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SINCE THE MID-1980s, oil companies, government agencies and automobile manufacturers
have extolled the emissions improvements possible by changing the composition of gasolines
used in spark ignition engines. The promise has been that, by changing the composition and
physical properties of fuels, vehicle emission systems will work more cooperatively with the fuel
to limit the output and reactivity of pollutants.

Some regulations which specify fuel formulations as a method for emissions reduction from
automobile exhausts are currently in effect. For example, several western states that are unable
to meet regulated wintertime carbon monoxide (CO) levels for ambient air quality standards, as
prescribed in the Clean Air Act, already impose mandatory oxygen content of gasoline. Other
regulations being considered include the reduction of Reid vapor pressure to limit the
evaporative emissions of hydrocarbons from vehicles.

It was the purpose of the work described here to evaluate a fuller set of fuel properties
than has previously been done to gain a more complete understanding of the interactions
between fuels and emissions systems. Our program: was unique in that there wés a greater focus
on the fuel matrix design than in any other previously published work. We pursued our
emissions testing using a linear screening design for the fuels in which ten properties were
varied independently within the bounds placed by four multivariable contraints (see Table 1).
No up-front assumptions were made as to which gasoline properties were important.

The fuels we prepared for this program had chemical compositions typical of gasolines sold in
commerce. These gasolines were made from eleven gasoline blending stocks which are widely
used in refineries. All blends included a highly effective gasoline detergent to minimize deposit
related deterioration of the fuel, engine and emission system. All car/fuel combinations were
tested at least twice in random order. Other constraints which have been included in these fuels
are limitations on the octane sensitivity (RON-MON) and distillation properties of the blends
to make the products more typical of commercial gasolines. These constraints limited the
possibility of designing a gasoline that improved emissions while limiting the performance of
the vehicle in other areas. Finally, a limit was placed on the amount of aromatics plus MTBE
present in any blend so that octane was limited to normal levels.

The fuels were each run at least twice in random order, including no back to back duplication,
to limit systematic errors and effects from uncontrolled variables. A control fuel was run
frequently to evaluate possible time sequence error. This showed that no significant changes
were seen in any individual vehicle emissions over the time span of our experiments.

Results from two separate emission test programs using the fifteen fuel test matrix have shown
that changes in gasoline distillation characteristics, olefin content and Reid vapor pressure



(RVP) can produce major changes in total tailpipe exhaust emissions. All other variables
examined, including oxygen content and aromatic content of the fuels, did not directly or greatly
affect the tailpipe emissions of carbon monoxide, nitrogen oxides, or hydrocarbons. From these
results a generalized mathematical model was produced which predicts tailpipe emission
changes from key fuel properties. The model was verified in a separate, 13 vehicle study.

The single vehicle test program was performed with a 1988 Oldsmobile Regency 98
equipped with a current technology closed-loop three-way catalyst and adaptive learning
emission system. Sixty three FTP tests were performed in this vehicle during this stage of our
experimentation. The car was selected because it represented a high sales volume product that
was close to current state of the art in emission technology.

This vehicle is representative of those that use the technology in which it would be expected to
be most difficult to effect gross emissions by changing the fuel. This is because the emissions
from this vehicle are already very low and there are limited effects one might expect from fuel
compositional changes. Further, the adaptive learning feature of this technology tends to
reduce the effect of changing fuel composition. Finally, tests were run in this car because it was
felt that it contained the major types of vehicle emission technology that will be in the
marketplace in the mid-1990s and beyond. Major changes in gasoline composition would take
until the mid- to late-1990s, at the minimum, to implement.

All emissions testing was performed in the Unocal emissions testing facility in Brea, California.
The fifteen fuel test matrix that was used was uniquely designed to screen 10 properties
independently through a linear screening, statistical designed experiment. Emissions of carbon
monoxide (CO), hydrocarbons (HC) and oxides of nitrogen (NOx) were determined with the
1975 Federal Test Procedure (FTP). Changes by a factor of 1.5 to 3.0 in these emissions were
observed across the range of test gasolines used. The main variables that we found that affect
the FTP tailpipe emissions are distillation characteristics, olefin content, and RVP. The results
of these experiments strongly suggest that through simple changes in the formulations of
gasolines, fuel and vehicle systems can work more effectively together, producing less total
emissions. :

Figures 1, 2, and 3 show the hydrocarbon, carbon monoxide, and nitrogen oxides emissions,
respectively, observed for the Oldsmobile Regency 88 over the range of the 15 experimental
design fuels. The average of two or more independant measurements on each fuel are plotted
with 95% confidence intervals. The confidence intervals were calculated using a pooled
standard deviation over all the fuels so all confidence intervals are identical. Also plotted, as a
horizontal reference line on each Figure, are the average emissions observed for the Auto/Oil
RF-A, industry average gasoline (1), flanked with 95% confidence interval reference lines .
This fuel is identical to the reference gasoline described in the 1991 Clean Air Act.

It canreadily be seen from an examination of the confidence levels on these three Figures that
the range of observed emissions, relative to the repeatability of the experimental data, is high.
In addition, while -the observed order of fuels, from lowest to highest, is similar, but not
identical, for hydrocarbon (HC) and carbon monoxide (CO) emissions, it is quite different for
nitrogen oxides (NOx) emissions.



This way of presenting the experimental data leads to the observation that quite different fuel
properties are controlling NOx emissions compared to the HC and CO emissions, but that the
properties controlling HC and CO emissions are probably similar.

The set of linear models that fits this single car data quite well are as follows:

HC (gm/mile) = 0.00245(olefins vol%) + 0.00109(Tsy) - 0.00104(RON)
CO (gm/mile) = 0.00937(Tsq) +0.00133(Tgy) - 0.00828(saturates vol%)
NO, (gm/mile) = 0.00503(olefins vol%) - 0.0006(saturates vol%%)

+ 0.00087(Tg) + 0.0159(RVP)

Fitting the experimental data is only one measure of the value of these equations. A second
measure is their ability to make predictions about fuels not in the experimental matrix. Table 2
contains the observed properties of four gasolines that were used as check points to test the
predictive equations. At least two FTP runs were made using each of these four fuels. A
comparison between average measured and predicted emissions for each fuel is shown in Table
3. This shows that, at least for these four fuels, the predicted emissions are always within two
standard deviations of the mean measured emissions.

The startling range of emissions observed over our set of test fuels, coupled with the success of -
simple linear models in predieting emissions of gasolines outside the test fuel set used to
generate the models, lead to the conclusion that the properties of gasolines can have a dramatic
effect on tailpipe emissions. This prompted the aquisition of a ten car fleet to test our single-
car conclusions for generality.

The confirmatory ten car fleet test was run at Southwest Research Institute in San Antonio,
Texas. In this test fifteen fuels, with similar fuel characteristics to those used in the single car
experiment, were evaluated using the FTP. The ten cars tested were selected from the list of
post-1980 model vehicles used in the Auto/Oil test fleet (1). Details of the fleet are shown in
Table 4. The results supported the conclusions from the single car study. Olefins, RVP and
distillation were major influences of vehicle emissions over the entire ten car fleet.

Fifteen new test gasolines were blended in accordance with those used in our previous single
car test. Again, they were designed to vary each of the ten properties, shown in Table 1,
independently. New blending stocks for these fuels were obtained from the Unocal Los
Angeles refinery. Physical characteristics had changed slightly over our initial blending streams,
so the final blends produced varied slightly in physical properties from our fifteen initial blends.
The experimental protocol was identical to that used in the testing performed with the single
car described above.

Preliminary analysis of the FTP data showed that the older technology cars responded to fuel
changes differently to the newer cars. Consequently, for further analysis the fleet was split into
two catagories. The Suburban, Tempo, Caprice, and Accord were grouped together as older
technology cars while the remaining six cars were grouped as newer technology vehicles.

The data confirmed some of the observations made concerning the emissions of the single car
in our earlier program. For all ten cars we have seen very big changes in bulk emissions as we



have varied fuel properties within our experimental design set of gasolines. We observe spreads
between lowest and highest emissions by factors of 1.5 to 2 on a fleet averaged basis.

Initial regression analysis of the emissions data outlined above using the cars as groups was not
very satisfactory. For example, regression models tended to give poor predictability. To get
around this we reverted to the type of analysis that was completed for the single car study. We
built individual, empirical regression models for each car. The results of these regression
analyses are shown in Tables 5, 6, and 7. These Tables show which variables have a significant
effect on HC, CO, or NOx emissions respectively, by car. In the Tables, a + indicates a
property that has the effect of raising the tailpipe emission if the value of that property is
increased. Similarly, a - indicates that if the property value is increased, the associated emission
decreases.

It is readily apparent from these Tables that the property that has the most universal effect is on
HC and CO emissions is the distillation Tsy point. For NOX emissions there were three

properties with almost universal effect. These were olefin content, distillation Ty point, and
Reid vapor pressure (RVP),

There are many ways in which individual car effects can be combined to yield a predictive
equation for the fleet. We chose to combine individual regression equations by taking simple
averages of all the individual car equations. This gave the following set of three equations:

HC = -0.000474(aromatics vol%) + 0.00248(olefins vol%)
- 0.00212(research octane number) + 0.00207(Tsq distillation point)

CO = -0.00682(saturates vol%) + 0.0128(Tsy distillation point)+ 0.00123(Ty distillation point)

NOx = 0.005595(olefin vol%) - 0.000282(saturates vol %)
+ 0.002715(T;q distillation point) + 0.02765(Reid vapor pressure)

In order for this predictive model to be useful to a refiner the model needs to be
capable of predicting formulations that meet emissions reduction targets that can be blended in
the refinery. We set up to run our Los Angeles refinery using the predictive model as part of
the refinery linear program (LP). The goal was to produce a fuel that had a emissions of 15%
below the emissions of the CAA reference gasoline. A premium unleaded gasoline was
formulated for testing that was part of the overall refinery balance. Properties of the
experimental and reference fuels are shown in Table 9.

The testing was performed at Southwest Research Institute vehicle emissions test facility in San
Antonio, Texas and NIPER's emission test facility in Bartlesville, Texas. Exhaust emissions
were evaluated through the EPA's 1975 Federal Test Procedure (FTP).

Thirteen vehicles were selected to represent the major vehicle emission technology classes
since 1970 and to mimic the present day California fleet. These vehicles are listed in Table 8.
The experimental protocol was identical to that used in the testing performed with the single
car described above.




The results of this strategy are shown in Figure 4. In this Figure the average emissions
reductions of all 13 cars, along with pooled 85% confidence levels, are plotted for the
experimental gasoline. These reductions are shown as a percentage of the reference gasoline
emissions levels. The 85% confidence levels for the reference fuel are shown as a variable-
width band across the center of the chart, centered about zero. The 85% confidence level was
chosen for this comparison because, at the time, it was the value that the California Air
Resources Board was contemplating using for this type of comparison.

The experimental emissions reductions for the whole 13 car fleet are plotted as three vertical
bars at the left side of the chart. It can be seen that we achieved the substantial emissions
reduction that we were aiming for. Not only did we greatly reduce both HC and CO emissions
but we SIMULTANEOUSLY reduced NOx emissions.

Although the HC and CO emissions reductions met our expectations, the overall NOX
emissions reduction did not. Considering that the predictive equations we used were based on
data collected with post-1980 cars, we decided to split this experimental data and recalculate
NOx emissions reductions for two groups of cars. These reductions are plotted as vertical bars
on the right side of the chart in Figure 4. The 13 car fleet was split into its pre-1980 and post-
1980 components.

The result of this exercise shows that we did indeed achieve the NOx emissions reductions that
we had expected, but only in the post-1980 fleet. That is, in the cars with the types of
technology that we had done all our previous experimental work with. In the older cars the test
gasoline exhibited NOx emissions that were not statistically different from the NOx emissions of
the reference fuel. We believe that this difference in NOx emissions between the older and
newer car fleets may be caused by the presence of oxygenate in the test gasoline. This would be
in agreement with published literature concerning the effect of oxygenates on the emissions
from pre-1980 cars (2).

The authors would like to acknowledge the contributions to this work of J. M. Kulakowski and
S. Vincent of Unocal's planning staff for help with the refinery LP work, S. T. Woods and G. W.
Phillips, for fuels preparation, G. E. Brooks and Jim Smith of the Unocal emission test facility,
Lawrence R. Smith and Matthew S. Newkirk of Southwest Research Institute, and William F.
Marshall of NIPER.
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Table 1 Table 2
Fuel Variables And Their Ranges Check Fuel Properties
Variable or Constraint Min. | Max. Property #1 #2 #3 #4
aromatics (vol%) 10 45 aromalics (vol%) | 409 | 207 ) 583 | 300
olefins (vol%) 0 15 olefins (vol%) 11.1 10.8 04 9.2
__paraffins (vol%) 40 %0 paraffins (vol%) | 480 | 614 | 304 | 608
MTBE (vol%) g 15 MTBE (vol%) 0.0 7.1 10.9 0.0
Research Octane # (RON) 90 95 RON 9.4 | 928 | 1070 | 921
Motor Octane # (MON) 84 87 MON 852 | 840 ) 957 | 824
Distillation 10% Point (°F) T10 130 160 T10 120 125 160 112
Distillation 50% Point (°F) T50 170 240 T50 214 198 218 200
Distillation 90% Point (°F) T90 290 350 T90 339 348 229 315
Reid Vapor Pressure (psi) RVP 8 10 RVP 82 80 54 8.7
RON-MON 5 8
Aromatics + MTBE 0 50
TS50 - T10 50
T90 - T50 150
Table 3
Check Fuel Emissions
Emission Fuel # Measured Calculated Difference Standard
g/mile g/mile g/mile Deviation
1 2.127 2.059 0.067
Carbon 2 1,584 1810 0.226 0.205
M d 3 1.901 2.096 0.195
4 2319 2.009 0.310
1 0.266 0.261 0.005
Nitrogen 2 0.263 0.256 0.007 0.016
Oxides 3 0.200 0.207 0.007
4 0.286 0.260 0.026
1 0.178 0.161 0.017
Hydro- 2 0.139 0.146 0.007 0.014
carbons 3 0.142 0.126 0.014
4 0.189 0.165 0.024
Table 4
Ten Vehicle Fleet Details
OEM Model Engine Fuel EGR2 Catalyst System Year
Size ¢) System1
GM Cutlass 23 PFI no 3-way 1989
GM 98 Regency 33 PF1 yes 3-way 1988
Ford Tempo 23 TBI yes 3-way 1985
Ford Lincoln 50 PFI yes | 3-way, dual bed, close coupled | 1990
GM Caprise 2.0 Carb yes 3-way, dual bed 1984
Honda Accord 20 Carb yes 3-way 1988
Ford Taurus 30 PFI no 3-way, close coupled 1989
Dodge Shadow 2.5 TBI yes 3-way, close coupled 1999
GM Suburban 2.5 Carb yes oxidation 1985
Toyota Camry 2.0 PFI] yes 3-way, close coupled 1990

1) PFI = Port Fue! Injected, TBI = Throttle Body Injected, Carb = carburetted

2) EGR = Exhaust Gas Recirculation




Table 5

Individual vehicle effects of fuel properties
in the 10 car flcet on Hydrocarbon emissions

Table 6

Individual vehicle effects of fuel properties
in the 10 car fleet on Carbon Monoxide emissions

Car arom | olef | RON | TS50 Car arom | para TS0 T
vol% | vol% - vol% { vol%
GM Cutlass + - + GM Cutlass - +
GM 98 Regency - + GM 98 Regency - +
Ford Tempo - + Ford Tempo - +
Ford Lincoln - + Ford Lincoln +
GM Caprice - + GM Caprice - +
Honda Accord - + Honda Accord +
Ford Taurus + - + Ford Taurus +
Dodge Shadow - + Dodge Shadow - + +
GM Suburban - + GM Suburban + + -
Toyota Camry + - + Toyota Camry - +
Table 7
Individual vehicle effects of fuel properties
in the 10 car fleet on Nitrogen Oxide emissions
Car olef | paraf| TI10 RVP
vol% | vol% Table 9
GM Cutlass + N + + Reference and Reformulated Gasoline Properties
Propert; Reformulated CAA
GM 98 Regency + + + P Premium Reference
Ford Tempo + + + Gasoline Gasoline
Ford Lincoln + + + aromatics (vol%) 44.1 32.0
GM Caprice + + + olefins (vol%) 33 9.2
Honda Accord + N + + paraffins (vol%) 454 58.8
Ford Taurus ¥ " ¥ mtbe (vol%) 72 0.0
RON 97.5 92.0
Dodge Shadow + + i + T10 CF) 136 128
GM Suburban + + + T50 (°F) 208 218
Toyota Camry + + RVP (psi) 8.0 8.7
Table 8
13 Car Fleet Details For Reformulatcd Commecrcial Gasoline Test Program
OEM Model Engine Fuel EGR Catalyst System Year
Size (1) System]
GM 98 Regen 38 PFIL yes 3-way 1988
Ford Tempo 23 TBI yes 3-way 1985
Ford Lincoln 50 PFI yes 3-way, dual bed, close coupled 1990
Honda Accord 20 Carb yes 3-way, dual bed 1988
Toyota Camry 20 PFI yes 3-way, close coupled 19%0
Dodge Shadow 2.5 TBI yes 3-way, close coupled 1990
Chrysler Diplomat 52 Carb yes oxidation 1979
GM Monte Carlo 5.0 Carb _yes oxidation 1978
GM Caprice 5.7 Carb yes oxidation 1979
GM Delta 88 74 Carb _yes non-catalyst 1974
Ford LTD. 6.6 Carb yes non-catalyst 1974
Chrysler Dart 37 Carb _yes non-catalyst 1973
Ford Cougar 58 Carb __yes oxidation 1975

1) PFI = Port Fuel Injected, TBI = Throttle Body Injected, Carb = carburetted.
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METHODS FOR DETERMINING AROMATICS AND BENZENE IN REFORMULATED GASOLINES
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Naperville, IL 60563-8460
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ABSTRACT

The recently passed Clean Air Act places a number of restrictions upon the
composition of gasolines marketed in ozone and CO nonattainment areas. These
restrictions include upper limits on the total aromatic and benzene contents of
the reformulated gasolines. As a result, reliable, routine analytical methods
will be required to certify the aromatic and benzene content of gasolines.

Although a number of different approaches are available for the determination of
these properties, many are unsuited for routine analysis, especially in smaller
refineries. This presentation will review chromatographic methods currently
available for these measurements. In addition, the accuracy and precision of
several of these methods for the determination of the aromatic and benzene
content of reformulated fuels will be discussed.

INTRODUCTION

The effects of motor vehicle exhaust and running losses upon urban air quality
has prompted the regulation of the composition of automotive fuels. The recently
passed Clean Air Act places restrictions in a number of instances upon the
maximum aromatic and benzene content of gasolines. Concerns over benzene arise
because it is a known carcinogen and it along with 1,3-butadiene, formaldehyde
and acetaldehyde are the major toxic compounds found in vehicle exhaust. To meet
the requirements of these regulations, the oil industry will need reliable
analytical methods. Among the requirements of these methods are acceptable
precision, freedom from bias, and freedom from interferences due to oxygenates.

BENZENE METHODS

A number of different chromatographic methods are currently available for the
determination of benzene in gasoline. For comparison purposes, these can be
subdivided into 4 classes:

1) Single column gas chromatographic methods

2) Column switching gas chromatographic methods
3) Multi-column PIONA methods

4) Liquid chromatographic methods

Single column methods may employ either long capillary columns containing non-
polar stationary phases or, alternately, columns containing highly polar
stationary phases such as TCEP. The former are commonly referred to as single
column PONA methods and typically employ 100 m columns with internal diameters of
0.25 mm and a film thickness of 0.5 pm methyl silicone stationary phase (1).
These columns rely on their high inherent separation power to resolve benzene
from other closely boiling components such as l-methylcyclopentene. Separation
of benzene from other hydrocarbons on TCEP columns (2) is based upon the
significantly greater retention of aromatic compounds relative to non-aromatics
of similar boiling point on polar stationary phases. Both these single column
methods suffer limitations due to long analysis times and possible co-elution of



other components.

