02 5.36 0.02 0.02
m- and p-Xylene 0.05 0.05 0.06 0.00 0.15 0.01
o-Xylene 0.02 0.02 0.02 0.02 10.563 0.96
Cq and higher 0 0 0 0 0 10.09
A?kyYate 99.8 94.7 88.7 94.5 89.2 88.8
H/C Ratio 2.29 2.20 2.13 2.22 2.14 2.16
Specific Gravity 0.688 0.698 0.707 0.698 0.708 0.698
RVP, psi 10.4 9.8 9.3 9.6 9.1 9.4

. The individual blending components used in the Phase II fuels were the
same as those used in Phase I, except that a mixture of xylene isomers was
used in place of the ortho-xylene used in Phase I. The xylene mixture was
approximately 50% ortho-xylene and 50% meta- plus para-xylenes. The target
compositions and analyzed values are given in table 4, Analyses of the Phase
II fuels were also performed by Chevron Research Company. The results of
these analyses are in reasonably good agreement with NIPER's. Comparisons are
given in appendix A. Specific gravity, hydrogen-to-carbon ratio, and Reid
vapor pressure were also measured for each fuel and are included in table 4.



The four fuels used in Phase III include a vehicle emissions certification
fuel (Indolene), two commercial gasolines, and a fuel blended at NIPER. The
commercial gasolines were procured from California fuel distributors marketing
ARCO and Chevron fuels in the Los Angeles Basin. The analyses of the Phase

II1 fuels are given in table 5.

A1l test fuels were stored in closed containers in a facility that was
maintained at 60° F.

TABLE 4, - Composition of Phase il fuels analyses

Fuel No, 8715 8716 8717 8718 8719 8720 8721 8722 8723

Fuel Components \ Fuel Composition, volume percent
2

Target Values

Benzene 1 1 1 2 2 2 3 3 3
Toluene 10 5 15 5 10 15 5 10 15
Ethylbenzene 3 1 5 3 5 1 5 1 3
Xylenes 10 5 15 15 S 10 10 15 5
c; 10 10 10 10 10 10 10 10 10
Total arcmatics 34 22 46 35 32 38 33 39 36
Anaiyzed Values
Benzene 1,2 1,1 1.0 2.1 2.1 2.2 3.4 3.4 3.2
Toluene 10,1 5.1 15.9 5.2 10,2 16,1 5.2 10,4 15,5
Ethyibenzene 2.8 0,9 Sel 2.9 5.1 0.9 5.0 0.9 2.7
m- and p-Xyiene 5.2 2.6 8,2 8.4 2.6 5.9 5.3 7.9 2.4
o-Xylene 5.6 3.1 8.5 8.6 3.3 6.5 5.9 8,7 3.2
Total xylenes 10.8 57 16,7 17,0 5.9 12.0 11.2 16.6 5.6
C; Aromatics 10,4 10,1 10,5 10,7 10.8 12,3 10,5 10,7 10.8
Tota! aromatics 35.3 22,9 49,2 37.9 341 43,5 35.3 42,0 37.8
H/C Ratio 1.85 1,99 1.70 1,83 1.85 1,75 1.85 1.77 1.80
Specific gravity 0.749 0.731 0.772 0.754 0.749 0,768 0,754 0.765 0.762
RVP, psi 9,2 9.1 9.6 9.5 9.2 9.5 9.5 9.2 9.5




TABLE 5. - Composition of Phase III fuels

Fuel No. 8724 8594 8725 8726
Description Blend Indolene Commercial  Commercial

Fuel Composition,
Components volume percent

Benzene 1.1
Toluene 11.6
Ethylbenzene 3.4
m- and p-Xylene 5.3
o-Xylene 7.9
Cg Aromatics 18.5

--——-—--_-_--—--——_--_-

H/C Ratio 1.74
Specific Gravity 0.768
RVP, psi 9.8

Test Facility - The vehicle test facility schematic is shown in figure 1.
Temperature-controlled air (75° F) was supplied to the front of the test
vehicle during emission testing. The air speed over the vehicle was modulated
to follow the dynamometer roll speed. The vehicle's tailpipe-out exhaust -
sample was collected using a constant volume sampling (CVS) system. A small
portion of the engine-out exhaust was collected using a mini CVS system. The
samples collected from both systems were analyzed for regulated emissions (co,
HC, and NOX) using instrumentation that meets the requirements specified by
the EPA for light-duty vehicle emissions determination.

CVS- ENGINE A SOURCE
{100 ABCVE GMOUNDY

cvs

LRSS LA Ak T Ay S I
- wearwa con. DX R

R

FIGURE 1 - Vehicle test facility schematic.



Mini CVS System - The mini CVS system was developed for use in a research
project sponsored by Coordinating Research Council (5). Benzene, hydrocarbon,
and other engine-out (before catalyst) and tailpipe-out (after catalyst)
emissions were measured to determine the catalyst officiency for reduction of
benzene and hydrocarbons across the catalyst. The before-catalyst samples
were collected simultanecusly with after-catalyst samples using the mini Cvs
system. A schematic of the exhaust sampling system 35 shown in figure 2. The
operation of the mini CVS included a control logic circuit which monitored the
diluted exhaust CO, analyzer signal (main CVS) and varied the amount of the
air dilution into a constant flow of engine-out exhaust such that the dilution
of the mini CVS was dynamically adjusted to equal that of the main CVS. The
diluted engine-out mixture was sampled at a constant rate and ducted into a
Tedlar bag. Analysis of the composition of this batch sample enabled &he
determination of mass emission rates in the same manner as that done for the

tailpipe-out emissions.

DILUTION
AIR .
l ” CONSTANT
EXHAUST VOLUME
CATALYST .
ENGINE . =2 EXHAUST SAMPLE
— — cvs =
J e d —
L : A4 v
REGULATOR
VENT o= = PLANT AR cog
CONTROLLER | MAIN
cvs
SAMPLE
MINI
cvs
SAMPLE

FIGURE 2. - Schematic of mini and main CVS systems.



The mini CVS system capability was compared directly with the main CVS
system using two vehicles with the catalysts removed. The vehicles were
fueled with Indolene. Both sampling systems were used to collect engine-out
emission samples. The vehicles were preconditioned and operated through
three-bag FTP cyclic vehicle tests.