An example of a column switching approach to determine benzene is ASTM D 3606
(3). The method employs a non-polar column to perform an initial separation
based upon boiling point followed by a polar column to separate benzene and 4
toluene from other, closely boiling hydrocarbons. Heavier components are
backflushed to waste. Figure 1 illustrates a typical separation of gasoline by D
3606. HNote the rapid analysis time and good resolution of benzene and toluene
from other components. MTBE is not an interference in this method. There is
some partial overlap with methanol and ethanol but resolution is sufficient to
permit accurate quantitative measurement (4).

Multi-column PIONA methods provide a distribution of paraffins, iso paraffins,
olefins, naphthenes and aromatics by carbon number (5). As benzene is the only
Cg aromatic, benzene values can be obtained directly from PIONA methods.
However, when only benzene values are of interest, this is a costly and time
consuning approach.

Benzene may also be rapidly determined by liquid chromatography employing C;,
reversed-phase columns and water/acetonitrile mobile phases with refractive index
detection (6). Figure 2 contains a plot comparing the results obtained on
approximately 100 samples with D 3606 and the LC method. The slope and intercept
are close to unity and zero, respectively indicating little relative or fixed
bias between the two methods. In our laboratory, we prefer to employ D 3606
because it has demonstrated better precision than the LC method. Table 1
contains a comparison of the repeatability obtained in our laboratory of these
two methods for a gasoline sample:

TOTAL AROMATICS

The accurate measurement of total aromatics is considerably more difficult to
achieve than the determination of benzene. The ideal requirements for a total
aromatics method would include that it be simple, inexpensive, accurate, precise
and free from oxygenate interferences. The same 4 basic approaches discussed
above for measuring benzene can also be employed to measure total aromatics. In
addition, the traditional FIA method, ASTM D 1319 (7) is widely employed for this
purpose. This method is based upon displacement chromatography with fluorescent
dyes to indicate boundary regions between saturates, olefins and aromatics.
Although widely employed for a number of years, this method suffers from a number
of deficiencies including poor precision, operator dependency, long analysis
times, and difficulties with automation. Additional chromatographic methods for
measuring total aromatics include supercritical fluid chromatography (SFC) and an
EPA proposed method that employs GC/MS. Recently SFC with flame ionization
detection has been employed to measure aromatics in diesel and jet fuels (8). A
similar approach may be suitable for pgasoline. GC/MS approaches have not been
widely employed because of their additional complexity, difficulties with
calibration, and the high cost of such methods.

The two different single column approaches described above for benzene are also
suitable for total aromatics. The PONA approach requires that all aromatic peaks
be assigned and the total summed. In contrast, an advantage of using a highly
polar stationary phase such as Carbowax derivatives or TCEP for measuring total
aromatics is that the aromatics tend to be isolated into the end of the
chromatogram. These can be summed as a group. Except for the early eluting
peaks, benzene and toluene, it is not necessary to identify each individual
aromatic peak. Figure 3 illustrates the separation of a gasoline on a DB-Wax
megabore capillary column. Although LC methods have been employed to monitor
hydrocarbon types in fuels, this approach has in general been limited by detector
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response problems (9).

Most of our recent efforts in this area have been devoted toward developing a
rugged, routine column switching method for measuring total aromatics. Such a
method could be more suitable for refinery applications than previously discussed
approaches. ASTM Method D 4420 was employed as the basis for our work. It was
modified in 4 ways: an internal standard was added, a flame ionization detector
was employed, a different column set was employed than that specified in the D
4420 method, and the analysis was performed in two steps to minimize
interferences from non-aromatics. The first two changes were made to enhance the
quantitative aspects of the analysis. The column set was modified to incorporate
the same columns as used by ASTM D 4815, a method to determine oxygenates in
gasoline. These columns are a 1/16 inch TCEP packed column and a methyl silicone
megabore column. This change was implemented to enhance resolution and speed.

Figure 4 illustrates the valve configuration employed in this method. We perform
this analysis in two steps. Initially the sample is injected through injector B
onto the TGEP column. Non-aromatics compounds, out to approximately n-decane,
elute prior to benzene and are vented to waste through a thermal conductivity
detector. Six seconds prior to the elution of benzene, the valve is actuated and
components not eluted from the TCEP column are backflushed onto a methyl silicone
megabore column. Once Gz aromatics have eluted from the megabore column, the
valve is switched to its original position -and Cg+ aromatics are backflushed to
the detector. All measurements of aromatics are made with the flame ionization
detector. Figure 5 contains a chromatogram resulting from this analysis. Only
the benzene and toluene values are used from this first analysis.

The analysis is repeated a second time with the valve switching time increased to
a time 6 seconds prior to the elution of ethyl benzene from the TCEP column.

This step is performed to reduce the possibility of interference due to high
boiling non-aromatics. These compounds would normally be found in the Cg+
fraction. Figure 6 contains a chromatogram resulting from this analysis. Note
the differences in the peaks of the Cg+ fractions in Figures 5 and 6. Table 2
contains a comparison of the Cg+ results from the first and second analyses. T90
values are also provided. As expected, lower values were obtained for Cg+
aromatics with the longer cut time. This is due to the exclusion of some higher
boiling non-aromatics. The greatest discrepancy was observed for the samples
with the highest endpoint. The Cg and Cg+ values from the second run are combined
with the benzene and toluene values obtained on the first run to obtain total
aromatics. Comparisons of this method with alternate approaches such as PIONA
indicate a high correlation between total aromatics for the two methods. Common
oxygenates including MTBE, methanol and ethanol do not interfere with the
aromatic peaks in the modified D 4420.

SUMMARY

A number of different chromatographic approaches are available for the
measurement of benzene and total aromatics. In our laboratory, we prefer to
employ D 3606 to determine benzene because of its high precision and fast
analysis times. A wide range of alternative methods may be employed to measure
total aromatics. Our current work has focused upon modification of ASTM D 4420
to provide a rugged, reliable method using proven column switching methodology.
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Table 1. Comparison of the Precision of ASTM D 3606 and an LC Method for the

Determination of Benzene

D 3606% Lch
Mean (wt%) 0.73 0.72
Standard Deviation (wt%) 0.007 0.022
Relative Standard Deviation (%) 0.96 3.1
Repeatability (wt%) 0.019 0.061
Number of measurements 24 50

Table 2. Effect of Cut Time on Cy and Cyt+ Aromatics Measurements by Modified

D 4420
Sample Vols Cy Aromatics Vols Cg+ Aromatics
Cut Time 1 Cut Time 2 Cut Time 1 Cut Time 2
A 11.6 11.3 16.4 15.5
B 4.25 4.12 15.0 11.9
c 6.32 6.22 5.89 5.19
D 5.75 5.70 22.0 19.7
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THE IMPACT OF CHEMICAL AND PHYSICAL PROPERTIES OF FUELS ON DIESEL
ENGINE EMISSIONS
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ABSTRACT: Studies considering engine type and mode of operation as
the most important factors in the characteristics of diesel
emissions may be valid when looking at the gross emission
parameters: total particulate matter (TPM), soluble organic fraction
(SOF), and solids. Recently, we have concentrated on quantifying
specific chemical species, such as polynuclear aromatic hydrocarbons
{PAH), which have lead us to believe that chemical composition of
the fuel plays a major role in determining the concentration of
these specles in the emissions.

This paper is a summary of studies where sufficient data have
been obtained to allow us to test for relationships between fuel
composition and emission parameters. Data obtained from samples
collected at Michigan Technological University and the United States
Bureau of Mines were analyzed. Four number 2 diesel fuels were
investigated which varied in cetane number, sulfur and aromatic
content. Specific PAH, TPM, SOF, volatile organics (XOC), sulfates,
hydrocarbons (HC) and nitrogen oxides {NOx) data were tested in
this study. The results show that fuel composition may have effects
on specific pollutant emissions.

INTRODUCTION: Diesel fuels are characterized on the basis of: 1)
physical propertles (such as density, viscosity, and distillation
profile); 2) a performance property (cetane number); and 3) chemical
properties (such as sulfur, aromatic and olefin content). Blending
of distillates or feedstocks may be used to produce fuels with
desired properties to meet the demands of the users and to satisfy
the engine emission standards promulgated by government agencies.

In previous studies (1-4), we have proposed that the type of
engine and mode of operation are the most important factors in
determining emission characteristics. This may be valid when
looking at gross characteristics of emissions such as total
particulate matter (TPM), soluble organic fraction (SOF), and
sulfate. More recently, however, we have concentrated on
quantifying specific chemical species, such as certain polynuclear
aromatic hydrocarbons (PAH), which may have human health impacts,
and proposing that chemical composition of the fuel plays a major
role in determining the concentration of these species in emissions.

Studies on fuel effects have been carried out by Baranescu (5),
wall et. al {(6) and Ullman et. al (7). Baranescu (5) and Wall et.
al (6) investigated the impact of fuel sulfur on emissions and both
concluded that sulfur must be removed from diesel fuel for effective
particle emission control. Ullman et. al (7), on the other hand,
studied the impact of cetane number and aromatic content showing
that as cetane number increased there were significant decreases in
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both gaseous and particle emissions, while aromatic content
reductions produced varied results on the diesel emissions studied.
Weaver et. al (8) have reviewed the literature and have concluded
that the most important emission-related properties of diesel fuel
are sulfur and aromatic content. The emissions of PAH compounds,
however, were not considered in these fuel evaluations.

This study is a summary of results of research activities where
sufficient data have been obtained to allow us to test for
significant relationships between a number of parameters. Data
obtained at Michigan Technological University (MTU) and from samplés
provided by the Twin Cities Research Center of the United States
Bureau of Mines (USBM), Minneapolis, MN were primarily used as the
basis of the study. Fuel studied consisted of types where cetane
number, sulfur content and aromatic content were varied in fuels
with the physical properties of a number 2 standard blend. Specific
PAH, TPM, SOF, volatile organics (X0C), sulfates, nitrogen oxides
{NOx), and hydrocarbons (HC) were measured in most studies.
EXPERIMENTAL: Four fuels were used in gathering the data used for
this paper. The data from the MTU engine studies were obtained
using Amoco regular sulfur fuel (ARS) and a Chevron low sulfur (CLS)
fuel. Data from the USBM engine studies were obtained using a
specially prepared low aromatics diesel fuel manufactured by Chevron
(CLAD) at its El Segundo refinery, and another Chevron cetane-
adjusted diesel (CCAD), a commercially available fuel used in
california which had its cetane number adjusted from an initial
value of 45 to 53 by the addition of 0.3 weight percent Naltane 5308
cetane improver (to the same level as the CLAD fuel). Properties of
these fuels are summarized in Table 1. Fuel analyses were provided
by the supplier and analysis methods (where available) are indicated
in Table 1.

Emission data analyzed were from engine test runs conducted at
MTU and USBM. Engines used were a Cummins 1588 Model L-10 224 kw
direct-injection diesel engine at MTU, representative of on~highway,
heavy-duty diesel engines, and a 3304 Caterpillar 75 kw, indirect-~
injection engine at USBM representative of current mining engines.
The MTU engine was operated at EPA steady-state modes 9 and 11
(rated speed at 75% and 25% load, respectively) while the USBM
engine was operated a light-duty transient cycle representing mining
engine operation.  The specifics on the engines, dynamometers, and
emissions collection systems are described in references 9 and 10.
The emissions parameters measured were TPM, sulfate, SOF,
semi-volatile organics, collected on XAD-2 resin (XOC), HC, and PAH
(fluoranthene, pyrene, benz{a]anthracene, chrysene,
benzo[b]|fluoranthene, benzol(k]fluoranthene, and benzo[alpyrene).

All TPM, sulfate, SOF, XOC and PAH analyses were carried out at MTU.
NOx and HC were measured at both sites.

Sampling for TPM, SOF and sulfate was done on Teflon-coated
Pallflex filters, XoC was collected on XAD-2 resin directly
downstream from the Pallflex filter. TPM and SOF were determined
gravimetrically from filter masses before and after exposure and by
the mass of material extracted, respectively. Sulfates were
measured by ion chromatography of the aqueous extract of the
Pallflex filter using a conductance detector. HC were measured
using a heated flame ionization detector and NOx were analyzed using
a chemiluminescence analyzer. PAH were analyzed from a fraction
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taken from the methylene chloride extract that was subsequently
cleaned-up using column chromatography and analyzed by high
performance liquid chromatography (HPLC) with fluorescence
detection. The sampling and analysis procedures for these
parameters are described in detail in reference 9.

The MTU data for NOx, HC, TPM, SOF, sulfate and XOC were
analyzed using a 3-way analysis of variance (ANOVA) to determine if
significant differences in test variables (mode, fuel, or
aftertreatment device) could be detected within an entire data set
(9). Two way ANOVAs for the same parameters were used for the USBM
data to test for fuel or aftertreatment device effects (10). All
null hypotheses being tested stated that there were no significant
differences due to mode, fuel or aftertreatment device for the MTU
data or fuel or aftertreatment device for the USBM data. A
significance level of 0.05 was used for all statistical comparisons.
The statistical treatment of the PAH data sets was further
complicated due to the presence of less than minimum detection limit
(MDL) data. These data sets were also analyzed using ANOVA
techniques, with the less than MDL values replaced by the MDL values
divided by two (9). In this paper, only the effects of fuel and mode
are considered for the MTU data and only fuel for the USBM data.
RESULTS AND DISCUSSION: The results of the chemical analyses for
the engine emiss”pns parameters TPM, SOF, sulfate, XoC, NOx and HC
are reported in wrable 2. Particle- and vapor phase-associated PAH
values are given in Table 3. Each of these tables is separated into
two portions with the upper and lower portions, representing the
values from the MTU studies and the USBM studies, respectively.
Since the data were obtained on two different engines with MTU
operating at steady-state conditions and USBM operating under
transient mode conditions, the data were analyzed separately.
However, comparisons on a relative basis can be made between the
studies to assess fuel composition effects on emissions.

Gaseous Emissions -The values for the gaseous emissions from
the MTU study are given in Table 2. All emissions values have been
converted to mg/std m® (25°C, 101 KPa). USBM data are given in ppm.

For the MTU NOx data a significant difference was found for
both mode and fuel. Both low (CLS) and conventional sulfur (ARS)
fuels gave a mode 9 to mode 11 difference in NOx of 68% with the
lower value at mode 9 attributed to higher combustion temperatures
compared to mode 11. A significant difference is illustrated in the
NOx data between fuel types, particularly at mode 9. The USBM data
gave a 9% decrease in NOX when the low aromatic fuel was used.
Differences in fuel cetane number may also be responsible for this
trend in the MTU study, while the USBM study utilized fuels with
the same cetane number. Ullman et. al (7) have shown an inverse NOX
correlation in their studies of cetane number, as well as a direct
relationship between NOx and fuel aromatic content. These
observations are consistent with our findings.

The HC emissions from the MTU study were also dependent on both
fuel and mode. Mode 9 compared to mode 11 emissions (Table 2) for
the CLS and AHS fuels were 20% and 53% lower, respectively.
Mode-dependent differences are again explained by the increased
temperatures of mode 9 and subsequently, more of the fuel is
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oxidized. Fuel-dependent differences in HC may also be related to
the cetane number of the fuels. Ullman et. al (7) also showed an
inverse relationship between cetane number and HC emissions.

TPM, SOF, SULFATE, and XOC Emissions - The mean values for
these emissions from the MTU data and the USBM data are also
reported in Table 2 for all fuels studied. The variability of all
measurements were within the normal expected ranges for these
measured values.

The only significant effect of fuel type on TPM composition was
on the sulfate concentrations which were at or below the minimum
detection limit (MDL) for all of the MTU low sulfur (CLS} fuel
samples and close to the MDL for the USBM low sulfur (CLAD 3nd CCAD)
fuel samples. Within the conventional ({(ARS) fuel data sets,
significant differences in sulfate were detected between modes 9 and
11 (50% lower at mode 11)., The USBM study did not utilize any
conventional high sulfur fuel for compariscn. The TPM
concentrations were significantly affected by mode but not fuel type
{besed c¢cn the MTU data). This may be attributed in part to the
higher aromatics, lower cetane number, and higher 903% volatility
temperature ¢f the CLS fuel (Table 1}. These fuel properties might
tend to cause increased formation of solid particulate matter as a
result of the combustion process. The increase in solids due to
fuel properties would then balance, to some axtent, the sulfate
redictisn attributed to the low sulfur fuel. The USBM studies
emphasized fuels with significant differences in aromatic content
and their results gave a significant difference for TPM with a 133
decrease in TPM for the CLAD compared to CCAD.

s:gnificant differences were not derected in SOF concentrations
for mode or fuel in the MTU studies. USBM fuels were significantly
different in terms of SOF emissions with a reduction of 17% when
comparing the low aromatic fuel (CLAD) toc the higher arcmatics fuel
{CCAD} .

Despite the higher variability in X0OC wmeasurements, some
significant relationships were found between fuels and modes in the
MTU studies. Use of the conventional sulfur fuel (ARS}) resulted in
lower (27%) XOC concentrations than with the low sulfur fuel (ZLS)
at mode 9; mode 11 showed no fuel dependency. This is similar to
the situation with the HC measurements where the differences are
more likely due to differences in fuel composition other than fuel
sulfur levels. Data for USBM fuels show a significantly different
amount of XOC (31% higher) with the CLAD fuel as compared to the
CCAD fuel.

PAH Measurements - The particle and vapor phase PAH emissions
for all fuels studied are presented in Table 3. TFor the complete
statistical treatment of these data the reader is referred to
reference 9 which includes a discussion on handling data below
minimum detection levels.

There were numerous significant differences in particle-
associated PAH emissions (as determined by analysis of SOF samples)
in the MTU study where the CLS fuel gave PAH levels higher than the
conventional ARS fuel. Benz{[alanthracene, benzs[b)fluoranthene,
benzo{k]fluoranthene, pyrene, chrysene, and benzo|a|pyrene emissions
for the two fuels were significantly different when comparing like
modes. The only significant difference between modes for vapor
phase associated PAH (as analyzed in XOC samples) was for
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benz[alanthracene; this difference was significant for both fuels.
For both fuels, the only detectable levels of benzolk]fluoranthene
and benzo[a]pyrene were particle-associated.