The mini and main engine-out HC, CO, and NO, emission levels measured in
each bag are given in table 6. This table includes the percent difference of
the main versus mini CVS samples. The results in table 6 show only minor
differences between mini and main CVS HC and CO levels in each bag sample.
The NO, results show more differences between the mini and main CVS sampling
systems. This is presumably due to errors in the dynamic dilution control
during extreme transients of the engine system.

TABLE 6., - Evaluation of the mini CVS system, vehicie 501

Vehiclte 501
2.5L TBI Chevrolet without catalyst

Exhaust Exhaust Emissions
Sampie HC grams/mile CO grams/mile NOx grams/mile MPG

System Cold Stab Hot Cycle Cold Stab Hot Cycie Cold Stab Hot Cycle Cycle

Main CVS 1,78 1,84 1,48 1,72 8,69 8,38 7,10 8,09 3,02 3,52 3.18 3,32 26.3
Mini CVS 1,72 1,85 1,46 1,72 8,72 8,02 7,08 7,91 2,95 3,0 2.9 3.03

Main CVS 1.86 1,90 1,50 1,79 10,97 8,54 7,31 8,70 2.83 3,19 2,76 3.00 26,1
Mini CVS 1,83 1,93 1,53 1,80 10.49 8,51 7.35 8,60 2,75 2,76 2,58 2,70

Differences in Emission Rates Beftween Mini and Main, Percent

HC co NOX

Cold Stab Hot Cyc Cold Stab Hot Cyc Cold Stab Hot Cyc

-3 1 -1 0 0 -4 0 -2 -2 -12 -7 -9
-2 2 2 1 -4 0 1 -1 -3 -13 -7 -10

The above emissions data were collected from vehicle 501 which was
equipped with a catalyst without air injection and not used in this test
program, whereas vehicle 603 which was used in this program was equipped with
a catalyst plus air injection. In order to test the effect of the vehicular



air injection system on the mini CVS sampling system, the catalyst on vehicle
603 was removed and the air injection system left intact. The mini and main
CVS test results of a single FTP test for vehicle 603 fueled with Indolene are
given in table 7. For other than total hydrocarbon emissions, there was good
agreement between the two sampling systems. Oxidation of hydrocarbons in the
exhaust system could be, at least in part, the cause of the differences in

hydrocarbon emissions measured by the two sampling systems.

TABLE 7. - Evaluation of the mini CVS system, vehicle 603

Vehicle 603
2.0 L PF! Mazda without catalyst, with air

Regulated Emissions

Exhaust
Sample HC grams/mile CO grams/mile NOx grams/mile
COLD STAB HOT FTP COLD STAB HOT FTP | COLD STAB HOT FTP
Main CVS 1.65 1.65 1,34 1,57 17.54 19,25 14,12 17.48 2,16 1,46 1,94 1,74
Mini CVS 1,79 1,98 1,46 1,80 17.63 20,40 14,26 18,13 2.22 1,37 1,90 1.69
Aromatic Emissions
Exhaust
Sample BENZENE mg/mile | TOLUENE mg/mile | ETHYL BZ mg/mile TOTAL XYLENES mg/mile
COLD STAB HOT FTP|COLD STAB HOT FTP{COLD STAB HOT FTP|COLD STAB HOT FTP
Main CVS 48 48 39 46 163 147 112 140 46 38 28 37 92 82 64 79
Mini CVS 45 51 40 47 152 149 115 140 43 42 31 39 84 92 65 83
Differences in Emission Rates
Between Mini and Main, Percent
Emissions COoLD STAB HOT FTP
HC 8 20 9 15
co ] 6 1 4
NOx 3 -6 -2 -3
Benzene -6 6 3 2
Toluene -7 1 3 c
Etnylbenzene -7 11 11 5
Xylenes -9 12 2 5

10
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EXPERIMENTAL WORK

Analytical Instrumentation

The levels of aromatics in test fuels and exhaust samples were measured
using two different gas chromatographic (GC) systems. One GC system was used
to measure benzene, and the other GC system was used tc measure C7 and‘C8
aromatics including toluene, ethylbenzene and individual xylene isomers
(meta-, para-, and ortho-xylenes). Both systems use a nonpolar column
connected in series with a polar column patterned after the ASTM Standard
Method 3606-82 entitled "Benzene and Toluene in Finished Motor and Aviation
Gasoline by Gas Chromatography" (6). |

Separation of aromatic compounds from paraffins and olefins was accom-
plished by suitable control of temperature and carrier gas flow. Complete
separation of the compounds of interest enabled their measurement without
interferences from the other compounds.

A flow schematic, column description, and operating parameters of both
chromatographic systems are shown in figure 3. The sample was injected onto
column 1, the nonpolar column, which separates the components by boiling
point. Following elution of the aromatic compound of interest from column 1
onto column 2, column 1 is backflushed (flow direction reversed) to prevent
higher boiling materials from entering column 2. (Note that the flow of the
carrier gas is maintained in the same direction through column 2 throughout
the analysis.) The hydrocarbons that pass onto column 2 range in boiling
point from subambient (methane) up to slightly greater than that of the
aromatic compounds of interest.

Subsequent separation of the aromatic species from the other hydrocarbons
in column 2 is a consequence of the polar characteristics of aromatic compo-
nents. Because column 2 is highly polar, aromatics are retained for a longer
time than nonpolar hydrocarbons (paraffins). High-boiling nonpolar compounds
that would have eluted at the same time as the aromatic compound of interest
were segregated from the material on column 2 by virtue of the backflush
operation. Thus, the measurement of the aromatic compound is interference-
free.

11



SAMPLE IN > BACKFLUSH
SAMPLE OUT p FORWARD FLOW

SAMPLE LOCP COLUMN |

/ COLUMN 2

i | FID

2 WAY
SOLENQID VALVE

VENT

3- WAY
SOLENOID VALVE FLOW
CONTROLER

FLOW CONTROLER

He

BENZENE ANALYSIS

COLUMN 1: Non-polar-1/8 in. x 3 ft., 5% Siponate
0S-10 on Chromosorb WHP (80/100 mesh)

COLUMN 2: Polar-1/8 in. x 10 ft., 10% TCEP on
Chromosorb PAW (80/100 mesh)

TEMP. PROGRAM: 20 to 105° C at 16° C/min.
HELIUM CARRIER: Forward flow 69 psig
Backflush flow 48 psig

TOLUENE and Cg AROMATIC ANALYSIS

COLUMN 1: Non-pelar-1/8 in. x 6 ft. 3% SP2100
on Chromosorb WHP (80/100 mesh)

COLUMN 2: Polar-1/8 in. x 10 ft. 15% TCEB on
Neutraport S (80/100 mesh)

TEMP. PROGRAM: 40 to 125° C at 8° C/min.