For the USBM data set, significantly different PAH values were
found for chrysene, pyrene, benz{alanthracene, and benzo{b|fluor-
anthene with the higher levels found with lower aromatics (CLAD)
fuel as compared to the higher aromatics (CCAD) fuel when the SOF
and XOC values were summed to determine the total emissions.
CONCLUSION: From these results, we have provided additional
evidence to support the proposal that fuel composition has effects
on specific pollutant emissions from diesel engines. More detailed
analysis of fuels (including quantification of important PAH
compounds and potential PAH precursors in fuel) is necessary in
order to further define the correlation of fuel parameters and
emissions.
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Table 1. Comparison of Properties of Fuels”

Property ARS CLS CLAD CCAD
API Gravity 38.4 34,5
Dist. Profile (=C)
Initial B.P. 162 183 208
10% 195 224 251
50% 254 269 284
90% 307 317 317
95% 318 331
Final B.P. 327 352 355
Composition
Carbon (wt.%) 85.6 86.1
Hydrogen (wt.%) 13.3 13.85
Sulfur (wt.$%) 0.317 0.010 0.03 0.04
Oxygen (wt.$%) 0.06
Total N (ppm) 40 26.9 g8
Hydrocarbon Type (vol.%)
pParaffins/Napthenes 73.0 67.8 88.9
Olefins 3.5 2.3
Aromatics
FIAM Analysis 23.5 29.9 11 20
Mass Spectrometry 23.7
HPLC 11.2
Cetane Number 52.8 42.4 53 53

*“Analyses provided by fuel suppliers.
ARS = Amoco conventional sulfur fuel,

CLAD = Chevron low aromatic content fuel, CCAD =
adjusted fuel available in california
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Table 1. Comparison of Properties of Fuels”

Property ARS CLS CLAD CCAD
API Gravity 38.4 34.5
Dist. Profile (°C)
Initial B.P. 162 183 208
10% 195 224 251
50% 254 269 284
90% 307 317 317
95% 318 331
Final B.P. 327 352 355
Composition
Carbon (wWt.%) 85.6 86.1
Hydrogen (wt.%) 13.3 13.85
sulfur (wt.%) 0.317 0.010 0.03 0.04
Ooxygen (wt.3%) 0.06
Total N (ppm) 40 26.9 98
Hydrocarbon Type (vol.$%)
Paraffins/Napthenes 73.0 67.8 88.9
Olefins 3.5 2.3
Aromatics
FIAM Analysis 23.5 29.9 11 20
Mass Spectrometry 23.7
HPLC 11.2
Cetane Number 52.8 42.4 53 © 53

* Analyses provided by fuel suppliers.
ARS = Amoco conventional sulfur fuel,

CLAD = Chevron low aromatic content fuel,
adjusted fuel available in cCalifornia
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Table 3. summary of PAH Emissions Data (ng/m>-std)
Particle Associated PAH
Fuel Mode n FLU PYR Baa CHR BbF BKF BaP
ARS 9 2 1300 31 140 120 94 3.6 4.4
(56) (91) (89) (9.1) (54) (100) {92)
11 2 600 79 170 120 47 5.5 4.3
(16) (20) (19) (9.1) (24) (8.7) {(3.5)
CLS ] 4 800 2300 1100 600 260 110 150
(33) (12) (61) (74) (28) (84) (82}
11 [ 1200 2000 730 180 240 140 220
(5.6) (9.0) (18) (24) (2.9) (69) {12)
CLAD t= 6 950 2300 180 730 1500 240 140
(8.8) (9.0) (1.7) (22) (15) (14) (18}
CCAD t= 5 940 2100 190 370 910 250 370
(33) (43) (40} (36) (39) (58) (63)
vVapor Phase Associated PAH (mg/m>-std)
Fuel Mode n FLU PYR BaA CHR BbF BKF BaP
ARS 9 2 1700 300 120 18® <«3® <3® <3P
(22) (84) (89)
11 2 2700 470 200 12® <4 <5 ¢5®
(22) (22) (17)
CLS 9 4 2300 1800 320 240 4.6% <6® <9P
(51) (28) (29) (28) (52)
11 4 1200 910 250 270 6.5 <5® <"
(14) (14) (7.3) (55) (18)
CLAD t= 5 1400 1800 180 15 32 <2®  2®
(10) (15) (28) (37) (24)
CCAD t= 6 1200 1100 29 24 28 7.5 <«2®
(6.4) (18) (47) (58) (13) (32)
FLU = fluoranthene, PYR = pyrene, BaA = benz|ajanthracene,
CHR = chrysene, BbF = benzof{b}fluoranthene, BaP =benzo[a|pyrene,
BkF = benzo[k]fluoranthene

= light-duty transient cycle

® less than minimum detection limit, no CV reported
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CORRELATIONS BETWEEN DIESEL FUEL PROPERTIES AND ENGINE EMISSIONS

E. LOIS and S. STOURNAS
Fuels and Lubricants Laboratory, National Technical University,
157 73 Zografou, Athens, Greece

BS C

The o©il industry and motor manufacturers are currently facing
similar problems with diesel engines, namely restrictions on fuel
quality for environmental reasons. It would thus be of value if
some of the most important pollutants, such as NOx and particulate
matter (PM), could be predicted from basic fuel properties. This
paper presents expressions from which the cetane number of the
diesel fuel (without additives) and its aromatic content, are
evaluated from the distillation curve and density, with very good
accuracy, the correlation coefficient in the first case being 0.98
and in the latter 0.99. Subsequently NOx and PM emitted for two
types of engines are evaluated, both for hot and cold conditions,
from the fuel aromaticity. This gives a direct measure of the
pollutants as the fuel cetane number varies in the range 25-65,
making it possible to adjust the fuel distillation curve to meet
emission standards.

INTRODUCTION

In diesel fuels the cetane number is a property measured in a
standard CFR engine (1) and for calculation purposes it can be
approximated by methods such as the Calculated Cetane Index (2) or
the Diesel 1Index (3), both of which are computed from the API
gravity and either the mid-boiling point or the aniline point of
the fuel. More recently, ASTM has introduced a method (4) that
employs three points of the distillation curve, whereas numerous
reports have appeared in the literature (5-7) that rely on
instrumental methods such as NMR and HPLC for the estimation of
cetane number. The reason for this approximation is the necessity
of a rather cumbersome and expensive engine test for the
measurement of the cetane number, which describes accurately the
fuel ignition behavior. It would thus be of value if a simple
method is developed to calculate the actual cetane number of a
gasoil from other characteristics less troublesome to measure. A
simple method was developed here, which accurately predicts the
cetane number from five points of the distillation curve, i.e. the
initial boiling point, the 10%, 50%, 90% and end point, the density
and aromaticity of the fuel.

An effort was also made to predict the fuel aromaticity from
the distillation curve and the density, making the evaluation of
the cetane number dependent only on these two properties. The fuel
aromaticity is important since it influences directly or indirectly
many other specifications. If one examines the nature of the
aromatic components found in gasoils (8), it is easy to see the
diverse nature of the various aromatic, alkylaromatic or poly-
aromatic components, whose molecular weights and structures are
such that they span the entire boiling point range of the middle
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distillate fuels. The concentrations of each aromatic family also
varies ' in each distillation fraction without following a specific
pattern. The conclusion of this approach was that the prediction of
the aromatic content depends on the method used to evaluate it.
Accurate predictions were made following this method, whereas a
global prediction effort was less successful.

Finally, we have attempted to correlate the cetane number with
engine emissions. The emittants are directly dependent not only on
the fuel specifications, but also on the type of engine used and
the running conditions (9-12). Our effort was to correlate some of
the most important emittants, i.e. NOx and particulate matter for
hot and cold conditions, for two types of engines, a Detroit diesel
engine of 315 hp (9), and a Cummins diesel engine of 400 hp (9).
NOx and particulate emission values were obtained from the fuel
aromatic content and the 90% point of the distillation curve, fron
equations refering to the above engines (5). The value of such
correlations lies in the fact that given the level of the emittants
set by regulations, and the dependence of the cetane number on the
distillation curve and density, the refinery can adjust the
distillation curve to meet these regulations for specific types of
engines.

CETANE NUMBER

The parameters chosen to predict the cetane number were the
fuel aromaticity, the distillation curve and the density. Other
parameters such as viscosity, sulfur content etc., were excluded
from the calculation since they did not seem to affect the results
further.

For this reason a matrix of 26 fuels was analysed, Table 1.
None of the fuels considered contained any additives and the
distillation characteristics were measured either according to the
IP or the ASTM standards (8, 13-15).

The relationship found to describe the cetane number best is
the following:
Cetane Number = a.IP + b.D10 + c.D50 + d.D90 + e.(1/EP)

+ f.(1/DENS®) + g.(1/AROM*) + h (1)
where, IP Initial boiling point, °C
Dn n% vol. recovered, °C

EP = End boiling point, °C

DENS = Specific gravity, 15/4 °C
AROM = Aromatics, wtg

o0

and,

-0.011
0.092554
0.119366
0.130821
7083.031
110.258
16096.35

-219.705

SQHORROT
1 1 1 1 [ |

The correlation obtained between the measured and the
calculated cetane number (r = 0.983) was good, where in over 92% of
the cases the error was less than 5%, and for the rest 8% of the
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points the error was less than 6%. In absolute numbers, the
calculated cetane number of 24 of the fuels was within two units of
the experimentally determined value, i.e within the accuracy limits
of the measuring method; the maximum error in the other two fuels
was 2.9 units. It is worth noting that ASTM D-976 estimations of
the same 26 fuels fall within two units in only eleven of the
cases, and the maximum error is in excess of five cetane number
units. The results are depicted in Figure 1.

FUEL AROMATICITY

The aromaticity of fuels 1-8, Table 1, was measured using the
FIA method (IP Method No 156/70) (8) whereas the aromatic content
of fuels 9-16 was evaluated using the HPLC method (14); the
method employed for the rest of the fuels was not specified (15).
The equation found to fit best the data of the 26 fuels was the
following:

AROM = a.IP + b.D10 + c¢.{(d50)°"° + d.D90
+ e.EP + f.(1/DENS®) + g (2)

-0.25931
0.514474
=13.157
-0.03947
0.059787
-166.654
400.452

where,

a
b
c
d
e
£
g

Wi wnnn

The results are shown in Figure 2, and the correlation
coefficient between the measured and the calculated aromatic fuel
content would not exceed 0.91, regardless of the number of points
selected from the distillation curve. The high degree of scatter of
the results does not allow an accurate estimate of the aromatic
content.

However, much better results were obtained if one considers
the results of each individual method separately, even in the case
that only one point was selected to represent the distillation
curve, Figure 3. The equations used to evaluate the aromaticity
content are the following:

AROM wt$ = 236.323x10”°xD50 + 396.9xDENS (3)
AROM wt$ = -144.17 x10 °xD50 + 583.6xDENS (4)

It is worth mentioning that in both cases very good results
were obtained, irrespective of the point selected from the
distillation curve, the correlation coefficients being always at
least 0.99.

ENGINE EMISSIONS

The equations set forward for two types of engines (9), a
cummins NTCC 400, six cylinder engine, 14 1liter displacement,
direct-injection, in-line, turbocharged, intercooled, rated power
400 hp at 2100 rpm, and fuel consumption of 153 lb/hr and a Detroit
diesel DDC 60-11-315, six cylinder engine, 11 liter displacement,
in-line, direct injection, turbocharged, intercooled, rated power
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315 hp at 1800 rpm, and fuel consumption of 105 1lb/hr, were
utilized in this analysis:

0.436563 + 5.375x10 "x(%Aromatics) (5)
0.370001 + 3.947x10 “x(%Aromatics) (6)
3.911810 + 11.89x10 “x(%Aromatics) (7)
4.28257 + 12.7932x10 >x(%Aromatics) (8)

Cummins PMCS(g/hp-hr)
PMHS (g/hp-hr)
NOxCS(g/hp-hr)
NOxHS (g/hp-hr)

nnnag

DDC NOxCS(g/hp~hr)= 9.3563 + 28.5266x10” "x(%Aromatics)
-88.5758x10 “x(90% Boiling point) (9)
NOxHS(g/hp-hr)= 6.45922 + 26.8833x10 x(%Aromatics)
-43,0576x10 °x(90% Boiling point) (10)

where PMCS = Particulate Matter Cold-Start
PMHS = Particulate Matter Hot-Start
NOxXCS = NOx Cold-Start
NOxHS = NOx Hot-Start
g/hp~hr = gram per brake horsepower-hour

The data from Table 1 were applied to the above equations, and
the results obtained are depicted in Figures 4-6. It can be seen
that for the two engines, as the cetane number increases in the
range 25-65, both NOx and particulate matter decrease, irrespective
of hot or cold conditions. An equation of the type

y = a.exp(-b.CN) (11)

where CN is the fuel cetane number, was found to fit reasonably
well the points of the above figures. The values of a and b for the
various emittants are listed in Table 2.

CONCLUSTIONS

Equations were presented which predict the gasoil aromatic
content from the density and the distillation curve, and its
cetane number from the density, aromaticity and the distillation
characteristics.

Subsequently the cetane number was correlated to NOx and
particulate emittants for two types of engines, making it thus
possible to adjust the fuel characteristics to meet current or
future legislation. ’
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TABLE 1. THE FUEL MATRIX
NO OF CETANE AROM DENSITY IpP D10 D50 D90 EP
FUEL NUMBER wt$ grs/cm’ °c °c °c °c °c
1 50.6 19.43 0.8438 197 230 279 329 355
2 65,1 8.18 0.8170 220 253 274 308 322
3 47.9 25.70 0.8557 214 245 292 346 364
4 47.2 34.94 0.8727 220 248 297 346 364
5 38.0 44.63 0.8917 220 257 299 345 368
6 37.3 54.87 0.9137 220 266 303 349 368
7 28.1 66.36 0.9471 257 280 310 351 368
8 45.0 32.00 0.8722 231 257 286 330 351
9 56.0 23.80 0.8230 191 219 255 322 348
10 57.0 28.20 0.8392 192 243.5 295.5 349 369
11 57.0 34.60 0.8570 211 270 320.5 366.5 393
12 58.0 37.80 0.8647 230 288.5 329 369 398
13 30.0 65.30 0.8996 175 236 273 312.5 335
14 34.0 59.70 0.8884 180 239 275 315 337
15 40.0 54.20 0.8764 184 241.5 276.5 317 338
16 44.0 45.00 0.8640 193 245 279.5 318 340
17 34.3 48.40 0.8486 83 165 221 304 350
18 39.7 31.70 0.8331 112 166 220 303 346
19 44.8 15.50 0.8181 138 166 220 302 346
20 35.0 53.00 0.8683 71 176 251 328 359
21 39.1 40.10 0.8532 72 178 250 328 359
22 44.6 26.80 0.8380 76 177 250 328 359
23 35.1 58.90 0.8931 107 201 285 340 358
24 39.8 47.70 0.8825 126 211 285 342 368
25 44,2 38.90 0.8641 108 209 291 341 367
26 45.5 24.70 0.8522 172 221 263 312 340
TABLE 2. VALUES OF THE CONSTANTS a and b
a

Cummins FPMCS 1.127440 0.0118222

PMHS 0.876955 0.0109310

NOxCS 5.27345 0.0039207

NOxHS 5.74554 0.0038658
DDC NOxCS 7.69730 0.0096137

NOxHS 7.21377 0.0086266
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In an effort to learn more about the role of the catalyst on the sulfur
content and distribution in FCC gasoline, several catalysts have been tested,
and the resulting gasoline range sulfur species examined in detail. In
addition, model compound studies have been conducted to examine the
cracking of thiophene over the same catalysts. It has been found that catalysts
which produce widely different hydrocarbon distributions during FCC produce
only marginally different sulfur distributions in the gasoline range. In
addition, catalysts which have significant hydrogen-transfer activity more
effectively convert thiophene to H,S than those with low hydrogen-transfer
activity. These findings show that the FCC catalyst may have a role to play
in the production of low-sulfur reformulated gasoline.

Introduction

The reformulated gasoline regulations mandated by the Clean Air Act Amendment of
1990 have set new limits on the composition of gasoline to be sold in many parts of the U.S.%
Meeting the requirements of the Act (as specified by the EPA) will present a considerable
challenge to the refining industry over the course of the next decade®. Besides setting limits on
the levels of oxygenates and aromatics (particularly benzene) in reformulated gasoline, it is
anticipated that the EPA will set an additional limit on the level of gasoline sulfur®®. A recent
report from the Auto/Oil Air Quality Improvement Researeh Program clearly showed that
reduction in the gasoline sulfur level from 500 ppm to 50 ppm had a significant favorable impact
on tailpipe emissions*. The reason is that sulfur emissions poison the active noble metal in
emission control catalysts, thus, lower sulfur results in a more effective catalytic converter.

FCC naphtha contributes the largest fraction of sulfur to the total gasoline pool. In fact,
75% to 90% of pool sulfur can be traced to the FCC unit, while only 35% to 40% of the pool
volume is FCC gasoline®”. Thus, any move to reduce gasoline sulfur content will invariably
impact the FCC unit in some way. Of the possible options, hydrotreating either the FCC
feedstock or the FCC naphtha is the most obvious. However, with the concomitant need to
reduce the aromatic content of the reformulated gasoline pool, reformer severity will probably
be reduced which will limit the refinery’s hydrogen supply. In addition, in order to reduce the
gasoline sulfur content to the proposed levels (30-50 ppm), "deep” hydrotreating will most likely
be required.
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A potentially less expensive option is the catalytic removal of sulfur compounds in the
FCC unit. In order to examine this alternative, we have studied the impact of the FCC catalyst
on the gasoline sulfur content. Previous workers have examined the sulfur distributions resulting
from thermal cracking of gas oils®, while others have focussed on the effect of the feedstock and
operating conditions on the final sulfur distribution®'2. However, to date, no study of the effect
of the FCC catalyst on gasoline sulfur content has been reported.

In this study, we explored the impact of variations in FCC catalyst properties on the
concentration and distribution of gasoline range sulfur compounds in FCC naphtha. In addition,
we examined the conversion of thiophene in a thiophene/hexadecane mixture over the same
catalysts in order to determine the extent and importance of secondary cracking reactions, i.e.
overcracking'®, on the final sulfur distribution.

Experimental

The catalysts used for this study are typical of the types of faujasite-based materials
which are commercially available, and were chosen to provide a wide variation of hydrogen-
transfer (H-T) activity'*'S. Catalyst properties are given in Table I. The REY catalyst showed
the highest steamed unit cell size, and was expected to have the highest H-T activity. In contrast,
the USY /Matrix and USY-G catalysts had the lowest steamed unit cell size and thus, the lowest
H-T activity. The REUSY catalyst showed properties intermediate between the REY and USY’s.
All of the catalysts were steam-deactivated for 4 hours at 1500°F prior to testing.

Gas oil cracking experiments were run in the Davison Circulating Riser (DCR") which
was run in the adiabatic mode with a riser outlet temperature of 970°F. The feed used in the
DCR was a sour heavy gas oil which contained 2.67 wt% sulfur'®. H.,S in the light gas fraction
was determined by GC analysis. Feed and liquid-product sulfur contents were measured using
a LECO sulfur analyzer. Sulfur on coke was determined by measuring SO, content of the
regenerator flue gas. Sulfur material balances between 99% and 102% were consistently
obtained.

Detailed identification of the gasoline range sulfur compounds was obtained using a HP
5890 GC equipped with a PONA capillary column and an Atomic Emission Detector (GCAED).
In this system, the separated compounds from the column exit are broken down into constituent
elements and excited in a plasma. The various atoms then emit light at characteristic wavelengths
and quantitative element-specific information is obtained by monitoring the wavelength(s)
characteristic of a specific element. Individual sulfur compound identifications were made using
a combination of GCAED and GC-MS. A typical chromatogram is shown in Figure 1.

The hexadecane and thiophene used in the model compound experiments were 99+ %
purity gold label Aldrich products. Hexadecane conversion was determined by GC analysis (HP
5890 equipped with a 19091S-001 50 m Fused Silica Capillary column). The reactor system had
a standard fixed-bed configuration and the liquid mixture was pumped into the reaction chamber
with a syringe infusion pump at the rate of .6 g/min. Nitrogen was co-fed with the hydrocarbons
at the rate of 10 cc/min. Contact time was fixed at 3 minutes, and weight hourly space velocity
(WHSV) was varied by changing the amount of catalyst in the reactor tube. To maintain constant
reactor heat capacity the catalyst was diluted with alundum (EM Science, calcined for 2 hrs. at
1300 °F) to a constant bed volume of 4 ml. Alundum alone shows less than 1 % conversion for
this pseudocomponent mixture.

Liquid products were collected in an ice bath and then analyzed by GC. The volume
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of the gas products was determined by water displacement. The gas products were analyzed by
FID and TCD on a Varian Vista 6000 Gas Chromatograph equipped with a 50 m Chrompack
Fused Silica column 7515. Coke levels were determined by mass difference between the catalyst
after 100 °C calcination and 540 °C calcination for 1 hour. Only mass balances above 97% are
reported in this study.