HELIUM CARRIER: Forward flow 96 psig
Backflush flow 60 psig

FIGURE 3. - Flow schematic of chromatograph system.
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The ability of the two GC systems to provide accurate measurement of the
aromatic compounds of interest has been verified. For the benzene GC, the
backflush phase occurs at the point where normal octane begins to elute from
column 1. Normal octane, therefore, is the highest boiling compound that is
eluted onto column 2. The retention time of this compound on the polar column
is significantly less than that of benzene as shown in figure 4. Because
n-octane is the highest boiling nonpolar compound present and it elutes well
ahead of benzene, there can be no nonpolar compounds eluting at the same time
as benzene. Therefore, the benzene determinations are free from interfering
compounds. An example exhaust chromatogram of benzene including a calibration
chromatogram of benzene is shown in figure 5.

This same verification approach was applied to the GC system for analysis
of C; and Cg aromatics using n-nonane as a backflush "marker.” Example
chromatograms of Cg aromatics in synthetic blends and exhaust are shown in
figure 6.

The interference problem with benzene on the Cg aromatic GC system was
anticipated and was the basis for using two different GC systems to analyze
the Cg through Cg aromatic species without interferences. :

13
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2. n- Heptane
3.2,2,5-Trimethyl- (|5
hexane
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FIGURE 4. - Retention times of benzene and normal octane
in a chromatographic column.
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Exhaust gas

RECORDER RESPONSE

Column |
backflush
! Benzene
|
|
|
|
|
|
Benzane calibration
o 3 10 15 20

TIME , minutes

FIGURE 5. - Chromatogram of benzene in exhaust sample.
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RECORDER RESPONSE

n-Hexane
Cyciohexane
n-Heptans
Cyclohexene

|-QOctene
2,6-0imathylheptane
Benzene

1 ' Exhoust

n-Nongane

2,5-Dimethyl-

2.4-hexadiene

10. Toluene

10 11. Cyclooctene
12. Cyclooctane
13. n-Decane
14. Ethylbenzene
15. Metaxylene
16. Paraxylene

7 15,18 17. Orthoxylene

M

T | Backflush

Aromatic blend

| Backflush
| ] ] ] | | I !

o) 2 4 6 8 10 12 14 16

TIME, minutes

FIGURE 6. - Chromatograms of Cg aromatics in synthetic blends and exhaust.
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Test Procedures

The exhaust emissions tests followed the protocol specified in the Federal
Test Procedure (FTP), with some exceptions that are noted below. There are
seven events in the FTP. These are, in order of execution:

Fuel drain and fill.

Vehicle preconditioning‘on the dynamometer.

Cold-soak parking.

Fuel drain and fill.

Diurnal heat build, in which the fuel in the vehicle in the vehicle
tank is heated from 60° to 84° F in 1 hour.

6. Cold-start exhaust test, which includes the cold-transient and

G B W N
*+ & & e s

stabilized portions of the driving cycle.
7. Hot-start exhaust test, which consists of the hot-transient portion
of the driving cycle.

In the current work, steps 4 and 5 were omitted. These steps, fuel drain
and refill and diurnal heat build, have considerable influence on evaporative
losses but only minor effects on exhaust emissions. When tests were repli-
cated, the first step was omitted as there was sufficient fuel in the vehicle
tank to conduct the second test.

RESULTS

The results of all three phases of the project are given in appendices B
and C for tailpipe-out and engine-out emissions, respectively. Mass emission
rates over each segment of the driving cycle as well as for the composite are
included. The individual aromatic species are also reported as weight percent
of total hydrocarbon emissions and, for benzene only, as mass emitted per
gallon of fuel consumed. The percent reduction of regulated emissions and
individual aromatics across the catalyst is given in appendix B.
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Phase I Test Results

A1l of the aromatic species appeared to act as benzene precursors.
Benzene emission rates were greater with fuels containing the various aromatic
components than with the non-aromatic alkylate alone. This was the case for
all five vehicles for both tailpipe-out and engine-out emissions.

Engine-out emissions of benzene were very consistent across the entire
five_car fleet for each of the six fuels. Benzene, as weight percent of
engine-out hydrocarbon, ranged from about 0.3% for the alkylate fuel to
greater than 5% for the fuel containing benzene. The benzene weight percent
of total hydrocarbon emissions ranged from about 0.6 to 1.2% for the four
fuels containing-the other aromatic components. The higher level occurred in
the tests with the toluene-alkylate blend. These results are summarized in
table 8.

TABLE 8. - Engine-out benzene emissions, weight percent of total HC, Phase I

Vehicle 5-Car
Fuel 505 603 604 605 606 Average
Alkylate 0.25 0.36 0.30 0.28 0.24 0.29
5% Benzene 5§.56 5.25 5.15 5.36 5.20 5.30
11% Toluene 1.05 1.18 1.18 0.91 0.98 1.06
5% Ethylbenzene 0.64 0.89 0.81 0.63 0.55 0.70
11% o-Xylene 0.79 0.97 0.88 0.71 0.64 0.80
10% Cg Aromatics 0.71 0.89 1.03 0.72 0.63 0.80

An indication of the relative response of each aromatic component as a
benzene precursor can be obtained by comparing the results of each blended
fuel with that of the non-aromatic alkylate. For example, the average
increase in weight percent benzene for the toluene-alkylate blend was 0.77% or
0.07% benzene per 1 volume percent toluene in the fuel. This computation was
performed for all of the tests in Phase I, and the results are given in table
9.

On the basis of equal content in the fuel, benzene itself has by far the
greatest effect on benzene in the exhaust. The other species were roughly
comparable to each other, with toluene and ethylbenzene having slightly
greater effect than o-xylene and heavy reformate on benzene emissions.
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TABLE 9. - Engine-out benzene emissions, incremental weight percent
of total HC per volume percent of aromatic component

Effect
Aromatic Vehicle 5-Car Relative
Compound 505 603 604 605 606 Average To benzene
Benzene 1.04 0.96 0.95 1.00 0.97  0.98 1.00
Toluene 0.071 0.073 0.079 0.056 0.066 0.069 0.07
Ethylbenzene 0.072 0.098 0.094 0.065 0.057 0.077 0.08
o-Xylene 0.050 0.057 0.054 0.040 0.037 0.048 0.05
Cg Aromatics 0.041 0.047 0.067 0.040 0.03%5 0.046 0.05

Tailpipe-out emissions of benzene were less consistent across the five-car
fleet than were the engine-out emissions. This indicates that there was a
vehicle emission control system effect on benzene emissions. For most of the
fuel-vehicle test combinations, the benzene weight fraction of tailpipe-out
hydrocarbon was slightly lower than the corresponding engine-out weight
fraction. This indicates that there might be preferential oxidation of
benzene in the emission control system. A summary of the tailpipe-out results
is given in table 10.

TABLE 10. - Tailpipe-out benzene emissions, weight percent
of total HC, Phase I

Vehicle 5-Car
Fuel 505 603 604 605 606 Average
Alkylate 0.3 0.17 0.27 0.28 0.17 0.25
Benzene 5.46  5.29  3.46  4.03  3.56 4.36
Toluene 1.01 0.53 0.69 0.6l  0.96 0.76
Ethylbenzene 0.85 0.29 0.66 0.73  0.42 0.59
0-Xylene 0.82 0.38 0.56 0.36  0.60 0.54
C§ Aromatics 0.77 0.38 0.48 0.69  0.63 0.59

The tailpipe-out mass emission rate of benzene was always lower than the
corresponding engine-out mass rate. Tailpipe-out rates were roughly 5 to 20%
of engine-out rates. This indicates that benzene is not synthesized in the
catalyst system or, if it is synthesized, it is oxidized at a fast rate and
the net effect is a reduction in the mass of benzene emitted.
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The tailpipe-out benzene emissions per volume percent of aromatic species
is given in table 11. For the five-car average, the weight percent benzene
tailpipe-out per volume percent aromatic is less than the engine-out weight
percent for all of the aromatic species. The effect of the aromatics relative
to that of benzene is about the same for engine-out and tailpipe-out benzene

emissions, however.

TABLE 11. - Tailpipe-out benzene emissions, incremental weight percent
of total HC per volume percent of aromatic component

Effect
Aromatic Vehicle 5-Car relative
Compound 505 603 604 605 606 Average to benzene
Benzene 1.00 1.00 0.63 0.74 0.66 0.81 1
Toluene 0.056 0.032 0.037 0.029 0.070 0.045 0.06
Ethylbenzene 0.088 0.022 0.073 0.084 0.047 0.063 0.07
o-Xylene 0.042 0.020 0.028 0.008 0.041 - 0.028 0.05
Cg Aromatics 0.036 0.018 0.018 0.038 0.043 0.031 0.04

The results of other work (3,4,5) were analyzed for comparison with the
Phase I results. The effect of total non-benzene aromatics relative to that
of benzene was about 0.07 for the Concawe results (3) and 0.08 for the EPA
results (4). The CRC results (5) are 0.05 for engine-cut weight percent
benzene and 0.12 for tailpipe-out. These results are consistent with those
determined in Phase I where the average effect of the aromatic components
relative to that of benzene was about 0.06.

Benzene mass emission rates are plotted against benzene weight percent of
total hydrocarbon emissions in figure 7. These plots show that benzene mass
emission rate is highly correlated with benzene weight percent of total HC.
This simply reflects the fact that total hydrocarbon emissions were not
significantly affected by fuel composition for the Phase I fuels. Note that
the slopes of the lines in figure 7 are the total hydrocarbon emission rates
(engine-out and tailpipe-out). In subsequent analyses of thé data only the
weight percent terms were used.
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FIGURE 7. Benzene, weight percent of total HC vs. mass rate, mg/mile--Phase 1
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For the fuel containing 5 volume percent benzene, the amount of benzene
consumed by the engine averaged about 7900 mg/mi. The engine-out emission
rate was about 130 mg/mile, which accounts for about 2% of the input. Nearly
90% of the engine-out benzene was oxidized in the catalyst resulting in an
average tailpipe-out emission rate of 16 mg/mi. This corresponds to about
0.2% of the benzene in the fuel.

For the fuel containing 11% toluene, the amount of benzene formed in the
engine corresponds to about 0.2% of the toluene in the fuel. The net effect
across the catalyst is a reduction in benzene emissions of nearly 90%. The
tailpipe-out benzene emission rate corresponds to about 0.02% of the toluene
in the fuel.

In summary, the results of the Phase [ tests show that: \
1. A1l of the aromatic species studied appear to be benzene precursors,

2. Benzene itself has the greatest effect on benzene exhaust emissions

on the basis of equal volume percent in fuel,

3. The non-benzene aromatics were all roughly equal in their effect on
benzene emissions on the basis of equal volume percent in fuel, and

4. The production of benzene in exhaust emission occurred in the engine;
80 to 95% of the benzene in the engine's exhaust was subsequently
oxidized in the exhaust emission control system.

Because all of the aromatic species acted as benzene precursors, all of
them were included in the Phase II test fuels.

Phase II Test Results

The experimental design for Phase II was an orthogonal matrix of fuels
with each component (benzene, toluene, ethylbenzene, and xylenes) at three
different levels with the midpoint level at approximately the average for
commercial fuels. The specific selection of the level of each component in
each fuel was made to facilitate analysis of the effect of each component on

the resulting exhaust emissions.