" Results and Discussion

Table I contains a constant (70 wt%) conversion comparison of the four catalysts tested
in the Davison Circulating Riser (DCR). A more detailed analysis of the DCR data is given in
a previous paper’s, From the data, it appears that all of the catalysts are equally efficient at
converting feed sulfur from LCO/HCO into lighter products, with the exception of USY-G which
shows somewhat lower sulfur conversion activity. No significant differences in product yields are
observed: The majority (about 40%) of the feed sulfur is converted into H,S, about 3% is
converted into coke, while roughly 2% ends up in the gasoline fraction. However, on closer
analysis of the sulfur distribution in the gasoline fraction, some differences are observed. For all
catalysts, the majority of the gasoline range sulfur compounds are thiophene derivatives.
However, the catalysts with high hydrogen-transfer activity (REY, REUSY) produced about 8%
less gasoline sulfur than those with low hydrogen-transfer activity (USY, USY-G). This result was
unexpected, since thiophene is aromatic and hydrogen-transfer over FCC catalysts typically results
in the formation, not the destruction, of aromatic molecules’*’. Another difference between the
two catalyst types is the molecular weight distribution of the gasoline range sulfur products.
While the amourits of lighter products (mercaptans, thiophene, tetrahydrothiophene) is similar
for all four, the low H-T catalysts produced larger amounts of the heavier species
(propylthiophenes, butylthiophenes, benzothiophene).

In addition to sulfur content, future reformulated gasoline regulations will also include
T90 (the distillation temperature at which 90% of the fuel has boiled away) as a variable in the
“complex model" to be used for gasoline certification. Lowering T90 reduces the average
molecular weight of gasoline which allows for better vaporization and cleaner combustion in
automobile engines. In our study, reduction of T90 from the current level of 380°F (430°F
endpoint) to the proposed level of 300°F (340°F endpoint) has the effect of removing the heavy
sulfur compounds from the resulting gasoline. All of the benzothiophene and butylthiophenes
and some of the propylthiophenes are removed by this change in T90. This effectively eliminates
the differences in gasoline sulfur distribution shown by the four catalyst systems'®,

In an attempt to determine the extent and importance of secondary cracking reactions
on the final sulfur distribution, model compound cracking experiments were run for three of the
catalysts. Thiophene was tested as a mixture with hexadecane in an effort to mimic a typical
hydrocarbon environment during the cracking reactions. The mixture contained 0.5 wt% (5000
ppm) sulfur. Results from this set of experiments are shown in Figures 2 and 3 and Table II.

The data show that, for all catalysts, the conversion of thiophene is low and independent
of the conversion of hexadecane (which ranged in conversion from 20-80%). For our data, there
is a linear relationship between -In(1-thiophene conversion) and the reciprocal of space velocity
(1/WHSV). The linear yield curves, shown for the REY catalyst in Figure 2, further demonstrate
that the product selectivity of the thiophene is unaffected by the changes in hexadecane product
distribution over this range of conversion. Although we expect the alkylthiophenes to be direct
reaction products of thiophene with hexadecane product precursors, these species must be in
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great cxcess with respect to the thiophene if they do not affect either the conversion or the
selectivity of the thiophene.

To determine the relative cracking rates of hexadecane and thiophene, we used a
technique for the cracking kinetics of model compound mixtures which is described in detail
elsewhere®. The cracking of the mixture can be represented by two coupled nonlinear equations:

_dCy Ky Z; kyCy [1+G<]™/[VE] o
dt 1+[KyCpy + K,Cp + Z[Cpyy=ClKyny, + ZICp~CKyn VIVEl

_d_cr K; I, kyCr [1+G<]™IVE] @
dr 1+[KyCy + KoCp + 2[Cyy=ChlKyny: + Z[Crp-CAK 1 VIVEl

where subscripts H and T represent Hexadecane and Thiophene respectively, C is the
concentration, K is the Langmuir-Hinshelwood-Hougen-Watson (LHHW) adsorption constant,
k; is the first order reaction through the jth reaction pathway, G and N are the decay parameters
for time on stream 7, C, is the initial concentration in the reaction mixture, Kf' is the adsorption
constant of the products through reaction pathway j, n; is the stoichiometry of reaction pathway
j, and [VE] represents the volume expansion of the mixture. Equations 1 and 2 can be simplified

by solving for dC;;/dCy to obtain:
L2,
(&H&)fr @
Cw) \Cro

By using equation (3) to examine the relative conversions of hexadecane and thiophene, we can
obtain a ratio of effective rate constants K’ that is independent of the catalyst deactivation rate,
most competitive sorption terms, and the volume expansion of the mixture. In Figure 2 we plot
Cyy vs. Cy for the REY (high H-T) and USY (low H-T) catalysts along with the curve fitted to
equation (3). The data show that hexadecane cracks approximately 10.4 times faster than
thiophene under these conditions. No difference is observed between the two faujasite types,
which indicates that the increased hydrogen-transfer kinetics of the REY does not alter the
relative cracking rates of the thiophene and the hexadecane.

While analysis of the kinetic data show no difference between the rates of thiophene
cracking over the high and low H-T catalysts, there is a difference between the product
selectivities of the catalysts. Table II shows the product distributions for the four catalysts
interpolated to a constant 4 mol% conversion. At this low conversion, only primary products are
expected to form. The product selectivity varies smoothly with the hydrogen-transfer activity of
the catalysts. With REY, tetrahydrothiophene is the most abundant product, while ethylthiophene
is the major product over USY. REUSY shows behavior intermediate between the other two.
This is consistent with the riser data (Table I) which showed increased levels of the heavier
thiophene derivatives for the low H-T catalysts. It is also interesting to note that there is some
formation of H,S, a secondary reaction product, over the REY and REUSY catalysts, even at this
low conversion level,
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There appear to be two different mechanisms for the conversion of thiophene over
faujasite-based FCC catalysts. The dominant mechanism over the high H-T catalysts is the
hydrogenation of thiophene to tetrahydrothiophene, followed by the cracking of this product to .
form H,S. Conversely, the dominant mechanism over the low H-T catalysts is the alkylation of
thiophene to methyl, ethyl and propyl thiophene. Thus, the lower the H-T activity, the higher the
average molecular weight of the sulfur products, Also, it appears that the relative importance
of the two reaction pathways varies smoothly with H-T activity, since the REUSY shows behavior
intermediate between the other catalysts.

Conclusions

Examination of the role of catalyst properties on the distribution of sulfur compounds
present in FCC gasoline has shown that only small differences exist between catalyst types, and
the primary impact of the catalyst is on the molecular weight distribution of the thiophene
derivatives which are produced. Model compound experiments have shown that thiophene can
be ecither alkylated or hydrogenated over FCC catalysts under cracking conditions, albeit at an
extremely low rate. Catalysts with high site-density and therefore high hydrogen-transfer activity
preferentially hydrogenate thiophene to tetrahydrothiophene which can then be cracked to H,S.
In contrast, catalysts with low site density and low hydrogen-transfer activity favor alkylation of
thiophene to higher molecular weight products. However, the small differences between catalyst
types indicate that alternative materials will be required to significantly affect the sulfur content
of FCC gasoline.
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Table L.
Distribution of Sulfur Products from
DCR Cracking of Gas Oil over FCC Catalysts

Liquid Conversion = 70 wt%

REY REUSY  USY/MATRIX USY-G
Catalyst Properties
Re, 03, wt% 473 279 0.02 0.04
Unit Cell*, A 24.49 2430 24.19 24.24
Zeolite SA, m?/g 38 131 81 196
Matrix SA, m%/g 24 23 55 25
Sulfur Conversion (wt%) 455 44.5 45.0 42.5
Product Yields (wt%)
H;S 40.1 39.1 40.1 36.7
Gasoline 2.0 20 2.0 22
LCO/HCO 54.5 55.5 55.0 57.5
Coke 33 33 3.0 37
Gasoline Sulfur (ppm S) 1175 1175 1280 1280
mercaptans 169 168 169 167
thiophene 62 61 59 59
tetrahydrothiophene 17 17 17 17
methylthiophenes 150 148 160 158
ethylthiophenes 171 169 176 174
propylthiophenes 120 119 145 144
butylthiophenes 133 142 164 174
benzothiophene 353 351 389 385

After 4 hr, 1500°F steam deactivation
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Table 1.

Sulfur Product Yields from Cracking of Thiophene in
Hexadecane, Interpolated to 4 vol% Thiophene Conversion

Operating Conditions: 500°C, 1 atm

Product Yields REY - REUSY USY-G
Tetrahydrothiophene 1.7 1.5 1.0
Alkylthiophenes 22 24 3.0
Methylthiophene 12 1.3 14
Ethylthiophene - 1.0 11 1.6
Hydrogen Sulfide 0.1 0.1 00
. methylthiophenes
hene .
257 thiophen tetrahydrothiophene
28] ¢
]
151 C2 and C3 alkylated
] thiophenes

o] \ y
5]
- k LJ.L o

Q 10 28 33 409
Time (min.)

Figure 1 Sulfur GCAES Chromatogram from Cracking of Thiophene in Hexadecane
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INTRODUCTION

It has previously been reported that a high aromatics content in
diesel fuel both lowers the fuel quality and contributes
significantly to the formation of undesired emissions in exhaust
gases (1, 2). Because of the health hazards associated with these
emissions, environmental requlations governing the composition of
diesel fuels are being tightened in Europe and the USA (3, 4). There
is, however, a large span in the stipulated maximum level of
aromatics. The 1990 Amendments to the Clean Air Act will limit
aromatics in the USA to 35%v or a minimum cetane number of 40 from
1993, whilst in California a maximum of 10%v will be enforced. In
Sweden there are three diesel specifications in operation with a
limit of 5%w aromatics in class 1, 20%w in class 2 and 25%w in class
3. In Denmark a minimum cetane number of 52 is likely to be required
for city diesel.

At the same time the aromatics content of diesel feedstocks can vary
widely: S.R. stocks typically contain 20-40%v aromatics and cracked
stocks 40-70%v. Thus the requirements for aromatics saturation range
from moderate to severe depending on refinery location and feedstock
availability. Existing middle distillate hydrotreaters designed to
reduce sulfur levels are capable of reducing aromatics content only
marginally (5-7), and as such considerable attention has in recent
years been paid to new catalysts and processes for aromatics
saturation.

In this paper results obtained on four catalyst systems are reported.
The systems investigated are:

- conventional hydrotreating catalysts in single-stage operation,
- NiMo/NiW in two-stage operation,

- Pt/Al,0, in two-stage operation,

- sulfur-tolerant noble-metal catalyst in two-stage operation.

A comparison of the conditions necessary to obtain given aromatic
specifications is made for all four systems.

EXPERIMENTAL

The hydrogenation runs were performed in a stainless steel tubular
fixed-bed reactor (50 ml) operating in the down-flow mode. Once-
through pure hydrogen gas was used. The feedstocks used in the
present study and their properties are summarized in Table 1.
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FEED A B C D E F

CuUT HGO Pretr. Pretr. Pretr. LGO Pretr.
HGO HGO HGO LGO

SG 0.865 0.845 0.839 0.841 0.839 0.832

S, wppm 17,000 1400 1.5 300 1270 90

N, wppm 225 60 2 46 38 15

D86, °F

IBP/10% 425/532 | 397/505 | 390/485 | 390/485 | 376/429 | 385/426

50/90% 624/710 [ 600/703 | 600/689 | 597/689 | 480/547 | 478/545

EP 720 717 705 730 590 587

Aromatics

FIA, %v 33.0 23.5 19.0 19.5 30.0 25.5

HPLC, %w

total 36.0 25.0 20.0 21.0 32.5 28.0

mono- 20.5 19.0 16.5 17.0 17.5 17.0

di- 13.0 5.0 3.0 3.5 11.0 7.5

tri- 2.5 1.0 0.5 0.5 4.0 3.5

Aromatic 13.5 9.3 7.7 7.9 10.3 9.3

carbon,

W

TABLE 1: Properties of Feedstocks.

Aromatics content in feed and products was measured by FIA, HPLC and
Dhulesia’s correlation (8). !’C NMR was used to check the results of
Dhulesia‘s correlation. These two methods give the total content of
aromatic carbon in wt%. The HPLC method uses two types of detectors,
namely wultraviolet (UV) and refractive index (RI}) to measure
quantitatively different types of aromatics (i.e. mono-, di-, tri-
and total aromatics) in feed and products. The FIA method (ASTM
D1319) that has been prescribed by the EPA as a standard method for
specifying aromatics levels in diesel fuels does not give any
breakdown of aromatics type distribution, but gives the total
aromatics content in vol%. Different methods usually give different
absolute aromatics levels than those by FIA. Correlations between
aromatics measured by FIA and other methods have been developed by
several workers (5, 9). However, such correlations differ signif-
icantly with variations in feedstocks.

Among the various methods used in our laboratory for aromatics
determination, the best agreement for total aromatics content was
found between HPLC (RI) and FIA methods. A plot of total aromatics
as measured by FIA and HPLC (RI) is shown in Figure 1.

The HPLC (RI) method is a standard IP method (IP 391/90). It can be
used for routine aromatics analysis as well as a research tool to
follow changes in concentration of different types of aromatics and
reactions during hydrodearomatization.

42
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RESULTS AND DISCUSSION

1. Conventional Catalysts in Single-Stage Operation

Tests were carried out on a commercial catalyst, TK 561, using a
Kuwait HGO as feedstock. TK 561 is a catalyst containing Ni and Mo
on alumina. The HGO is a straight run cut used as a feed to a
commercial diesel hydrotreater with a high sulfur content and 36 wt%
aromatic compounds (Feed A in Table 1). The tests were run at a wide
range of conditions: hydrogen pressure 4.5-12.5 MPa (650-1815 psi);
temperature 593-673K .(608-752°F); LHSV 1-2.5 h'l.

It was found that the degree of aromatics saturation increased with
increase 1in reactor temperature up to a maximum level. The
temperature at which the maximum conversion was obtained was a
function of pressure and space velocity. Further increase in
temperature resulted in a decrease in aromatics saturation. These
results are illustrated in Fig. 2 in which the degree of aromatics
saturation (as measured by 'C NMR) is plotted against temperature for
three different pressure levels (LHSV held constant). The existence
of a maximum conversion at a given pressure indicates a limitation
imposed by thermodynamic equilibrium. This is supported by the HPLC
aromatics analysis which shows that at high temperatures, the
equilibrium between monoaromatic species and naphthenes is
established. As seen in Figure 2, the maximum occurs at higher
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temperatures as the pressure is increased, which is consistent with
a shift in the equilibrium concentration.

A number of other catalysts were investigated over the same range of
conditions, including CoMo and NiW (all on alumina) and TK 525, which
is NiMo on a special carrier (the molar concentration of W and Mo is
the same for the catalysts). Using only the data obtained at or below
633K (680°F) - below which temperature dehydrogenation reactions are
negligible - and assuming first order kinetics, a comparison of the
relative average activity of the catalysts was made (Table 2).

Catalyst Type Relative Hydrogenation Activity
NiMo (TK 561) 100
NiW (TK 547) 90
CoMo 90
NiMo (TK 525) 125

TABLE 2: Traditional Hydrotreating Catalysts in Single-Stage
Operation on Feed A.

FIG 2.: PERFORMANCE OF TK 561 (NiMo)
ON FEED A
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It is seen that NiW gives lower activity than the NiMo catalysts in
single-stage cperation even though the difference in activity of the
catalysts is not large.

The results show that when using these catalysts in single-stage
operation it is necessary to operate at high pressures, which is in
agreement with the conclusions of (10, 11).

2. NiMo/NiW Catalysts in Two-Stage Operation

Several workers (12, 13) have shown that H,S inhibits aromatics
saturation reactions. Our own studies indicated that the extent of
inhibition depends on the catalyst system under investigation: NiW
catalysts are more affected by H,S than NiMo catalysts. This is
illustrated by test runs on a pretreated HGO (Feed B, Table 1). This
feedstock was obtained by hydrotreating a portion of Feed A using TK
561. Feed B contains about 10% of the sulfur and 70% of the aromatics
in Feed A. Note, however, that the concentration of monoaromatics is
about the same for the two feeds.

Using average first order rate constants, the performance of a NiW
catalyst, TK 547, and TK 561 was compared. The results are shown in
Table 3.

Relative Hydrogenation Activity

Catalyst Type

a Y Yp Feed A, S=1.7 wt% Feed B, S5=0.14 wt$%
NiMo (TK 561) 100 100

NiW (TK 547) 90 225

TABLE 3: Comparison of NiMo and NiW Catalyst Activity for Two Feed
Sulfur Levels.

On Feed B, TK 547 is twice as active as TK 561. This opens up the
possibility of a two-stage process with a NiMo-type catalyst in the
first stage and NiW in the second with removal of H,S between the
stages.

The performance of TK 547 on Feed B at various temperatures and
pressures is shown in Figure 3. Since there is a higher fraction of
monoaromatics (the most refractive aromatic species) in Feed B, the
overall levels of aromatics saturation are lower than those obtained
with TK 561 on Feed A. It is seen that there is a maximum degree of
saturation that can be achieved at a given pressure level and that
the temperature at which the maximum occurs increases with increasing
temperature.

It was found that it is possible to achieve higher levels of
saturation at a given space velocity using NiMo + NiW in a two-stage
process rather than NiMo in a single-stage process. However, high
pressures or low space velocities are also needed with this catalyst
system to obtain reasonable levels of aromatics reduction (see
section entitled Comparison of Operating Conditions}).
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FIG 3.: PERFORMANCE OF TK 547 (NiW)
ON FEED B
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3. Pt on Alumina in Two-Stage Operation

It is well known that catalysts based on Pt/Al,0; exhibit excellent
hydrogenation activity but are poisoned by quite small quantities of
sulfur compounds in the feedstock (14). A severe pretreatment is
therefore necessary to reduce the sulfur content to a level that does
not affect the performance of the Pt/Al,0; catalyst, which will
normally mean reduction of sulfur content to below 2 ppm.

Feed C is a batch of Feed A that has been pretreated to give 1.5 ppm
sulfur. The feed contains 20% aromatics which are almost all
monoaromatics. A Pt/Al,0, catalyst containing 0.6% Pt was tested on
this feed at a variety of conditions. It was found that up to 60-70%
reduction in aromatics content could be achieved at moderate
conditions: pressure 4.5-6.0 MPa (650-870 psi); temperature 550-590K
(530-600°F) and LHSV 0.75-1.5. However, as discussed later, the low
space velocities that are required in the pretreatment stage to
obtain sufficient reduction in sulfur content make this alternative
economically unattractive for most applications.

4. Sulfur-Tolerant Noble Metal Catalyst in Two-Stage Operation

The sulfur tolerance of a noble metal can be increased e.g. by
supporting it on zeolite as reported by (15, 16). It is therefore not
necessary to pretreat so severely when using this type of catalyst.
A process using TK 908, « noble-metal catalyst on a special carrier
is described in (17). The sulfur tolerance of TK 908 is illustrated
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by tests on two different feedstocks. The first test was made on Feed
D which was obtained by hydrotreating a batch of Feed A. Feed D
contains 300 ppm S and 21% aromatics (Table 1). Using this feed, 55%
reduction in aromatics content (corresponding to 9% aromatics in the
product) was achieved at 5.0 MPA (725 psi) and 600-620K (625-655°F)

The second feedstock Feed E (Table 1) is a hydrotreated diesel, the
origin of which is a North Sea and Middle East LGO (Feed F, Table 1)
The low end-point makes the cut suitable for class 1 Swedish diesel
but the aromatics content needs to be reduced from 28%w to below 5%w.
Test results are shown in Figure 4 and it is seen that this goal can
be achieved at a hydrogen pressure of 5.0 MPA (725 psi) and between
575-590K (580-60C°F) depending on the H,/0il recycle ratio.

COMPARISON OF OPERATING CONDITIONS

Calculations have been made for each catalyst system to compare the
relative reactor volumes needed to obtain a given product quality.
The calculation basis was as follows:

Feedstock to first stage = Feed A (36%w aromatics).

Average reactor temperature = 625°F.

Product aromatics: for non-noble metal systems = 18%w, for noble
metal systems = 10%w.

FIG 4.;: EFFECT OF REACTOR TEMPER. AND
H/OIL RATIO ON PRODUCT AROMATICS
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The results are presented in Table 4.

Catalyst NiMo NiMo + NiW CoMo+ NiMo + TK 908
System Pt/Al,0,

No. of one two two two
Stages

Case 1 2 3 4 5 6

Feedstock A A A A A E

Aromatics 36 36 36 36 36 32.4
in feed,
W

H,; 1450 1450 925 925 725 725
pressure,
psi

Average 625 " 625 625 625 625 600
temp., °F

Aromatics 18 18 18 10 10 5
in prod-
uct, %w

Relative 1.0 0.7 2.8 3.0 1.0 0.55
reactor
volume

NiMo=1.0

TABLE 4: Comparison of Operating Conditions.

The reactor volumes are relative to NiMo, single-stage operation =
1.0. In all other cases the relative reactor volume is for combined
first and second stage. The size of the first-stage reactor is
determined by the required level of sulfur in the feed to second
stage.

It is seen that using NiMo + NiW in two stages results in a 30%
reduction in reactor volume as compared with NiMo alone. This system
is very sensitive to hydrogen pressure as is seen by comparing cases
2 and 3.

The use of a sulfur tolerant catalyst instead of a Pt/Al,0, catalyst
reduces the reactor volume by a factor of 3 (case 4 and 5) despite
a lower operating pressure. It is also seen that the NiMo + TK 908
system results in 8% fewer aromatics in the product than NiMo alone
at half the pressure and without increase in reactor volume.
Furthermore, the feed used in this comparison has an unusually high
sulfur content (1.7%w) and end boiling point (720°F). The NiMo +

TK 908 system performs even better on lower sulfur feeds such as
Feed E as seen in case 6.
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Which of these systems should be used for a given service will depend
on a large number of factors, but generally speaking, the NiMo + NiW
system will be preferred at moderate levels of saturation, whilst for
deep aromatics saturation the system employing the sulfur tolerant
noble metal catalyst TK 908 will be preferred.
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MOLECULAR MODEL OF REFORMING CHEMISTRY
AT REFORMULATED GASOLINE CONDITIONS.
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ABSTRACT

The Clean Air Act Amendments of 1990 mandate a reduced benzene content
and the incorporation of oxygenates in gasoline, and set emissions
performance standards for gasoline sold in the nations worst ozone non-
attainment areas. These constraints will result 'in significant changes
in operating conditions used in commercial catalytic reformers.
Reformer product octanes are expected to drop, throughputs will be
reduced, and pressures (and concommitant recycle hydrogen rates) are
expected to drop to allow reformers to maintain hydrogen production at
reduced severity. These conditions represent a significant change from
post-lead-phaseout operation in which product octanes were pushed and
pressures were maintained at high levels to increase the run span of
semi-regenerative reforming plants.

A pilot plant study was performed to examine the reaction network which
exists in a reformer under post-reformulated gasoline operating
conditions. Operations were performed at a range of severities using
a paraffinic Arabian naphtha as feedstock. Detailed product analyses
and careful material balancing allowed construction of a molecular
picture of the reforming process at these conditions revealing the
nature of yield losses, hydrogen production, and benzene production
during the reforming process.

INTRODUCTION

Catalytic reforming is one of the key refinery processes involved in
the production of gasoline worldwide. Reforming performs two major
functions in the modern refinery: upgrading the octane value of low
octane naphthas to make a high octane gasoline blending component; and
providing hydrogen for hydrotreating and hydrocracking processes.

The two major reforming technologies used commercially vary by the
manner in which the catalyst 1is regenerated; either periodically
(referred to as Semi-Regenerative or semi-regen operation) or
continuously (called Continuous Catalytic Reforming or CCR). For the
semi-regen plants, the length of the operating cycles between
regenerations is an important factor. Bimetallic reforming catalysts
(platinum-rhenium on alumina being used most frequently) were developed
to extend this cycle length.

Since reforming is a major source of gasoline components, reforming
operations are impacted by regulations which constrain the composition
of gasoline. As it became necessary to reduce the level of high-octane
lead additives in gasoline during the 1970s and 1980s, reformers were
required to produce products of higher octane value to compensate for
this reduction. Reformers changed in response to these ‘increased
demands: improved catalyst systems were developed to allow semi-regen
plants to operate with adequate cycle lengths at these more severe
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conditions, and the CCR type operation became more cost-effective than
it had been at moderate severities.

The Clean Air Act requirements will affect gasoline composition in a
manner which is unprecedented in the history of gasoline manufacture.
Unlike lead-phaseout, reformers will be 1likely to operate at lower
product octane levels as a result of gasoline reformulation. This is
because high-octane oxygenates (such as methyl-tertiary-butyl-ether,
MTBE) will be required in areas where reformulated gasoline is
produced. Reformulated gasolines must also meet a benzene limit of 1
wt%¥ and must produce fewer hydrocarbon and benzene emissions,
requirements which will indirectly limit the total amount of aromatics
allowable in such fuels. At first glance, this would appear to make
life easier for reformers. However, the reformers must also produce
the hydrogen required in other refinery operations and to do so at
lower throughputs and lower product octane levels will be a severe
challenge. Most refiners are closely examining reducing both operating
pressure and the rate of recycle hydrogen circulation to provide
additional net hydrogen at the reduced severity conditions. The
combined 1low octane, 1low throughput, 1low pressure, low recycle
operation is atypical of commonly-practiced reformer operation and is
correspondingly an area infrequently examined in reforming studies.

To provide information on the nature of reforming operations under
these new conditions a reaction study was conducted. Pilot plant tests
were performed using an Arabian Naphtha. The tests were performed
using Chevron's commercial Rheniforming F catalyst at 100-150 psig, 1.5
liquid hourly space velocity, and a 2.5:1 molar hydrogen-to-hydrocarbon
recycle gas ratio. A continuous reforming pilot plant was employed for
the test which consisted of a 1" OD steel tube reactor charged with 80
cc of catalyst.

Samples of the debutanizer overhead ("low-gas") and high-pressure
separator gas ("high-gas") were analyzed by packed-column
chromatography and their flowrates were measured to provide the rates
of C4- product generation. The debutanizer bottoms (C5+ 1liquid
product) were analyzed by capillary column gas chromatography to
determine liquid composition.

PRODUCT COMPOSITION AS A FUNCTION OF OCTANE

Figures 1 through 5 provide a schematic molecular view of product
composition as a function of research octane number (RON). These
figures illustrate the changes in molar composition by showing the
number of moles of each molecule present per 10000 gms of original
feed. For example, in Figure 1 we see that the in 10000 gms of the
original feed are contained roughly 2 moles n-pentane, 3 moles n-
hexane, 2 moles iso-hexanes, 1 mole benzene, etc. This feed has a
measured RON of 42.9 and is comprised predominantly of €7 and C8
components (about 70 mole % of the feed). The feed is paraffin-rich as
well (about 2/3 of the feed molecules) and aromatics~poor (16 mole%
aromatics) .

Upon conversion to 72.9 RON (Figure 2) a substantial number of the C7+
naphthenes have disappeared along with a roughly equivalent molar
amount of paraffins. In contrast, €6 naphthenes are apparently
untouched. For the most part, there is a rough agreement between the
appearance of aromatics of a given carbon number and the disappearance
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of paraffins and naphthenes of that carbon number. For the C7 and C8
molecules, a few more paraffins + naphthenes have disappeared than the
number of aromatic molecules which have appeared. C5 and C6 paraffins
have each increased by 1 mole per 10000 gm feed. In addition, a mole
of benzene and a mole of Cl1 aromatic (dimethyl indan?) have appeared
where no corresponding conversion of feed paraffin or naphthene seenms
to have occurred.

When product octane is raised to 83.5 RON (Figure 3), disappearance of
C8+ paraffins is the dominant reaction. 75% of the C7 paraffins
present in the feed still remain. Additional C5 and C6 paraffins are
produced. The product is now 50 mole-% aromatics.

By 94.7 RON (Figure 4), virtually all of the C9+ paraffins and 80% of
the C8 paraffin have been converted. Only about half of the C7
paraffins have been converted, however. Of the naphthenes, only the
C6s remain. The largest gains in the aromatics are seen in the C8+.
The liquid product is 62 mole % aromatics.

In raising product octane to 100 RON (see Figure 5), C7 paraffin
conversion finally begins to accelerate significantly reaching a level
of 75% conversion. The C6 naphthenes are finally converted. More C5
paraffins are generated and the first signs of disappearance of heavy
aromatics is seen (destruction of a C10 aromatic). The product is over
70 mole % aromatic with the balance being entirely composed of C7-
paraffins.

REACTION CHEMISTRY

By matching the appearance of various molecules with the disappearance
of others as the reaction proceeds, one may predict the reaction
network which is occurring as severity is increased.

In order to produce such a network, certain assumptions are necessary.
The assumptions used herein are as follows:

1) 100% of the converted naphthenes produce an aromatic of
the same carbon number.

2) The remainder of the aromatics produced for a given
carbon number are derived from dehydrocyclization of a
paraffin of the same carbon number.

3) oOther imbalances in the number of aromatics of a given
carbon number are caused by side-reactions of aromatics which
result in changes in carbon number of the aromatics.

4) Converted paraffins above those needed to form aromatics
contribute to light product formation.

Figure 6 provides the net reaction network which evolves from the
applicgtion of these reaction rules to the changes in product
composition provided above. In going from 43 to 73 RON (first column
in Figure 6), both dehydrogenation and dehydrocyclization share in the
production of aromatics and hydrogen (numerals in circles at the bottom
right-hand corner of each section of the table indicate the total
contribution to hydrogen production for given set of reactions - for
instance at 73 RON, dehydrogenation contributes a total of 39 moles H2
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while dehydrocyclization contributes a total of 40 moles H2). c7
paraffin reactions are limited to isomerization and cracking (all of
the toluene production is explainable from naphthene dehydrogenation).
One molecule of C8 paraffin is also left to produce gas while four C8-
paraffin molecules produce aromatics. There is an additional net
aromatic reaction needed to explain the presence of benzene and a Cl1
aromatic - this is assumed to occur through disproportionation (or
transalkylation) of a C8 and a C9 aromatic to a Cl11 plus a C6 aromatic
followed by a dehydrogenation of the monoaromatic Cl1 to a diaromatic
C1l1.

Between 73 and 84 RON, dehydrocyclization of €8 and C9 paraffins is the
primary source of aromatics and hydrogen. The t-butyl-benzene is
converted and a diethyl-benzene appears in its place. Gases are
produced from C7 to Cl0 paraffins.

Between 84 and 95 RON, dehydrocyclization continues with participation
of C7 paraffins in the reaction scheme. The gas production continues
to pick up and most of the cracked paraffins must now experience
multiple cracking events in order to explain the gas yields. Two
additional reactions are needed to explain the redistribution of
aromatics: the disappearance of a diethyl-benzene with the appearance
of a naphthalene; and an additional benzene is produced which is
matched with the disappearance of propyl-benzene.

Between 95 and 100 RON the cracking reactions take over. Some
additional aromatics are generated from C6é naphthene conversion and
dehydrocyclization, but gas production takes a steep upturn and most of
the converted molecules contribute to the cracking reactions. In order
to explain the gas production, almost 90% of the cracked molecules must
experience multiple cracking events. The hydrogen produced from the
dehydrogenation and dehydrocyclization is consumed by the large number
of cracking events.

BENZENE PRODUCTION

For reformulated gasoline production, it is of specific interest to
understand the origin of benzene in reformate. The eévidence above
shows that substantial benzene is produced prior to any significant
conversion of C6 naphthenes. Figure 7 presents the conversion data on
C6 components versus octane for a range of conditions and catalysts
tested on this feedstock (including data from various catalysts at
pressures ranging from 100-200 psig, and recycle rates ranging from 2.5
to 3.5 molar H2/HC, at 1.5 LHSV). This data confirms that under a
broad range of conditions, benzene is produced from sources other than
C6 naphthenes or paraffins. It is true that benzene production does
turn up considerably with the conversion of C6 naphthenes above 90 RON,
thus removal of these materials from the feedstock does have a
significant impact on benzene production. However, it is also true
there is considerable benzene produced without the contribution from C6
precursors and even complete removal of C6 components from the reformer
feed may not totally eliminate benzene production.

Examination of the relationship between production of benzene and other
aromatics shows that benzene production appears most closely correlated
to toluene and naphthalene (see Figures 8 and 9). A possible
interpretation is that benzene is produced from transalkylation
reactions which increase the amount of aromatics with a low degree of
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substitution (benzene, toluene and naphthalene) at the expense of those
with a higher degree of substitution (poly-methyl-, or poly-methyl-
alkyl- benzenes). The most 1likely sources of benzene from
transalkylation would be aromatics with the largest side chains and/or
highest degree of substitution.

CONCLUSIONS

The model illustrates the progression of reactions which occur in
reforming of a paraffinic naphtha. The three major classes of
reactions are naphthene dehydrogenation, paraffin dehydrocylization,
and paraffin cracking. As expected, naphthenes convert most readily
generating aromatics primarily of the same carbon number. Hydrogen
production from this conversion is about 75% complete by 73 RON and
accounts for about half of the hydrogen produced at this severity.
Additional aromatics and hydrogen are generated from the
dehydrocyclization of paraffins. The selectivity of conversion of
paraffins to aromatics increases with increasing carbon number - 20%
for C7s, 60% for C8s, 85% for C9+. C7 paraffins convert slowly until
higher severities and appear to be responsible for about 2/3 of the gas
formed at 100 RON. Other reactions have a very minor role in
explaining the distribution of products observed. Benzene production
is observed to begin well before significant disappearance of Cé6
naphthenes occurs which implies that removing Cé6s from reformer feeds
while substanitally reducing benzene production will not totally
eliminate it from reformer products.

Figure 1. Composition of Arabian Naphtha Feed
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Figure 2. Composition of 72.9 Octane Reformate Product|
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Figure 4. Composition of 94.7 Octane Reformate Product
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PARAFFIN CRACKING AND HYDROCRACKING
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THE EFFICIENT USE OF NATURAL GAS IN TRANSPORTATION
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INTRODUCTION

Concerns over air quality and greenhouse gas emissions have prompted discussion
as well as action on alternative fuels and energy efficiency. Natural gas and natural gas
derived fuels and fuel additives are prime alternative fuel candidates for the
transportation sector. The Clean Fuel Vehicle provisions of the Clean Air Act of 1990
(CAA) set the stage for "clean alternative fuels” from natural gas, such as compressed
natural gas (CNG), liquified natural gas (LNG), methanol, and liquified petroleum gas
(LPG). Methyl tertiary butyl ether (MTBE) is a popular gasoline additive used to lower
Reid Vapor Pressure (RVP) to comply with the oxygenate requirements of the CAA.
Currently, most MTBE capacity has been met by captive refinery plants using existing
isobutylene streams and butanes from fluid catalytic cracking units in petroleum )
refineries (Unzelman 1991). However, there is growing evidence that additional capacity
will be met by natural gas-derived butanes, as suggested by construction of new MTBE
facilities at major gas fields (New Fuels Report 1990). Alkylate is another low RVP,
high octane blending component which can be derived from natural gas-derived butanes.

It has been argued by C. Marchetti of the International Institute of Applied
Systems Analysis and D. Santini of Argonne that natural gas will be the next dominant
world fuel (Santini et al. 1989). During most of the 1980s rates of gas discoveries
exceeded those of crude oil, as noted by Santini et al. (1989). If this prediction turns out
to be true, natural gas will be the feedstock for much of transportation. This paper
examines what the natural gas-based fuel might become.

APPROACH

In this study, we reexamine and add to past work on energy efficiency and
greenhouse gas emissions of natural gas fuels for transportation (DeLuchi 1991, Santini
et al. 1989, Ho and Renner 1990, Unnasch et al. 1989). We add to past work by looking
at MTBE (from natural gas and butane component of natural gas), alkylate (from
natural gas butanes), and gasoline from natural gas. We also reexamine CNG, LPG,
LNG, and methanol based on our analysis of vehicle efficiency potential. We compare
the results against nonoxygenated gasoline.

1 370 L’Enfant Promenade, S.W., Suite 2014, Washington, D.C. 20024
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We obtained from the literature estimates of extraction, refining, and distribution
efficiency for CNG, LNG, LPG, methanol, and baseline gasoline. We obtained an
average efficiency of the natural gas-to-gasoline pathway for the Shell Middle Distillate
Synthesis (SMDS) process (van der Burgt et al. 1989). From discussions with and
information from refinery equipment manufacturers, we constructed a hypothetical
natural gas-to-MTBE pathway (Wilcher 1991). Similarly, we constructed a hypothetical
natural gas butane-to-alkylate pathway (Wilcher 1991). For the MTBE and alkylate
pathways, we considered the path of a "parcel” of original natural gas taken from
extraction at the well to blending with crude oil-derived gasoline and finally to
combustion in a vehicle. The combustion of both MTBE and alkylate would occur at
that efficiency obtained by the vehicle burning the mixture of gasoline and the natural
gas-derived component. For pathways that do not utilize the entire natural gas stream,
such as the LPG (using propane and butane only) and alkylate pathway (using butane
only), we assume the balance of the natural gas components (mainly methane) would
more than likely be converted at higher efficiencies compared to internal combustion
engined vehicles if used in industrial/commercial/residential space heating or industrial
cogeneration applications. Therefore, we did not investigate the pathway of these other
components.

We considered passenger cars only. Two vehicle cases were considered: (1)
constant performance acceleration vehicles; and (2) constant range vehicles (defined
below). Finally, we compare the overall ("feedstock to tailpipe") efficiency of each
natural gas fuel with baseline gasoline.

For each pathway, we estimated emissions and the warming effects of carbon
dioxide (CO,), methane (CH,), and nitrous oxide (N,O), three major greenhouse gases.
We used the preliminary warming.indices for CH, and N,0 at the 20 year and 100 year
time horizons developed in 1990 by the Intergovernmental Panel on Climate Change
(IPCC) (Renner and Santini 1991). For CH,, we used a 20-year warming index of 63,
and a 100-year warming index of 21. For N,O, we used a 20-year warming index of 270,
and a 100-year warming index of 290. We did not consider warming effects beyond 100
years. Renner and Santini (1991) observed that a very large percentage of the
cumulative warming effects due to CH, emissions occur in the first few decades. Renner
and Santini also estimated that the discounting of economic damage over time implies
the warming effects beyond a century has very little influence on average warming
effects.

There are some differences between this analysis and the others mentioned above
that are worth noting. Unnasch et al. 1989 argues that natural gas fuels could be
produced from natural gas currently being flared, and this would greatly reduce
greenhouse gas emissions. His study shows CNG and methanol from currently wasted
gas is superior in reducing greenhouse gas emissions over crude oil-derived gasoline.
Santini et al. (1989) supports Unnasch’s findings in part by suggesting that for the short-
term, using currently vented and flared natural gas for reinjection or transportation far
outweighs global warming reduction opportunities available through substitution of one
natural-gas-based fuel for another. However, they estimate that the elimination of
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flaring and venting could only substitute for a small percentage of potential alternative
fuel energy needs. As reported by Ho and Renner (1990), worldwide gas being flared
has been reduced by 70% since 1978, and what remains is unlikely to be a major
feedstock source due to geographic and economic hurdles. Because this analysis focuses
on longer term (year 2010 and beyond) applications for natural gas based fuels, we
assumed venting and flaring of natural gas and crude oil production occurs as calculated
by Ho and-Renner (1990). However, for comparison, we also show the impact of
eliminating all venting and flaring for each pathway.

We did not consider emissions attributable to vehicle manufacture. Differences in
these emissions are negligible when considering the fuels investigated here.