Replicate tests were conducted with three of the fuels for all five
vehicles. These fuels (8716, 8717, 8721) were selected because their composi-
tions cover the entire range from low to high content of each aromatic
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component. The purpose of the replicate tests was to determine the repeat-
ability of the emissions results. The pooled standard deviations for benzene
emissions for the 15 pairs of tests are given in table 12. These indicate
that the variability of the tests is roughly the same for engine-out and tail-
pipe-out bgnzene emissions. '

TABLE 12. - Results of replicate tests,
pooled standard deviations

Benzene, Pooled Standard

Weight percent Deviations, 100 Sp/Mean,
of total HC Sp percent
Engine-out 0.42 11

\

Tailpipe-out 0.61 17

The results of the Phase II tests are summarized in tables 13 and 14 for
engine-out and tailpipe-out, respectively. The engine-out results were fairly
consistent across the five-car fleet, but there were marked car-to-car varia-
tions in the tailpipe-out results. This is probably due to differences in the
exhaust emissions control systems. The ratios of tailpipe-out to engine-out
(for benzene as weight percent of total HC) were averaged for the nine fuels
and are given in table 15,

TABLE 13. - Engine-out benzene emissions, weight percent of fotal HC, Phase 11

Vol § Component Benzene, wt I Total HC
Fuel Ethyl- C; Vehicle 5-Car

No. Benzene Toluene benzene Xylene Aromatics 505 603 604 605 606 Average

8715 1 10 3 11 10 3.2 3.4 2,7 2.8 3,0 3.0
8716 ! 5 1 6 10 2.2 2,7 2.8 2,3 2, 2.4
8717 1 16 5 17 10 3.7 4.5 3.7 3,2 3.4 3,7
8718 2 5 3 V7 11 4,0 4,2 3,2 3,6 4,1 3,8
8719 2 10 5 6 I 4,0 4.4 4,0 3,1 3.5 3.8
8720 2 16 1 12 12 6,1 6.6 6,0 4,4 4.2 5.5
87N 3 5 5 " 10 5.3 5,1 4,0 4,8 4.7 4,8
8722 3 10 1 17 t 4,4 5.6 5.1 5l 4,8 5.0
8723 3 16 3 6 1" 5.5 6,0 4.4 5.1 4,1 5.0
Average 2 10 3 N 1R 4,3 4,7 4,0 3.8 3.8 4.1
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TABLE 14, - Tailpipe-out benzene emissions, weight percent of total HC, Phase Il

vo! ¢ Component Benzene, wt ¥ of Total HC
¥

Fuel Ethyl- C9 Vehicle 5-Car
No. Benzene Toluene benzene Xylene Aromatics 505 603 604 605 606 Average

. .
\N]

8715 1 10 3 " 10 4,3 2.1 2.2 2,7 3 2.9
8716 1 5 1 6 10 3.0 1.2 1.5 1,7 2.0 1.9
8717 1 16 5 17 10 4,2 2,9 3.6 4.8 3.4 3.8
8718 2 5 3 17 11 4,8 3.0 1.2 2.5 3.6 3.0
8719 2 10 5 6 11 5.6 2.7 2.8 3.5 3.8 3.7
8720 2 16 ! 12 12 10,0 4.8 5.2 5.8 5.6 6.3
8721 3 5 5 i 10 6.4 3.6 5.4 4.9 5.1 5.1
8722 3 10 1 17 N 7.2 4,9 3.9 5.2 4.9 5.2
8723 3 16 3 6 11 7.3 4,1 4,4 5.3 5.2 5.3
Average 2 10 3 R 11 5.9 3.3 3.4 4,0 4.} 4,1

\

TABLE 15. - Ratio of tailpipe-out to engine-out
benzene emissions, Phase II

Benzene wt% of HC, Exhaust Emission
Tailpipe-out/ Control System
Vehicle Engine-out (all have EGR, 3CL)
505 - 1.36 --
603 0.74 AIR
604 0.89 0X, AIR
605 1.08 AIR
606 1.07 -

Two of the three vehicles that incorporate an air injection system had
decreased benzene fraction of total HC in the tailpipe-out exhaust compared to
engine-out exhaust. The two vehicles that did not incorporate an air
injection system had higher benzene fraction of total HC in the tailpipe-out
exhaust. This implies that air injection could be a means for reducing
benzene emissions. However, the mass emissions rate of benzene, averaged over
the nine fuels, was nearly the same for four of the vehicles (one without air
injection, three with air injection).
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Vehicle 505 had substantially higher benzene emission rates than the other
four vehicles. This vehicle had the highest mileage accumulation in the five-
car fleet, and its higher emission rates might have been caused by catalyst
deterioration as a consequence of mileage accumulation. The tailpipe-out
benzene emission rates, given in table 19, show the marked difference between
vehicle. 505 and the other four vehicles. Emission rates of vehicle 505 also
changed during the execution of this test program. The trend in HC emissions
as a function of test number for car 505 is shown in figure 8. There was a
large increase in HC emissions over the period of testing in this program.

The other four vehicles did not show this effect (figures 9, 10, 11, 12).

TABLE 16. - Tailpipe-out benzene emission rates,
| mg/mi, Phase II ‘ \

Benzene, mg/mi

Fuel Vehicle 5-Car
No. 505 603 604 605 606 Average
8715 37 11 10 14 13 27
8716 26 4 6 6 8 10
8717 23 7 12 20 10 14
8718 48 17 8 10 11 19
8719 36 6 16 9 18 17
8720 85 17 17 18 21 32
8721 61 14 20 18 26 28
8722 82 23 15 21 27 32
8723 69 13 15 15 23 27
Average 52 13 13 15 17 21

Because of the apparent effect of time (or number of tests) on the
emissions characteristics of car 505, the statistical analyses performed on
the results of Phase II were done both with and without the data for vehicle
505.
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FIGURE 10. - HC emissions trend for car 604.
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The results of the Phase II tests were analyzed statistically using all 60

observations:
[5 cars x (9 test fuels + 3 repeated fuels) = 5 x 12 = 60]

Separate linear and quadratic single degree of freedom effects for each of the
four design components were estimated from the Phase II data, using a simple
regression model. This model is of the form:
Y =¥Ym+ a;B + aZBQ +agl + a4TQ

+ agk + a6EQ + agX; + aBXQ + terms for the 5 cars

where Y = benzene weight percent of total HC
Ym = fitted value of Y for a midpoint fuel
B, = (8z - 2)/1 Bq = 38,2 -2
T, = (Tol - 10)/5 Tq = 312 -2
E, = (EBz - 3)/2 Eq = 3% - 2
X = (Xyl - 10)/5 Xq = 3,2 -2
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Bz = volume percent benzene in fuel

Tol = volume percent toluene in fuel
EBz = volume percent ethylbenzene in fuel
Xyl = volume percent xylenes in fuel

The subscript L denotes the linear effect terms and the subscript Q denotes
the quadratic effect terms. If the targets for the fuel compositions had
actually been achieved, the regression variables would be completely
independent, except for the fact that replicate tests with three of the nine
fuels were included in the statistical analysis. Correlation between the
regression variables was acceptably low, however; the largest correlation
coefficient was only 0.6. “Cars" as a class variable is included in the model
to allow for the fact that each car tends to have its own emission level.