We did not look at the effects of additional criteria pollutants (NOy, CO, and
nonmethane hydrocarbons). For example, we did not examine NO, emissions resulting
from high compression ratios. We assumed that each dedicated vehicle was designed to
meet the same emission standards for criteria pollutants so these emissions would not
cause differences among the fuels examined. We did not consider the potential benefits
of lower sulfur and nitrogen from natural gas derived gasoline (van der Burgt et al.
1989). Nor did we consider the economics and fuel distribution logistics. Consideration
of geographical distribution of natural gas and crude oil resources and associated
economics could significantly alter the conclusions reached in this study. Fuel shipping
distances can have an important effect, especially when remote feedstock locations
compete with domestic supplies. .

Fuel Process

Generalized MTBE, alkylate, and natural gas-derived gasoline process flows are
illustrated in Figure 1. Table 1 shows the energy efficiency for feedstock to fuel, vehicle
efficiency, and overall (fuel and vehicle) efficiency. Energy efficiency of transforming
feedstock to fuel (feedstock production and transport, preparation, conversion/refining,
and fuel transport and distribution) is shown in the top section of Table 1. Process
details and assumptions for CNG, LPG, methanol, and gasoline extraction and
production are described in detail in Ho and Renner (1990) and DeLuchi (1991). For
simplicity, we used the average of the Ho and Renner conversion/refining estimates for
advanced and base technologies.

We assume MTBE is made from natural gas butanes and natural-gas-derived
methanol. First, field butanes with an assumed composition of 70% n-butane and 30%
isobutane is isomerized to yield 95% isobutane. An energy efficiency of 86% (product
energy divided by the sum of feedstock energy and process energy) was calculated by the
authors based on generic process efficiencies and yields obtained from UOP for their
Butamer process (Wilcher 1991). The isobutane is dehydrogenated to isobutylene
assuming generic process efficiencies and yields of the UOP Oleflex process
(Hydrocarbon Processing 1991). The energy efficiency of natural gas to methanol via
steam reforming to produce synthesis gas (syngas) and subsequent methanol synthesis is
assumed to be 70% based on the average conversion/refining data presented in Ho and
Renner (1990). The energy efficiency of the MTBE plant, utilizing the isobutylene and
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methanol feedstocks, was estimated to be 93%, based on generic process efficiencies and
yields of the UOP Ethermax process (Wilcher 1991). Approximately 80% (vol)
isobutylene and 34% (vol) methanol yields 100% (vol) MTBE, which results in a
calculated process energy efficiency of 76% (excluding natural gas production and
transport, and fuel product transport and distribution efficiencies). We assume the
MTBE is mixed with baseline gasoline and combusted with the same efficiency as the
baseline gasoline (minor improvements would actually be expected). Within practical
limits, it is not necessary to know the ratio of MTBE (or other natural gas derived
additives such as butane alkylate) to gasoline since we are following a "parcel” of natural
gas which "sees" the thermal efficiency achieved by the engine when burning the
reformulated gasoline.

We assume naturzl gas butanes are isomerized and are fed into a hydrofluoric
acid (HF) alkylation plant having an energy efficiency of 86% to make alkylate. We
assume the HF alkylation plant has the same efficiency as when it is receiving raffinate
from the MTBE plant described by Wilcher (1991). An overall energy efficiency of 78%
(excluding natural gas production and transport, and fuel product transport and
distribution efficiencies) for alkylate production is estimated.

For natural gas to gasoline, an efficiency of 63% was used, typical for the SMDS
process (van der Burgt 1989). Efficiency is highly dependent on the mix of gasoil,
kerosene, and naphtha desired. Additional process study is required to determine the
effects of product slate on energy efficiency.

To estimate greenhouse gas emissions, the average of base and advanced
technology data presented by Ho and Renner (1990) was used for baseline gasoline,
CNG, LPG, and methanol. For the LNG pathway, it was assumed that CO,, CH, and
N,O emissions when in the form of CNG were identical to the CNG pathway. The LNG
pathway emissions were increased by using the ratio of CNG conversion efficiency to
that of LNG.

For MTBE, alkylate, and gasoline from natural gas, we assume feedstock CO,,
CH,, and N,0O emission rates (per million btu of fuel) are those given by Ho and Renner
(1990) for domestic natural gas production and transport. CO, and N,O emissions for
the preparation and conversion stage were adjusted according to the energy efficiency
ratio between the baseline gasoline and the natural gas process. Transportation
emissions for the natural gas products are those used for baseline gasoline. As
mentioned, the portion attributable to venting and flaring estimates are presented
separately.

Vehicle

We assume each vehicle alternative is optimized to run on one fuel, i.e., there are
no efficiency penalties typical of flexible-fueled vehicle operation. The baseline vehicle
is assumed to be the hypothetical, maximum technology model year 2001 Ford Taurus as
described by the Office of Technology Assessment (U.S. Congress 1991), weighing 2810
lbs and achieving a fuel consumption of 35.3 miles per gallon. Engine-only performance
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estimates for all fuels are shown in Table 2. Vehicle assumptions and efficiency
estimates are shown in the lower section of Table 1. Compression ratios were estimated
by multiplying the baseline vehicle compression ratio by the ratio between dedicated
CNG and methanol fueled engine compression ratios and conventional engine
compression ratios presented in Santini et al. (1989). The compression ratio for LPG
was obtained in the same manner using data from the National Propane Gas Association
(undated). It was assumed that the compression ratio is not changed for engines running
on reformulated fuels (MTBE and alkylate) and gasoline from natural gas. Actually, a
slight increase in compression ratio is expected with higher octane alternatives, but our
assumption does not materially affect the results. Air standard thermal efficiencies were
then calculated, and adjusted for changes in volumetric efficiency for the gaseous fuels.
For fuel containing MTBE and alkylate, we assumed a 2% increase in thermal efficiency
based on mileage improvement data (DeLuchi 1991). We assumed that gasoline from
natural gas is the same as that of the nonoxygenated, baseline gasoline. Efficiency of the
methanol engine was adjusted because the high latent heat of vaporization cools the
intake charge which increases volumetric efficiency. Finally, adjustments were made to
account for the differences in mean effective pressure.

For the constant performance case, we assumed: (1) constant acceleration (i.e., all
vehicles have the same power-to-vehicle-weight ratio); (2) constant fuel volume; and (3)
the same platform design (no increase or decrease in passenger space and cargo
volume). We assume the engine displacement (measured as the swept volume by the
piston) is adjusted to keep the power-to-vehicle weight constant. The results include an
adjustment for the weight of the tank, fuel, and engine. This case assumes acceleration
characteristics are important and that consumers will not trade down for poorer
performing vehicles, especially if they cost more. Positioning the Impact electric vehicle
as a performance commuter car by General Motors, for example, accounts for particular
attributes of electric vehicles (Amann 1990). Instead of designing for long-range travel
(batteries replacing cargo volume), GM engineers focused on developing a lightweight
vehicle with a relatively low vehicle weight-to-power ratio of 19.3. Due to large tank
weights and volume, CNG vehicles arc similarly penalized if designed for conventional
range. Like the Impact, CNG vehicles could meet consumer expectations for
acceleration while meeting typical daily commuting ranges and cargo volumes if designed
accordingly. The social cost of frequent refueling (time and convenience considerations)
and refueling emissions were not assessed.

The constant range case assumes range is more important than acceleration
characteristics and cargo volume or passenger space. For this case, we assumed (1) all
vehicles are capable of traveling 350 miles between refueling; (2) engine displacement is
constant; and (3) the same platform design (i.e., to allow for larger tanks, passenger
space and/or cargo volume will decrease). We assume the engine displacement is kept
constant. The results include an adjustment for the weight of the tank and fuel.

Greenhouse gas emissions attributable to the vehicle were estimated using Ho

and Renner (1990) assumptions. We adjusted CO, g/mi emissions in proportion to
vehicle energy efficiency. We assumed CH, emissions for CNG and LNG vehicles are
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controlled to a 1.5 g/mi level. We assumed vehicles running on the other fuels emit 0.08
g/mi of CH,. We assumed all vehicles emit 0.1 g/mi of N,O.

RESULTS AND DISCUSSION
Fuel Processing Energy Efficiency

The top portion of Table 1 summarizes fuel processing energy efficiency. Based
on our assumptions, production of gasoline is more efficient than natural gas fuel
production for transportation, which is the conclusion also reached by Ho and Renner
(1990). Because additional processing is needed, oxygenation and alkylation of the
baseline gasoline should decrease energy efficiency. Our estimates support this
hypothesis. Our estimates also suggest that conversion and refining of alkylate is slightly
more efficient than MTBE conversion and refining, assuming natural gas is used as a
feedstock. Although we calculate higher efficiencies for the MTBE plant over the HF
alkylation plant, the syngas step required to produce methanol feedstock for MTBE
reduces overall energy efficiency below that of the overall alkylation process. The
volume of feedstock requiring isomerization greatly affects the calculation of efficiency of
alkylate production. For example, for high iso- to n-butane ratios typically found in
petroleum refinery catalytic cracking units, alkylate production efficiencies of up to 86%
(for a volume ratio of 3:1) are predicted, compared to 78% theoretically obtained from
natural gas feedstock containing 30% (vol) iso- and 70% (vol) n-butane.

Overall energy efficiency of LPG is estimated to be higher than that of CNG
because of higher fuel transport and distribution efficiency. Overall energy efficiency of
CNG is estimated to be higher than that of LNG primarily because less energy is
required for compression. Methanol’s overall energy efficiency is lower than LPG, CNG,
and LNG because the syngas process is relatively energy intensive, even after accounting
for the highly exothermic methanol synthesis step. The gasoline from natural gas process
is estimated to have the lowest conversion/refining energy efficiency (and hence the
lowest overall energy efficiency) because, like methanol, syngas is produced in an
intermediate step, and implied by our assumptions, less heat is liberated by the Fischer-
Tropsch reaction than in the methanol synthesis reaction. Further analysis is required to
determine actual component efficiencies of the natural gas-to-gasoline pathway.

Vehicle Efficien
Table 1 summarizes the results of the constant performance and constant range

vehicle cases. Both cases yield the same relative ranking in terms of vehicle energy
efficiency relative to baseline gasoline except for CNG. Similar to the findings of other
researchers, CNG vehicles face the greatest penalty when compared on a constant range
basis (DeLuchi 1991, Ho and Renner 1990, Santini et al. 1989). Our results suggest that
CNG vehicle performance (acceleration) and utility (passenger space and cargo volume)
is comparable to a gasoline-fueled vehicle if the range between refueling is shortened to
about 85 miles. The engine displacement could be downsized by 2%, while vehicle
weight could be reduced slightly. Energy efficiency would be 6% higher. For short-
range commuting of under 20 miles-per-round-trip, refueling would occur about once per
workweek. Assuming the CNG vehicle is designed for a 350 mile range, vehicle weight
increases by about 190 pounds, and no improvement is seen in energy efficiency
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compared to a conventional vehicle. The LNG vehicle is also penalized if compared on
a constant range basis, but still maintains improved performance over the baseline
gasoline vehicle.

The methanol-fueled vehicle is estimated to have the highest energy efficiency,
14% higher than the baseline vehicle for the constant acceleration case, and 12% higher
for the constant range case. For the same acceleration as a gasoline-fueled vehicle, the
methanol engine can be downsized by 8% (or about 0.16 liter [L]). Since methanol
contains less energy per gallon than gasoline, the range of the methanol vehicle is
estimated to be about 62% of the gasoline vehicle. Efficiency of the LPG vehicle is
slightly greater than CNG and LNG for the constant performance case, but is much
better than these fuels for the constant range case since LPG has a greater energy
density than CNG or LNG.

Process and Vehicle Efficiency
The lower portion of Table 1 shows the combined process and vehicle efficiency

of each natural gas fuel relative to gasoline for the constant performance and constant
range vehicle cases. Results suggest that the LPG pathway is superior over the others
for both cases, with an overall efficiency improvement of 5% over the baseline gasoline
pathway. The highest overall efficiency is calculated for LPG because of its high fuel
transport and distribution efficiencies relative to CNG and LNG. Fuel transport and
distribution energy is based on the relative energy content of each fuel, and LPG has
greater energy density than either. Compression energy is accounted for under
distribution energy in the table. Compression energy requirements for LPG is lower
than CNG or change of state (gas to liquid) requirements and state maintenance
requirements for LNG.

CNG processing energy efficiency is lower than baseline gasoline processing
energy efficiency offsetting by an equal amount the gain in efficiency from designing the
CNG vehicle for constant performance and short range. The constant range design
assumption for CNG vehicles severely penalizes efficiency, also noted in other studies
(Santini et al. 1989). For LNG, we assumed domestic sources, and therefore do not
include LNG boil-off during shipment and regassification.

The overall energy efficiency of the alkylate pathway is estimated to be
approximately the same as the MTBE pathway energy efficiency. The overall energy
efficiency of the baseline gasoline pathway is greater than for either additive. For
MTBE, this is expected because the steam reforming process used to produce the
methanol feedstock is relatively energy intensive. For alkylate, the combined
isomerization, dehydrogenation, and alkylation conversion of butanes in natural gas are
less efficient than baseline gasoline production from crude oil.

Methanol is combusted in the vehicle with high efficiency compared to the

baseline gasoline vehicle. However, our results suggest that the overall efficiency is
lower than all pathways except for gasoline from natural gas because of the syngas step.
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Based on our assumptions, the least energy efficient pathway for domestic natural
gas is the production of gasoline. Overall energy efficiency is 32% below that of baseline
gasoline, primarily as a result of the low efficiency assumed for the conversion/refining
step.

Greenhouse Gas Emissions, Expressed in CO, Equivalents, Constant Performance Case

Figures 2 and 3 summarize the greenhouse gas emission estimates using the 20
year IPCC warming indices for CH, and N,O, assuming the constant performance vehicle
case. The IPCC warming indices present the estimated warming effect of a unit of mass
of CH, or N,O relative to that from a unit of mass of CO,, integrated over the time
period of interest. Applying the warming factor to CH, or N,O converts it to "CO,
equivalent” units. Figures 4 and 5 show the same results using the 100 year warming
indices. (CH, and N,O emission rates discussed below are expressed in term of CO,
equivalent.) The CH, increment shown is the amount estimated from venting and flaring
from natural gas and crude oil production. The results for the constant range vehicle
case (not shown here) show that the greatest increase in emissions would be for CNG
and could change CNG’s position in the 100-year case. No change in relative ranking of
greenhouse gas emissions from other fuels are predicted for the constant range case.
Results from using the 20 year indices for the constant performance vehicle case are
discussed immediately below, followed by comparative discussion of the results using 100
year indices.

CNG and LNG are estimated to produce the most greenhouse gas emissions
when 20 year indices are used, primarily because of the high CH, emissions (Figure 2).
Including CH, emissions associated with venting and flaring at natural gas fields,
emissions are about 26% higher than baseline gasoline, which, aside from LPG, produces
the least amount of greenhouse gas emissions per mile. Assuming all methane is utilized
at the natural gas field (eliminating the "CH, increment" illustrated in the figure),
greenhouse gas emissions are still 12% higher than baseline gasoline because of the high
assumed tailpipe CH, emissions. Figure 3 shows that CNG and LNG estimates are
greatly affected by the assumed CH, and N,O emissions and venting/flaring increment.
Although we estimate that the overall CNG energy efficiency is greater than overall
LNG energy efficiency, emissions are approximately the same for both fuels because we
assume most emissions are actually a result of fuel transportation and not from
processing. We assume LNG has the same fuel transportation efficiency as CNG
(DeLuchi 1991), both being moved within the domestic natural gas transmission system.
We assume conversion to LNG close to final distribution/sales, consistent with our
domestic production assumption.

Our findings show LPG emits the lowest level of greenhouse gas emissions
because of high vehicle efficiency combined and low emissions of CH, from fuel
processing and tailpipe emission assumptions. LPG emissions are about 3% lower than
baseline gasoline emissions including the CH, increment, and about 22% lower when
compared against CNG or LNG. Excluding the CH, increment, LPG emits 13% less
greenhouse gas emissions than baseline gasoline. Greenhouse gas emissions from
alkylate are higher than baseline gasoline. Alkylate greenhouse gas emissions are
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comparable to MTBE greenhouse gas emissions. Methanol produces lower greenhouse
gas emissions than alkylate and MTBE because methanol vehicle efficiency is high.
However, methanol fuel production emissions (on a CO, gram-per-btu fuel basis) are
almost 10% higher. Greenhouse gas emissions from gasoline produced from natural gas
are lower than CNG or LNG because gasoline tailpipe CH, emissions are assumed to be
very low. However, greenhouse gas emissions from natural gas-based gasoline are
higher than alkylate or MTBE greenhouse gas emissions because of higher CO,emissions.

The 100 year indices assume a lower warming potential for CH, emissions. As
shown in Figures 4 and 5, LPG produces less greenhouse gas emissions than baseline
gasoline, and CNG and LNG perhaps slightly less. If CH,emissions from venting and
flaring are excluded, methanol also produces less greenhouse gases. The efficiency of the
methanol .vehicle counteracts the relatively low efficiency of the syngas process, resulting
a small (2%) net decrease in greenhouse gas emissions, excluding venting and flaring
emissions. Greenhouse gas emissions from MTBE and alkylate are about the same, and
higher than baseline gasoline because of lower fuel processing efficiency. Natural gas-
based gasoline produces the most greenhouse gases because of low fuel processing
efficiency.

CONCLUSIONS

Our findings suggest that over the long-term (a century), dedicated use of LPG,
CNG, LNG and methanol in transportation can lower overall greenhouse gas emissions
compared with the use of gasolines with MTBE or alkylate. A CNG vehicle designed for
shorter range but with adequate acceleration would improve overall energy efficiency
and decrease greenhouse gas emissions over a vehicle designed to compete with gasoline
on a range basis. In the short-term (20 years), CNG and LNG are estimated to cause
more warming, especially if we assume venting and flaring will occur. If CNG and LNG
are to realize greenhouse gas reductions both in the short- and long-term, very strict
regulation of emissions from the tailpipe would be necessary. Use of LPG is the most
energy efficient pathway, according to our estimates. However, since LPG is a relatively
small component of natural gas compared with methane, there may be supply constraints
by the year 2010. The efficiency of the baseline gasoline pathway is high. On a short
term basis, baseline gasoline pathway greenhouse gas emissions are low. While the use of
oxygenates such as MTBE may reduce tailpipe emissions, no clear benefits exist from an
energy efficiency and greenhouse gas perspective over the use of alkylate as a high
octane, low RVP additive. Methanol is the most desirable from a vehicle efficiency
perspective. However, the syngas to methanol production step significantly reduces
overall energy efficiency. Improvements in the syngas step will benefit efficiencies of
producing methanol, MTBE (methanol feedstock) and natural gas-derived gasoline.
Production of gasoline from natural gas is the least energy efficient pathway, according
to our estimates, and results in the highest greenhouse gas emissions over the long-term,
Our findings are greatly affected by assumptions of the global warming effect of CHy,
emissions rates of CH, from the tailpipe and from venting associated with gas extraction,
and vehicle efficiency. Our findings are also affected by fuel transportation energy
assumptions. Fuel conversion/refining efficiency assumptions affects results to a lesser
degree.
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Table 1. Feedstock-to-fuel efficiency, vehicle parameters and efficiency, and fuel cycle
efficiency of natural gas fuel pathways.