The results of the statistical analysis for engine-out and tailpipe-out
benzene, weight percent of total HC, are shown in table 17. For engine-out
benzene emissions, the ethylbenzene terms were not significant at the 95%
level. A1l the other terms were significant. The root-mean-square-error,
0.42, was essent®mlly the same as the pooled standard deviation for the
replicate tests. If the fit were jdeal (the mean of the replicates and exact
for the non-replicated tests), the RMSE would be 0.21 and the RZ term would be
0.965.

For tailpipe-out benzene emissions, the quadratic terms for benzene and
toluene and the linear term for ethylbenzene were not statistically
significant. The RMSE, 0.65, was nearly the same as the pooled standard
deviation for the replicate tests. An iideal® fit would have an RMSE of 0.3l
and the RZ term would be 0.968.

Examination of the residuals indicates a slight trend of variability
increasing proportionally with benzene level (figure 13). The data were
transformed into logarithms to see if this would satisfy the requirement of
equal variability across the range of data. The results of the statistical
analysis for the logarithmic model are given in table 18 and plots of the
residuals shown in figure 14. The residuals of the logarithmic fit appear to
have more uniform variability across the range of data.
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TABLE 17. Statistical Analysis of Phase II
Linear Model: 5 Cars
Engine-out Tailpipe-out
Yi 3.884 3.849
B .991 1.181
BQ -.105 (-.090)
T .445 776
TQ .090 (.108)
EL (.045) (-.076)
\
EQ (.069) .160
XL .332 .490
XQ -.087 -.219
Ro .856 .858
RMSE .42 .65
RMSE = root mean square error
( ) = not significant at the 95% level

The ethylbenzene terms were not significant for either engine-out or
The only quadratic terms that are significant
at the 95% level are benzene (BQ) for engine-out and xylenes (XQ) for tailpipe

tailpipe-out benzene emission.

-out. The R2 values for the logarithmic model are slightly greater than those
for the linear model. The antilogarithms of the fitted data were computed to
enable computations of the linear RMSE's. The RMSE values were about the same

as those determined for the linear models.

The approximate effects of toluene, ethylbenzene, and xylenes relative to
fuel benzene are shown in table 19. These values are based on the
coefficients (for the linear effect terms) in the logarithmic model. The

effect of fuel benzene on benzene emissions is much greater than that of the
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other aromatic components in the fuel.The effects of toluene and xylenes
appear to be slightly greater than those found in the Phase I results. The

ethlybenzene effect is less than that found in Phase I.

" TABLE 18. Statistical Analysis of Phase II,
Logarithmic Model: 5 Cars

Engine-0ut

RMSE
Log
Linearized

(-

.316
.262
.030
.119
.017)
.014)
.013)
.096
.018)
.878

.10
.48

Tailpipe-Out
1.242
.316
(-.018)
.241
(.010)
(.039)
(.035)
.143
-.054
.871

.22
.63

TABLE 19. Effects of Aromatics in Fuel on
Benzene Emissions: 5 Cars

Component

Rel

Effects
ative to Benzene

Benzene
Toluene
Ethylbenzene
Xylenes

Engine-out Tailpipe-out

1.00 1.00
0.10 0.15
0.03 0.06
0.07 0.09
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The analysis of the Phase II data was redone deleting vehicle 505 because
it showed a drift in hydrocarbon emissions across the test period. The
results of this analysis given in table 20, indicate that the terms for ethyl-
benzene are not statistically significant. The approximate effects of the
components, relative to fuel benzene, were computed using the coefficients for
the linear term effects in the logarithmic model. These are shown in table
21. The effect of fuel benzene on benzene emissions is much greater than that

of the other components in the fuel.

TABLE 20. Statistical Analysis of Phase II: 4 Cars

Engine-out Tailpipe-out

Linear Logarithmic \Linear Logarithmic

Mode Model Model Model
Ym 3.832 1.304 3.401 1.135
B .952 .253 . .990 .305
BQ (-.087) -.026 (-.011) (-.005)
T .433 .114 .707 .256
TQ (.062) (.013) (.106) (.011)
EL (-.089) (.004) (.038) (.060)
EQ (.086) (.018) .144 (.038)
Xy .322 .091 .448 .149
Xg (-.057) (-.012) -.184 -.054
R .848 .872 .856 .862
RMSE .49 .12 .62 .20
Linear RMSE .49 .48 .62 .65
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TABLE 21. Effects of Aromatics in Fuel on
Benzene Emissions: 4 Cars

Effect Relation to Benzene

Component Engine-out  Tailpipe- out
Benzene 1.00 1.00
Toluene 0.09 0.17
Ethylbenzene 0.01 0.10
Xylenes 0.07 0.10

In summa;y, the results of the Phase II test show that:

1. Benzene itself has the greatest effect on benzene exhaust
emission on the basis of equal volume percent in fuel.

2. Toluene and xylenes were roughly equal in their effect on benzene
emissions on the basis of equal volume percent in fuel.

3. The effect of ethylbenzene was not statistically significantly
different from zero.

4. Linear and logarithmic models fitted the observed results
approximately equally well. The root-mean-square-errors for both
models were nearly the same as the pooled standard deviations for
replicate tests.

Phase III Test Results

The tests in Phase II were conducted with 4 fuels. The purpose of these
tests was to determine if the Phase II equations can be used to give
reasonable estimates of benzene emissions associated with the use of
commercially available fuels.
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The fuels are:

Indolene, two commercial gasolines from the Los Angeles Basin, and a fuel
blended at NIPER. The blended fuel consisted of an alkylate base with

benzene, toluene, ethylbenzene, and xylenes at levels near their midpoint
of the Phase II blends.

The heavy reformate fraction was increased to

about double that used in Phase II.

The observed and estimated benzene emissions are shown in table 22.

equations for the estimates are the reduced forms in which all terms that are
The coefficients of the

not*significant at the 95% level are excluded.

equations are shown in table 23.