GASOLINE
FEEDSTOCK-TO-FUEL EFFICIENCY CNG a LNG b LPG a MEOR a | MTBE ¢ | FROM NG e JALKYLATE c| BASE a
Feedstock Production 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.97
Feedstock Transport 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.98
Preparation 0.97 0.85 0.89 0.97 0.97 0.97 0.97 0.9
Conversion/Refining 1.00 1.00 1.00 0.70 0.76 d 0.63 f 0.78 d 1.00
Fuel Transport 0.95 0.95 0.97 0.95 0.98 0.98 0.98 0.98
Fuel Distribution 0.89 0.89 0.99 0.98 0.99 0.9 0.99 0.99
Feedstock-to-fuel efficiency 0.78 | 0.68 | 0.82 | 0.60 | 0.68 0.57 0.70 0.83 |
VEHICLE PARAMETERS GASOLINE
CONSTANT PERFORMANCE VEHICLE g CNG LNG LPG MEoH MTBE FROM NG [ALKYLATE c| BASE
Engine displacement, fraction of baseline| 0.98 0.97 0.94 0.92 1.00 1.00 1.00 1.00
Fuel+tank weight increment over baseline -25 -45 1 0 0 0 0 [1]
Range (mi) 85 m 289 213 350 350 350 350
vehicle weight (lbs) 2783 2761 2814 2799 2810 2810 2810 2810
vehicle efficiency (Btu/mi) h 3102 3083 3079 2890 3233 3281 3233 3281
vehicle efficiency relative to baseline 1.06 1.06 1.07 1.14 1.01 1.00 1.01 1.00
CONSTANT RANGE VEHICLE i
Engine displacement, fraction of baseline] 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Fuel+tank weight increment over baseline 189 50 37 55 0 0 0 0
Range (mi) 350 350 350 350 350 350 350 350
Vehicle weight (lbs) 2999 2860 2847 2865 2810 2810 2810 2810
Vehicle efficiency (Btu/mi) h 3302 3172 3102 2937 3233 3281 3233 3281
Vehicle efficiency relative to baseline 1.00 1.03 1.06 1.12 1.01 1.00 1.01 1.00
FUEL CYCLE EFFICIENCY (FUEL AND VEHICLE)
RELATIVE TO BASELINE l [ I I l l I
CONSTANT PERFORMANCE VEHICLE 1.00 0.88 1.05 0.83 0.83 0.68 0.86 1.00
FUEL CYCLE EFFICIENCY (FUEL AND VEHICLE)
RELATIVE TO BASELINE I T | I I
CONSTANT RANGE VEHICLE 0.95 0.86 1.05 0.82 0.83 0.68 I 0.86 I 1.00

NOTES:

a Average of base and advanced technology from Ho and Renner (1990).
b Ho and Renner (1990) values for CNG used except for preparation (liquefaction) efficiency.
Liquefaction efficiency of 83.19% estimated by DeLuchi (1991) was used.

¢ Ho and Renner (1990) feedstock data for natural gas;

Conversion and refining efficiency based on process information by Wilcher (1991).
d Assumes butanes obtained from natural gas field.

e Efficiency of gasoline/diesel fuel mix from natural gas.

efficiency is assumed.

f Average efficicncy of Shell two stage synthesis process., from van der Burgt et al. (1989).
g Constant power-to-vehicle weight ratio and platform size (constant passenger space volume and tank volume).

Engine is downsized to keep power constant.
h  Assumes a 0.23% increase in fuel consumption per 1% increase in power to vehicle weight ratio

(Santini et al. 1989).
(U.S. Department of Energy 1992).
i Constant range.

Constant engine displacement (power-to-vehicle weight varies).

Constant platform size, but tank volume varies at expense of cargo space.

fuel transport data for baseline gasoline;

Gasoline fuel transport and distribution

Assumes & 0.64% increase in fuel consumption per 1% increase in vehicle weight
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Table 2. Engine Assumptions

GASOLINE
Parameter CNG LNG LPG MEoH MTBE FROM N.G. ALKY. BASE b
Compression ratio a 14.55 | 14.55 15.02 12.50 10.00 10.00 10.00 10.00
Unadjusted thermal efficiency 1.07 1.07 1.08 1.09 1.02 1.00 1.02 1.00
Power ratio, volumetric efficiency 0.90 0.90 0.94 1.00 1.00 1.00 1.00 1.00
Power ratio, heat of vaporization 1.00 1.00 1.00 1.04 1.00 1.00 1.00 1.00
Power ratio, mean pressure effects 1.04 1.04 1.04 1.03 1.00 1.00 1.00 1.00
Power ratio, net change from baseline 1.01 1.01 1.07 1.09 1.02 1.00 1.02 1.00

NOTES

a Data obtained from Santini et al. (1989), Amann (1990), DelLuchi (1991), and Ho and Renner (1990).
b Baseline vehicle is a hypothetical Ford Taurus as described by U.S. Congress (1991).
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Figure 1. Schematic of natural gas fuel production pathways.
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Figure 2. 20-year CO, equivalent emissions for constant performance case: vehicle,
methane flaring/venting, and process contributions. (Venting/flaring increment assumes
CH, is emitted during extraction of natural gas feedstock. N,O emissions from
venting/flaring assumed negligible.)
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Figure 3. 20-year CO, equivalent emissions from natural gas fuel pathways:
contributions from different greenhouse gases, constant performance case.
(Venting/flaring increment assumes CH, is emitted during extraction of natural gas. N,O
emissions from venting/flaring assumed negligible. Other CH, is emitted from process
conversion/refining and/or from the vehicle tailpipe.)
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Figure 4. 100-year CO, equivalent emissions for constant performance case: vehicle,

methane flaring/venting, and process contributions. (Venting/flaring increment assumes
CH, gas is emitted during extraction of natural gas. N,O emissions from venting/flaring
assumed negligible.) -
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Figure 5. 100-year CO, equivalent emissions from natural gas fuel pathways:
contributions from different greenhouse gases, constant performance case.
(Venting/flaring increment assumes CH, is emitted during extraction of natural gas
feedstock. N,O emissions from venting/flaring assumed negligible. Other CH, is
emitted from process conversion/refining and/or from the vehicle tailpipe.)
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Engine emissions, cetane additives, biomass

A process to convert plant oils (e.g. vegetable oils), tree oils (e.g. palm,
tall oil) and other similar biomass oils to valuable high cetane blending
components (supercetane) has been under development at the
Saskatchewan Research Council (SRC) for approximately six years. The
SRC recently completed a long-term conversion test (40 days) to
demonstrate the process operability and catalyst activity maintenance.
Sufficient product was generated for a fuel evaluation program that was
performed at ORTECH International in Mississauga, Ontario. Two groups
of blends were tested in a single cylinder diesel engine. The program
compared the effects on fuel blends of converted vegetable oil and
commercial cetane additives. The supercetane proved to be as effective as
typical commercial additives. In addition, it was more effective on low
cetane base fuels (e.g. light cycle oil) than commercial additives.

1. INTRODUCTION

The Saskatchewan Research Council has been performing research on the conversion of
biomass oils into transportation fuels for more than a decade. In the mid-1980’s the focus of the
work turned to converting vegetable oils to diesel fuel. Convinced that the well-established
conversion method of esterification of triglyceride oils was not artractive to conventional
petroleum refiners, conversion techniques based on conventional petroleum conversion techinology
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were tested. The petroleum refining industry is a capital-intensive and complex. It was likely
that an unconventional feedstock and an unknown conversion technology would have a difficult
time finding acceptance within the industry. By developing a conversion method similar to those
already in use at most refineries, renewable feedstocks would stand a better likelihood of
utilization,

The first project demonstrated that hydroprocessing technology was flexible enough to
convert triglyceride oils to a diesel fuel. Conversion products were expected to have cetane
numbers in the 50-60 range (similar to esterified oils), but hydroprocessed vegetable oils have
cetane numbers in the 90-100 range. It was quickly recognized that the product had more value
as a diesel cetane improver. The process has since been patented.!

Subsequent projects have continued the development of the conversion process. A variety
of triglyceride oils (most plant and some tree oils) have been tested. Most limitations of the
process have been determined. The actual chemistry of the conversion process is quite simple.
Figure 1 provides a simple representation of the reactants and significant products. The fatty acid
chains are broken off the triglyceride molecule, oxygen is removed (either as water or carbon
dioxide), and any other double bonds saturated. A saturated paraffin is the predominant product.
Other products include propane, carbon dioxide, carbon monoxide and water. As much as 85 wt.
% of the feed is converted to a diesel product. The cetane value of the final product is a function
of the fatty acid chain length. Most common vegetable oils have 16-20 carbon atom chains.
This will yield a product with a cetane value of 90-100.

One non-triglyceride oil, tall oil, has been tested as well.> Derived from the pulping of
pine wrees, it is a mixture of free fatty acids and diterpene based compounds. The conversion
product has a lower cetane value, around 70. Tall oil does have a very significant advantage
though, it has a much lower cost than any vegetable oil.

In parallel to the experimental program, several economic analyses were performed to
identify potential opportunities for application of this technology.>® The objective of this
segment of the work was to find the applications available in the current energy market. Most
renewable fuels (e.g. ethanol) rely on special tax breaks to be economically viable; getting these
considerations for triglyceride oils would delay implementation of the technology. There was
a belief at the SRC that there may exist economically attractive opportunities. A market survey
of vegetable oil and other biomass oil production identified the plentiful and low cost oils. The
most promising candidate, from a Canadian perspective, was tall oil. Canadian tall oil has a
lower acid content than most other tall oils. Consequently, most is burned at the individual pulp
mills because there is no market for the material.

Tall oil has become the focus of a commercial application in Canada. A process licence
has been granted to a Canadian consulting company who is working with a tall oil fractionation
company to develop a conversion facility.

Other economic analyses have identified potential scenarios for higher cost vegetable oils.

These scenarios were directed to the situation faced by many Canadian refiners. With light oil
production decreasing in Canada, refiners are having to use lower quality crude oils to meet their
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market needs. The cetane value of many middle distillate products does not meet the
requirements of the market. Cetane additives are relied on to bring these products to the
necessary levels. Most commercial additives are expensive and cannot be added in the large
quantities sometimes required. Some refiners are finding that it is necessary to hydrotreat their
middle distillates to achieve the desired cetane numbers. One analysis has identified that it is
much cheaper to hydroprocess a small volume of vegetable oil than it is to hydrotreat a large
volume of middle distillate to reach the same cetane increase.

Because the conversion product is more than a straight diesel replacement, an accurate
measure of its value is more difficult to determine. Some very limited engine tests indicated that
conventional diesel fuels containing a small percentage of converted vegetable oil improved
engine performance beyond those that could be attributed to the cetane number increase. For
development to continue, a better definition of the product value was required.

This background information provides the basis for the work discussed in this paper. The

areas to be covered include the demonstration of a longer operating period for the conversion
process and a systematic program of comparing fuel blends.

2. EXPERIMENTAL

2.1 Production of Supercetane

Prior to this project the conversion process had been tested for short periods of time. Five
days had been the longest period of operation. Catalyst deactivation was measurable in that short
period. Although it was much quicker than conventional petroleum conversion, this problem was
not expected to delay technology application. This project presented the opportunity to operate
a conversion unit for a much longer period of time allowing some experimentation with
techniques to prolong catalyst activity. To produce sufficient quantities for the engine testing,
a larger laboratory hydroprocessing unit was operated for 45 days. Some techniques to alleviate
catalyst deactivation were tested during this period.

Most of the developmental work was performed with a 30-mL trickle bed reactor system.
A similar apparatus with a 100-mL trickle bed reactor was used for the project. Figure 2
provides a simplified schematic of the unit. The liquid product was collected at 24-hour intervals
and analyzed for middle distillate content. Analysis of the gas product was done approximately
three times per 24-hour period. Daily mass balances were performed to monitor conversion and
product yields.

The feedstock for the conversion operation was canola oil. Canola oil (stll called
rapeseed oil in many other countries) is grown extensively in western Canada. It is a low euricic
acid oil, with a predominant fatty acid chain length of 18 carbon atoms. An analysis is provided
in Table 1.

The liquid products were distilled at an outside laboratory to produce a middle distillate
fraction boiling in the 210-343°C range. The distillation technique complied with ASTM fhethod
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D-2982. Approximately 120 L of conversion product (referred to as "supercetane” at SRC) was
prepared. An analysis of supercetane is shown in Table 1.

2.2 Engine Testing

A systematic engine testing program was set-up with the advice of ORTECH
International. When testing diesel fuels, several factors are investigated. Increasing
environmental awareness is focusing most work on engine emissions. Unburned hydrocarbons,
carbon monoxide, nitrous oxides and particulate emissions are the key items in fuel evaluation.
Other factors tied to engine performance are included as well: fuel consumption, thermal
efficiency and power output.

A single cylinder engine was utilized to perform steady-state emissions testing for six
fuels containing various amounts of cetane improver. Engine test conditions selected
corresponded with those required by EPA 13-mode testing. Gaseous and particulate emissions
were collected during the 13-mode test conditions consisting of 5-modes at rated engine speed,
5-modes at an intermediate speed, and at idle speed of the engine. The EPA 13-mode test is a
recommended practice for determining the gaseous emission levels of heavy-duty diesel engines
and was adapted for the test program. Emissions collected were measured in accordance with
the recommended Society of Automotive Engineers (SAE) practices.

Because of the small size of the test engine and its low exhaust flow rate, available
dilution tunnel/particulate sampling equipment could not be used. For this reason, particulate
sampling was conducted from the raw or undiluted exhaust of the engine. Figure 3 is a
schematic of the system.

From the Ricardo engine manufacturer’s performance curves, and from running the
reference fuels, engine conditions were determined as shown in Table 2. The engine timing was
set according to the engine manufacturer’s specifications. The poor quality of the B reference
fuel necessitated a timing change at idle conditions. The other blends in the B fuel group were
also run at the same conditions as the B reference fuel. Engine timing was not optimized for the
fuel blends tested.

The Saskatchewan Research Council supplied ORTECH International with a total of 210
L of each of the six fuels to be evaluated for engine emissions. The fuels were divided into two
series, the first fuel of each series was identified as Reference A and Reference B. These were
considered to be the baseline fuel for each series from which all emission comparisons were
performed and calculated. The remaining fuels were identified as Al, A2, Bl and B2,
respectively. Compositions of all the test fuels were made available to ORTECH after all testing
was completed and results tabulated. This was to ensure that all testing performed was unbiased.

Two reference fuels were chosen with the aid of a Canadian refiner. The first was a
typical commercial grade diesel with a cetane number of 43.6. The second was a low cetane,
high aromatic content middle distillate (light cycle oil) obtained from the fluid catalytic cracking
of gas oil (343-525°C). The light cycle oil (LCO) had a cetane value 31.7. Neither fuel had any
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commercial cetane additives. From each reference fuel two blends were made. The cetane value
was increased by four to 48 in the fuel A series. The LCO blends had the cetane number
increased to 43 with the additives. Table 1 gives an analysis of each fuel blend, as well as the
amount and Lype of cetane additive. A commonly used commercial cetane additive was used for
comparison. It is based on an alkyl nitrate compound. The cetane value of the supercetane is
90.7. All cetane determinations were performed using the ASTM standard engine technique.

3. RESULTS AND DISCUSSION

3.1 Supercetane Production

The production of supercetane required 45 days of continuous operation. As many as
three catalyst replacements were expected because of activity loss, bul conditions were altered
to maintain activity. Product yields and quality were kept at a constant level for almost the entire
period of operation. A change in conditions was made at day 40. Changes in gas yields were
observed by the end of the run indicating that activity was deteriorating.

Figure 4 summarizes the distillate, water and gas yield on a daily basis. Gas yields for
the first three days of operation were quite low because of an undetected gas leak. Distillate
yields were nearly stoichiometric for the entire run.

3.2  Engine Testing of the Fuel Blends

Evaluation of the different fuel blends was performed at ORTECH International in
Mississauga. ORTECH is an internationally recognized engine and fuel testing facility. Most
engine testing is now done on heavy-duty, multicylinder diesel engines. Producing sufficient
supercetane for multi-cylinder engine analysis would have been too costly for the purposes of this
project. The single cylinder Recardo engine is a proven research tool which will provide reliable
results. The data generated using this engine are not directly translatable to larger, more modem
engines. It is, however, a useful tool for comparing the effects of different fuels on engine
operation. The same trends would be observable on large multicylinder engines.

All the data reported were calculated using the EPA 13-mode weightings and calculations,
Not all the information generated by the test program is presented here, only the more significant
items of greatest interest (primarily emissions). Factors that also best illustrate the effect of the
supercetane additive are also given.

Gas emissions are summarized in Table 3. Carbon dioxide (CO,) emissions were similar
for all the fuels with a cetane number above 40. The reference B fuel had a much higher CO,
emission rate (per power output) than the other fuels. Fuels Al and A2, those with the highest
cetane number, had the lowest CO, emissions. A similar observation was possible with carbon
monoxide (CO) emissions. The Al and A2 blends were marginally better than A, B1 and B2
fuels. Total oxides of nitrogen were similar for all fuel blends.
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Brake specific fuel consumption (BSFC) values were similar to the gaseous emission data.
With the exception of the B reference fuel, which was higher, all the other fuels were very
similar,

Total hydrocarbon emissions clearly showed the effect of increasing cetane values. The
Al and A2 blends had 10% lower emission rates. The B1 and B2 blends were similar to the A
series fuels. Their emissions were 40% of the B reference fuel.

Particulate emissions are summarized in Table 4. Particulates are categorized as
containing two separate fractions, a soluble (in methylene chloride) fraction and an insoluble
fraction. The soluble fraction is considered to be more toxic because it will contain aromatic
organic compounds, and therefore carcinogenic. For the A series fuels, the total particulates
increased for the higher cetane blends. Almost all of the increase was in the insoluble fraction.
The total particulates for the B blends decreased with the B1 and B2 fuels. The soluble fraction
was reduced significantly while the insoluble increased by more than 100%.

The engine testing program provided reliable data on the effects of adding supercetane
to conventional diesel fuel blends. Although its primary effect on fuel performance was related
to the impact it had on cetane value, the project provided additional insights into what fuel
characteristics have the most impact on engine emissions.

4. CONCLUSIONS

Improvements to the conversion process were developed in the project. A catalyst activity
maintenance technique successfully kept the activity constant for 40 days of continuous operation.
It is expected that catalyst life for this process will be similar to that used for hydrotreating of
petroleum fractions (at least one year).

The fuel evaluation program proved that supercetane is an effective cetane improver for
a wide range of middle distillate fractions. It can be blended to high or low cetane base fuels
and have the same impact on cetane value. Commercial additives are less effective as the cetane
number of the base fuels decreases.

Engine emissions are most affected by the cetane value of the fuel. Other researchers
have also observed this phenomenon.*>* In recent times there has been much concern focused
on the aromatic content of diesel fuels and their contribution to emissions. The results clearly
demonstrate that fuels produce similar emissions even though there are large differences in
aromatic content. For example, the B2 fuel contains 38 vol % aromatics and A2 contains only
21.6 vol %, while emissions are very similar in almost every respect for these two fuels.

Supercetane does have two negative effects on the fuels it is added to. Both are related
to the basic chemical nature of supercetane. Supercetane is a normal paraffin, boiling at the
upper end of the middle distillate range, with 16-20 carbon atoms. Pure supercetane has a pour
point of 21°C, which results in an increased pour and cloud point for each fuel it is added to.
This limits its use in Canada and the northern United States to summertime fuel blends. It also
limits the amount that can be blended with a fuel. Adding 8 vol % is all that is possible without
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a dramatic effect on pour point. In the southern half of the United States it is less of a consideration.

Supercetane’s high molecular weight also increases engine particulatc emissions.
Fortunately it increases only the insoluble portion, but since particulates are also quite visible it
may make them appear less attractive.

The fuel evaluation study provided no evidence that the supercetane additive had other
positive effects on engine performance other than those related to the cetane value increase.
Limited engine testing done in other projects showed some performance benefits. These benefits
were related to the higher cetane value of the fuel with supercetane added.