TABLE 22. Estimated and Observed Benzene Emissions

Levels for Phase III: 4 Cars

Fuel: 8724 8594 8725 8726

Engine-out Bz wt¥% - Average
Observed 3.79 2.40 3.60 3.64 3.36
Linear fit 3.34 1.95 2.95 2.93 2.77
Logarithmic fit 3.26 2.19 2.88 2.8t 2.78
Difference linear .45 .55 .65 71 .59
Difference log .53 .31 .72 .78 .58

Tailpipe-out Bz wt¥ Average
Observed 4,35 1.84 2.62 2.88 2.92
Linear fit 2.98 0.20 2.52 2.38 2.02
Logarithmic fit 3.10 1.15 2.26 2.19 2.18
Difference linear 1.37 1.64 .10 .50 .90
Difference log 1.25 .69 .36 .60 .74
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TABLE 23. Regression Coefficients for Reduced Models

Engine-out Tailpipe-out
Linear Logarithmic Linear Logarithmic

Ye 3.823 1.297 3.445 1.155
B{ .845 .223 .956 .293
B
TE .467 .125 .766 .267
1q
E

L
EQ 1.58
XL .204 .070 .470 171
XQ -.188 -.060

The estimates for benzene levels averaged about 25% Jower than the
observed levels. This was not unexpected as the equations are based only on
the effects of benzene, toluene, ethylbenzene, and xylenes in a base fuel
containing approximately 10 volume percent of heavy reformate (Cg aromatics)
with a totally paraffinic alkylate constituting the balance. The fuels in
Phase III contain various levels of heavy reformate (up to about 18 volume
percent), naphthenes and olefins. In Phase I the heavy reformate did cause
increased benzene emissions levels.

The potential contribution of naphthenes and olefins in gasoline to
exhaust emissions of benzene can not be estimated from this work. However, it
is possible to devise a simple model that includes the heavy reformate. This
model 1is:

Bz wt¥ HC = ag + 3 B + ay BQ + aj AL+ 3y AQ
+ terms for the four cars
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Where B and BQ are the same linear and quadratic terms for fuel benzene that
were used earlier and AL and AQ are linear and quadratic terms for total

aromatics heavier than benzene.

AL = vol¥% C§ Aromatics - 33 (mean target level of C; Aromafics = 33)
Aq = ALZ - 36 (mean of ALZ [target of blends] = 36)

The results of this analysis are given in table 24. Neither quadratic
term is statistically significant, therefore, the model can be further
simplified by using actual volume percent of benzene and Cg aromatics, rather
than the regression polynomials.. The resulting guestions are:

Engine-out wt % Bz = 0.23 + 0.802 Bz + 0.058 Aro
Tailpipe-out wt % Bz = -1.46 + 0.968 Bz + 0.087 Aro

TABLE 24. Statistical Analysis of Phase [1: Simple Model

Engine-out Tailpipe-out
Second
Reduced Reduction Reduced
Yo 3.763 3.819 3.760 3.264 3.337
B 1.181 .896 .802 1.268 .968
By -1.40 (-.075) (-.0581)
AL .046 .059 .058 .072 .087
Aq (.003) (.004)
R? .806 .791 777 .749 .737
RMSE .53 .54 .55 A7 77

The equations were used to estimate the benzene emission for the four
fuels of Phase IIl. The estimates, shown in table 25, are fairly close to the
observed values but are consistently lower. On average, the estimates are 11%
and 18% lower than the observed levels for engine-out and tailpipe-out
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benzene, respectively. The estimates for the two commercial fuels were about
12% lower than the observed benzene emissions.

TABLE 25. Estimated and Observed Benzene Emission
Levels: Simple Model

Fuel: 8724 8594 8725 8726

Engine-out Bz wt% Average
Observed 3.79  2.40  3.60  3.64 3.36
Estimated 3.84 1.90 3.13 3.07
Difference -.056 .50 .47 .57 . .37

Tailpipe-out Bz wt%

Observed 4.35 1.84 2.62 2.88 2.92
Estimated 3.65 0.94 2.51 2.43
Difference .70 .90 .11 .45 .54

The presence of non-aromatic fuel components that act as benzene precursors 1is
a possible cause of the difference between observed and estimated benzene
Jevels. These components might be naphthenes and olefins.

The effect of total non-benzene aromatics relative to that of fuel benzene
is about 0.07 and 0.09 for engine-out and tailpipe-out benzene emissions,
respectively. These values are nearly the same as those reported in the
literature (3, 4, 5,) and those found in Phase I of this work.

In summary, the results of the Phase III tests show that:

1. The estimates of benzene emissions using the fegression equations from
Phase II are consistently lower than the observed levels by about 20 to
25%.

2. A simple model that involves only two terms (benzene and total
aromatics heavier than benzene) gives estimates that are closer to the
observed levels, but these are still about 15% lower than observed. The
improvement is attributed to the inclusion of the heavy reformate as part
of the total aromatics term. The remaining discrepancy might be caused by
the presence of naphthenes and olefins in the fuels.
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3.

The relatijve effect of the non-benzene aromatics on benzene emissions

is about 1/12 that of fuel benzene.

CONCLUSIONS

The major conclusions derived from this work are:

1.

The relative effect of benzene (in fuel) on benzene emissions 1is much
greater than that of the other aromatic species studied.

A1l of the non-benzene aromatic components tend to increase exhaust
benzene levels. The components studied -- toluene, ethylbenzene,
xylenes, and heavy reformate (Cg) —- had an average effect of about 8%
of that of benzene.

The effect of non-benzene aromatics relative to benzene that was found
in this work agrees well with published data.

The ethylbenzene effect was statistically not significantly different

from zero.

Estimates of benzene emissions using regression equations derived from
from these experiments were about 12% lower than the observed levels
for two commercial fuels. The discrepancy might be due to the presence
of other (non-aromatic) benzene precursors, such as naphthenes and
olefins, in these fuels.

These conclusions were drawn from the results of measurements of exhaust

emissions from five current production vehicles. Fuel composition was varied

systematically to enable discernment of the effects of the fuel components

individually and together.

Exhaust sampling and analytical systems were developed for measurement of

the aromatic species in both engine-out and tail-pipe out exhaust. These

systems were described in detail in the Experimental Methodology section of

this report. Use of these systems enabled the determination of emissions of

benzene (and other aromatics) and the effects of the exhaust catalysts on

emissions.
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GLOSSARY OF TERMS, ABBREVIATIONS, AND SYMBOLS

air-fuel ratio: Ratio of engine intake air to the fuel consumed.

air injection: Introduction of air into exhaust system.

alkylate: Product of chemical reaction of low molecular weight olefins with
an isoparaffin for higher molecular weight isoparaffins.

aromatic: Organic compound characterized by the presence of at least one
benzene ring.

benzene: A colorless volatile flammable toxic liquid aromatic hydrocarbon
C6H6 used in organic synthesis, as a solvent and as a motor fuel.

Cq: Organic compound containing six carbon atoms. -

Cg: Orgénjc compound containing eight carbon atoms.

CS: Organic compound containing nine or more carbon atoms per compound.
CVS system: Constant volume sampling system.

carbon dioxide (COZ): A heavy ;o1or1ess gas (COZ) that does not support

combustion, dissolves in water to form carbonic acid, is formed by combustion
and decomposition of organic substances.

carbon monoxide (CO):- A colorless, very toxic gas (CO) that burns to carbon
dioxide with a blue flame and is formed as a product of the incomplete
combustion carbon.

catalyst: A substance that initiates a chemical reaction and enables it to
proceed under milder conditions than otherwise possible.

charcoal canister: The canister contains charcoal which is used to adsorb
hydrocarbons emitted from a vehicular fuel tank.

crankcase ventilation system: Crankcase vapors are vented into the engine air
induction system.

dynamometer: An apparatus for measuring mechanical power (gasoline engine or
vehicle).

electronic fuel injection: Introduction of fuel into either the air induction
system or individual cylinders using electronic control of the fuel valves.

elution: To remove (adsorbed material) from an adsorbent by means of a
solvent or gas.

engine-out: Engine emissions sampled before exhaust catalyst.
EQ: See engine-out.

ethylbenzene: A liguid aromatic hydrocarbon (C6H5C2H5).
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evaporative emissions: Hydrocarbons which evaporate from the gasoline in the

fuel tank and are vented through the charcoal canister.

exhaust gas recirculation (EGR): A portion of the engine-out exhaust is
Tntroduced into the engine air induction system.

Federal Test Procedure: Vehicular test procedure for measuring emissions from
gasoline-fueled vehicles as described by the U.S. Environmental Protection
Agency. Reference Code of Federal Regulations 40, Chapter 1, Subpart B,
paragraph 86.101, page 470 (July 1985 edition).

gas chromatographic systems: Analytical instrumentation which is used to
separate and measure hydrocarbon components contained in the fuel and exhaust
emissions.

head space: Gas volume above a liquid in a closed chamber.

hydrocarbon-to-carbon (H/C) ratio: The ratio of the number of hydrogen atoms
To the number of carbon atoms in an organic mblecule.

hydrocarbons: An organic compound (as acetylene or benzene) containing only
carbon and hydrogen and often occurring in petroleum, natural gas, coal, and
bitumens.

jsooctane: A liquid paraffinic (saturated) hydrocarbon (C8H18) of a branched
chain structure.

jsooctene: A 1liquid olefinic (unsaturated) hydrocarbon (CgHig) of a branched
chain structure.

jsomers of xylene: See mixed xylenes.

LA-4 conditioning system: An EPA-prescribed vehicle driving cycle used in
vehicle preparation prior to the next day's emission test.

methane: Colorless, odorless flammable gaseous hydrocarbon (CH4) that is a
product of decomposition of organic matter in marshes and mines or of the
carbonization of coal and is used as a fuel and as a raw material in chemical
synthesis.

mini CVS: An exhaust sampling system used to collect engine-out (before
catalyst) samples proportional to the exhaust flow during engine operation.

mixed xylenes: Mixture of three jsomeric xylenes: ortho-, meta-, and para-
xylene.

nitrogen oxides (NOX): Mixture of nitric oxide and nitrogen dioxide contained
in exhaust gas.

nonpolar column: Chromatographic columns which separate hydrocarbon species
on a boiling point basis.

olefins: An unsaturated open-chain hydrocarbon containing at least one
double bond.
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ortho-, meta, and para-xylene: Three individual isomeric forms of xylenes.

oxidation catalyst: Exhaust catalyst used to oxidize carbonaceous exhaust
components such as CO to CO,.

paraffinic refinery blending stock: Mixture of paraffinic hydrocarbon
components containing compounds ranging from 4 through 12 carbon atoms.

photochemical: Relating to photochemistry which deals with the effect of
radiant energy in producing chemical changes.

polar column: Chromatographic columns which separate hydrocarbon species on a
compound polarity basis.

precursor: A substance from which another substance is formed.

reduction catalyst: Exhaust catalyst used 1o reduce exhaust emissions.

reformate: Product of a refining process in which the hydrocarbon components
of a naphtha are rearranged for improved volatility and octane quality.

Reid vapor pressure (RVP): The vapor pressure of a product determined in a
voiume of air four times the liquid volume at 100°F. RVP is an indication of
the vapor-lock tendency of a motor gasoline, as well as an explosion and
evaporative hazards (ASTM D 323).

specific gravity: The ratio of the density of a substance to the density of a
substance (as pure water or hydrogen) taken as a standard when both densities
are obtained by weighing in air.

tailpipe-out: Vehicular exhaust emissions (after catalyst) which are vented
into the atmosphere.

three-way catalyst: Vehicular exhaust reduction catalyst that is operated in
conjunction with an oxygen sensor which is used to control the air-to-fuel
ratio of the engine.

TO: See tailpipe-out.

toluene: A liquid aromatic hydrocarbon (CsHg) that resembles benzene but is
Tess volatile, flammable, and toxic, as produced commercially from light oils
from coke-oven gas and coal tar and from petroleum, is used as a solvent in
organic synthesis and as an antiknock agent for gasoline.

xylenes: Any of three toxic flammable oily isomeric aromatic hydrocarbons
(CaHy0)

that are dimethyl homologues of benzene and are cbtained from wood
tar, coal tar, coke-oven gas, or petroleum distillates.
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APPENDIX A
ANALYSES OF PHASE II FUELS
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APPENDIX B
TAILPIPE-OUT EMISSIONS
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