Development of this process is continuing at the Saskatchewan Research Council. A
larger-scale pilot plant operation is in the planning stages. Further engine testing in large-scale
multicylinder engines is expected to follow the pilot plant program. Other biornass oils such as
waste animal oils and pyrolysis oils are being considered for evaluation. The commercialization
with a tall oil feedstock is proceeding in parallel to these other activities. The SRC is also
studying other potential applications.
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Table 1 Analysis of Canola Oil, Supercetane and Fuel Blends
Analysis Canoia Supercetane Fuel A Fuet Al Fuel A2 Fuel B FI;QI B1 Fuel B2
Density @ 15°C 9204 8240 8206 8240 860.9 8443 8598
Cloud Point (°C) 24 29 6 32 38 8 -16
Pour Point (°C) 21 -47 -16 -47 -53 -4 -49
Sulphur (%t %) 0.02 00015 0.032 0026 0027 0.023 0018 0025
Flash Point (°C) 138 63 62 63 75 76 75
Corrosion (Cu, 3 hr. none none none none none none. none
@ 50°C)
Viscosity @ 40°C, St 370 374 174 191 176 192 225 197
Carbon Residue 0.05 0.08 024
(wt. %)
Ash (wt. %) < x 10* <2 x 10”7 <2 x 107
Cetane number 90.7 436 417 417 317 433 423
Paraffins 15.8 235 16.0 47 237 132
Naphthenes 607 547 61.7 495 397 463
Olefins 10 07 0.7 13 13 24
Aromatics 225 211 216 45 353 38.1
Supercetane (vol %) 8.0 20 8.0
Cetane Additive 0.1 02
(vo! %)
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ABSTRACT

A new method has been developed to recover upgraded lighter-hydrocarbon liquid oil from an asphaltene-
containing oil material (tar sand, asphalt, heavy oil, shale oil, coal liquids, etc.). The process follows of
dispersing particle of the carbonaceous material in an aqueous solution containing inorganic base (NaOH,
Na,SiO,, etc.) and/or surfactant at ambient temperatures and pressures. With the aid of sonication energy,
the inorganic base and/or surfactant will combine with the polar components of the fuel to speed the
recovery of upgraded oil material. The reaction process essentially removes and/or converts the asphaltene
fraction in the bituminous material to lighter fractions. The process is highly efficient and the reaction time
in minutes for the samples examined. The reaction mechanisms are related to principles of sonochemistry
as well as membrane mimetic chemistry.

INTRODUCTION

The time has come for a new chemical process to improve the old refining technology that has not
been revolutionized over a century. The new process has been developed and proved to recover upgraded
lighter fuels from asphaltene-containing oil compounds. The writers have studied membrane mimetic
chemistry and have applied the principles to sonochemistry."** In most of the material studied, self-inducing,
in-situ surfactants are generated or an external surfactant is introduced to initiate the process of upgrading.

The reactions initiated by ultrasonic irradiation in this country began 50 years ago.!* Since then, the
mechanism of acoustic chemical reactions had remained poorly understood, thus limiting its practical
application. Yet, in recent years, some considerable advances have been made in the technological
generation of newer, higher intensity ultrasonic generators. Advances in ultrasonic waves are also becoming
more successful in enhancing chemical processing operations by increasing the rates of individual transport
phenomena involved in the overall operation.

In recent years, this problem has been reexamined, espcciaily that part involving the application of
cavitation in a microenvironment. For example, in aqueous solution, the instantaneous pressure at the
center of a collapsing bubble has been estimated from theoretical considerations to be about 75,000 psi
(5,100 atm).'® Experimentally, cavitation thresholds up to 300 bars (3.0 x 107 Pa) have been obtained.”* The
actual cavitation temperature has been similarly measured as high as 5200=560 K> The industry is therefore
slowly being awakened to this powerfully unique manner and feasibility for large scale processes.

This new process developed by the writers**!*2 operates at ambient temperature and atmospheric
pressure. The hydrogen supply is either from the water or a stream of hydrogen bubbles. The recovered
upgraded fuel is lower in heterocyclic elements content and metals can be recovered. This reduces process
cost and minimizes adverse environmental impact. The fuel samples used are tar sand, asphalt, heavy oil,
coal liquids and even oil shales.

EXPERIMENTAL AND RESULTS

Tar Sands

The sample used is high grade Athabasca tar sand, from McMurray Formation. The Kentucky tar
sand from Edmonson Formation as well as the California tar sand from Sisquoc Formation have also been
investigated.’® In the case of tar sand both scparation as well as upgrading arc achieved. The methodology
calls for an alkaline solution with the aid of sonication. Stirring is applicd only to help mix the solution with
the samplc and is not a major factor in the extraction. Usually, two dificrent alkalics were used to extract
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the bitumen: (1) 20:1 by volume distilled water to sodium silicate [wt. ratio Si0/Na,O = 1.80) (PQ
Corporation) and (2) 0.02 M NaOH (J.T. Baker Chemical Co.) solution. The stirrer operates at 320 rpm
with the blade at 2 cm above the sample. Sonication was performed in a 10-gallon 40 kHz transducerized
tank (Branson model EMA30-6). Six piezoelectric transducers, made from lead zirconate titanate ceramic,
were bonded to an area of about 350 cm? directly at the bottom of the tank. The six transducers consume
a total power of 180 W/cm? and deliver approximately 2.0 W/cm? acoustic intensity at the transducer surface.
Ultrasonic energy is directed upward through the tank. A typical example is that 200 g of tar sand are
applied to 1000 mL of alkaline solution and sonicated for 20 minutes with the addition of few drops of 30%
hydrogen peroxide as free-radical initiators. The solution temperature is observed at 45°C. The bitumen
is skimmed from the surface solution at intervals and oven dried overnight under a vacuum at 50°C. For
the upgraded bitumen, an average gravity of 15° API is found, based on a 95% cumulative recovery (see
Figure 1, circles 1-6). The bitumen from Athabasca sample has an average value of 8° API in its raw state.
Agglomerates are the heavier asphaltenes and preasphaltenes that couple with the metals (Ti, V, etc.) to
form a charcoal-like materials that precipitate (ca. 5%) to the bottom (circle 7, Figure 1). The
microemulsion of micelles to form surfactants have been reported previously to be stable for many years.®
Figure 1 is a plot of the heterocyclic elements content X, X=S+N+0O versus the hydrogen enrichment, while
all the elements are in atom basis. In the same figure the solvent fractionation products from the raw tar
sand bitumen are also located. This indicates a positive upgrading in quantitative recovery. Material
balance on the hydrogen content cannot account for the interconversion of the products from this new
process alone. The extra amount of hydrogen must be derived from the water.

Asphalt

Regular paving asphalts obtained through the material bank of the Strategic Highway Research
Program (SHRP) are used for the investigation.? To isolate the asphaltene fraction, Soxhlet extractor is
used with n-pentane as the eluent for more than 24 h. The n-pentane insoluble fraction is dried overnight
in vacuum and used as asphaltene in this work. For each run, 0.50 g of asphaltene is dissolved in 1.0 g
toluene and 30 g of water is added gradually to a 50 ml flask. To increase the interfacial surface area,
vigorous stirring during the water addition is employed to form an oil in water emulsion. Model VC-500
ultrasonic processor (Sonics & Materials, Inc.) at power level 10 kW is used in the process. Instead of
hydrogen gas a reducing agent, sodium borohydride, is introduced and hydrogen bubbles are evaluated.
Span 20 is commonly employed as extra surfactant for the conversion reaction. After the reaction, the
asphalt constituent is extracted by the dichloromethane. Both 30 mL of dichloromethane and the sample
after reaction are put into the separation funnel and shaken several times. Two layers will appear in a short
time. Since part of the emulsion is quite stable and hard to extract from the oil phase, shaking several times
is generally required at that point. Since analysis of the asphalt content is dependent on the four fraction
ratios, part of the product remaining in the water phase will not affect the analysis result. the
dichloromethane with asphalt will stay in the bottom layer. After 10 minutes, the bottom layer in the
separation funnel is collected for further analysis.

The composition of asphalt sample is determined through the TLC/FID analysis in this study. Before
starting the analysis, a blank scan of Chromarod is required to ensure the removal of contaminants. Around
1 ul of sample is spotted on the Chromarod-SIII which is made by Iatron Laboratories, Inc. Since humidity
will significantly effect the result of TLC development and reproducibility tremendously, preserving the
Chromarod in the constant humidity chamber for at least 10 minutes to reach equilibrium is necessary. The
constant humidity chamber is a chamber with sulfuric acid inside. Thus, the relative humidity will stay at
25% while reaching equilibrium. Two solvents with different polarities, including toluene and a mixture of
dichloromethane and methanol at a ration of 95 to 5, are used to developed the sampie into three fractions.
The oil fraction will expanded first in the TLC development chamber by using toluene as an eluent. Using
the mixture of dichloromethane and methanol as an eluent will expand the resin fraction. Since the
asphaltene fraction is mostly polar, it will stay in the same spot. After development, the Chromarod is
mounted on the rack and the analysis is run in the Itatroscan TH-10 analyst. Hydrogen pressure and air flow
rate used for FID analysis are 0.9 in Hg and 2000 cm, respectivcly. The HP 3390A integrator is connected
to obtain the composition for three differcnt fractions. Data are collected within 1 minute for each sample.
The result of a typical experiment is shown in Figure 2 where various concentration of Span 20 is used.
Evidently the deereasc of asphaltcne concentration as well as the accompanied increase of resin and gas oil
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content suggest that upgrading can be accomplished in a reasonable time (time used is 15 minutes). Other
types of extra-aided surfactant also has been investigated.

Heawy Oil
A California Monterey native crude oil (18°AP1, Well Blockmen #1) after vacuum dewatering and

evaporation of light fraction obtained was used int he study. This topped crude contains 68.3% of resin and
oil, 29.7% of asphaltene, and 2.0% of prcasphaltenc (carbene and carboid). For cach run heavy oil
upgrading study, 9.0 g of heavy crude is mixed with 10 mL of toluene and 250 mL of 10% aqueous sodium
siicate solution. The mbaure is placed into 1 L three necked-round bottom flask equipped with a
mechanical stirrer and water cooling condenser. The reactor is placed in a water bath at 55°C in the
Branson’s ultrasonic unit with six piezoelectric transducers as described in Tar Sand Section. Sonication is
continuously applied to the system for 5 to 10 hours. During the rcaction, 2 mL of hydrogen peroxide is
applied into the reactor. After sonication, the solution is poured into a separation funnel and the crude
product was extracted by dichloromethane. The organic phase and aqueous phase separate within 5
minutes. The organic phase is subjected to vacuum evaporation to remove the dichloromethane from
organic phase. The 1 L of n-pentane is added to the crude products to make sure the precipitation of
asphaitene fraction. Asphaltene fraction is determined after filtration and drying in a vacuum oven. The
quantity of oil and resin fraction is determined after the removal of n-pentane by vacuum evaporation. The
toluene insoluble fraction is termed preasphaltene.

Figure 3 summarizes all the separate experiments and evidently the asphaltene has converted into
oil and resin. After reaction, the oil and resin fraction content increases from 68.3% up to 86.0% and
asphaltene content reduces from 29.7% down to 15.6%. From the mass balance, the recovery ranges 98%
t0 102%. Structural parameter such as Hy/Hs (from 'H NMR) and Hy/H (from FT-IR) for the products
have been supported the upgrading.*

Coal Liquid

The sample employed herc is from a chromatography-separated fraction (benzene-cluent) of
asphaltene isolated from the coal liquid by catalytic Inc. (Willsonville, Al.) from the solvent refined coal
process. the coal is from Bellicap Seam, a Wyoming sub-bituminous type. For each run, a 0.2 g of sample
is used dissolved in 0.4 g of toluene. The asphaltene solution is mixed with 30 mL of spent sodium silicate
solution (recovered from Tar Sand Experiment Section). For cvery 15 m. of sonication a quantity of 0.3 g
of sodium borohydride is added for maintaining a constant hydrogen bubbling activities. The results are
summarized in Figure 4.

From the results shown in the Figure 4, the coal asphaltene content reduces tremendously within a
short reaction time. Within 60 minutes, the asphaltene content reduced to 45.2%. At the same time, the
oil and resin content increased up to 54.8%. From chemical kinetics, it is seen that the reaction is significant
within a short time.

Qil Shale

For ail shale, the process has modified'®? to a simultaneous use of electrolytic oxidation and
ultrasonic radiation in alkaline environment; up to 57% by weight of the oil shale system has been
dissociated and suspended in a process solution. The oil shale sample used are Stuart oil shale (Brick Kiln
Member, Queensland, Australia) and Maoming oil shale (leave shale outcrop deposits, Guangdong, China).
On the basis of analytical results, the Brick Kiln member of Stuart oil shale contains approximately 19.0%
(by weight) kerogen, less than 0.1% bitumen, 6.6% moisture, 3.3% combined water, and a residual mineral,
mostly quartz and clays. Maoming oil shale contains approximately 25.5% kerogen, 1.25% bitumen, 1.2%
moisture and 63% minerals dominant in kaolinite associated with montmorilonite interstratified with illite
and amesite. Bitumen in the oil shale is extracted by using benzene/methanol (with a volume ration of 3/2)
in a Soxhlet extractor for 72 h. The solvent-free bitumen is obtained after filtration and following vacuum
evaporation procedures. Usually, electrolytic oxidation of oil shale is carricd out by using a glass cell of 700
mL total capacity. The anode and cathode compartments arc scparated by a porous frit. The anode
electrode is madc of 50-mesh platinum gauge (3.2 X 5.0 cm?). A constant potential of 0.3 V was maintained
throughout the oxidation. An ultrasonic transducer of 40 kHz (nominal) and about 60 W is mounted on the
bottom of the clectrolytic glass cell. Shale samples arc ground to sizes between 40 and 100 mesh sereen and
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placed in the anode chamber together with a total of 500 mL of 3 N sodium hydroxide solution. The same
solution is used in the cathode chamber. The mixture in the anode chamber is acidified with HCJ to yield
an precipitate. An enrichment of organic matter is found in the acid precipitate from the process solution
where it contains mare than 23% organic matter. The remaining residue oil shale contains only less than
12% organic matter. Therefore the enrichment of organic matter in the precipitate as well as int he process
solution is evident. Furthermore, the kerogen structure is destroyed in this mild dissociation process. This
is proven by using a bitumen-free shale sample, where carboxylic acids is formed by infrared (Nicolet’s FT-
IR} and identified by GC (Hewlett-Packard 5880A) after esterification of the process solution. The 1575
cm! represent in the organic matter recovered from dissociation process and the absence of the absorption
band in kerogen and bitumen reflect that the organic matter as well as mineral aggregates have been
transformed (Figure 5).

DISCUSSION

Process Mechanism

This process is unique in separating oil into upgraded asphaltcne-free fractions low in metal content.
Experimental results indicate that the separation process operates by the reaction of specific chemical
components of the bitumen with alkaline solution (e.g., sodium hydroxide) in the presence of sonication.
The in-situ surfactants formed thus to facilitate the bitumen separation by a membrane-mimetic
mechanism.2!! Both asphaltenes and resins consist of aromatic sheets with saturated and polar functional
groups spaced closely on long chains. Asphaltenes in their natural state exist in micelle form, peptized with
resin molecules.? The center of this micelle can be either metal (V, Ni, Fe, etc.) or silica (or clay), or trace
water. The crucial feature is that the polar groups are concentrated towards the eenter. This is often called
oil external-water intcrnal or reversed micelle. Surface adhesion is mainly due to hydrogen bonding,
although other intermediate bonding mechanism such as charge transfer and acid-base salt formation do
exist.

Ultrasound induced cavitation causes emulsification of the asphaltene and resin molecules and
reorganization of metal, polar, and non-polar components into a continuous, single phase micelle of the
polar external form. The surfactants interact with resin molecules in a membrane-mimetic fashion that is,
a selective cation (e.g., hydroxide or silicate) is activated and dissolved in the oil phase. In this manner, the
molecule containing the heterocycle center is dissociated and any ionizable proton such as in COOH, SH,
or NH is replaced with the cation. When the surfactant migrates into the micelle it disrupts the polar
structure, forming a Hartley micelle or polar-external micelle, and consequently a gel or liquid crystal phase
of vesicles may also form. The outer counter anions emulsify the oil, and the micellar structure becomes
a micro-emulsion stabilized by the reagent molecules. Sonication contributes to the removal of the
heteroatoms by decreasing hydrogen bonding and inducing charge transfer and salt formation, thus lowering
viscosity and specific gravity and increasing and facilitating recovery of the bitumen.

Ultrasound Phenomena

The mechanisms responsible for the observed increases in transport rates and unit operation
processes utilizing ultrasonic energy can be divided into two categories: (1) first-order effects of fluid
particles (displacement, velocity, and acceleration); and (2) second-order phenomena (radiation pressure,
cavitation, acoustic streaming, and interfacial instabilities). Usually, one or more of the second-order effects
are responsible for the enhancements in the transport process.!’® The ultrasonic vibration raises the
solution temperature to 45°C,'? but the temperature rise has little effect on bitumen recovery.? In fact, Ibishi
and Brown" reported a monotonic decrease in sonochemical yield with increasing temperature. Because
ultrasound in both aqueous and organic media produces radicals, conventional free radical propagation,
inhibition, termination occurs. Cracking of asphaltene based on Rice mechanism of pyrolysis also occurs.24?

Interfacial H'ydrogenation

In some special fucls system such as oil shale the system need further operations such as swelling
bonification or additional electrolytic oxidation. An interfacial reaction can cnhance chemical reaction by
generation of continuous renewable surfaces. The size of the microemulsion also can be controlled by the
multilamellar-unilamellar vesicle formation. The fact the collision probahility can be increased by 104 fold
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by using a membrane-mimetic agent in micellar cage is naturally of advantage. In many cases the bubble
size of evolved hydrogen gas or processing hydrogen gas can also be mediated.

CONCLUSIONS

Experimental results from a wide variety of fuel sources, coal liquids, tar sands, oil shale, asphalt and
heavy oils all indicate that this new upgrading technology is feasible. The remaining development work
leading to any useful industrial operations still need to be followed and completed. Upon completion of
development work, a second generation refining technology may be born with the minimum environmental
impact since this new process can be conducted at room temperature and ambient atmosphere and all the
process can be made in modules with enclosed pathways.
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INTRODUCTION

In a recent paper, Walsh, Wei, Mormile, Piper, Olen, and Washington (1991) outlined
an approach to the estimation of concentrations and size distributions of ash and unburned
coke particles in flue gas from residual oil-fired electric utility boilers. Three contributions to
particulate matter were considered: unburned coke, submicrometer ash formed from vapor,
and ash residues left on burnout of coke. Other components of particulate, such as sulfate
and soot, were not included. More detailed methods for calculating the concentrations and
size distributions of unburned coke, submicrometer ash, and ash residues have been
developed, as described below.

Size distributions of stack particulate were measured by Piper and Nazimowitz (1985)
during combustion of 0.3 wt% sulfur oils in a 62 MW boiler of the Consolidated Edison Co. of
New York. Samples were collected at the stack breeching, where gas temperature was 450
K (350°F). A representative size distribution, with indications of the materials thought to be
the principal contributors to each of the three modes, is shown in Figure 1. The proposed
mechanism for formation of the particles is presented in Figure 2.

RESULTS AND DISCUSSION
Unburned Coke

Under normal conditions, about 99% of the coke formed in a residual oil spray flame
burns out in the furnace. The few particles which survive, do so because of extreme
properties or conditions under which they make their passage through the furnace: large
particle size, low reactivity, short residence time, low temperature, or rich mixture. A large
part of the difficulty in simulating the process arises from the need to account for the
nonuniformity of particle properties and furnace conditions.

92




A detailed analysis of factors controlling the combustion of petroleum coke was
recently given by Stanmore (1991). For the present simulation of coke combustion in a
boiler, coke residues were assumed to burn at constant size with decreasing density,
according to a reaction which is first order with respect to oxygen concentration, producing
carbon monoxide which burns far from the particle surface. Each particle was assumed to
remain at its initial size until it disintegrated, at the critical porosity (Kerstein and Niksa,
1985). The fragments were assumed 1o burn instantaneously. The mean temperature was
estimated from the furnace exit gas and adiabatic flame temperatures (Hottel and Sarofim,
1967). Particles and gas were assumed to be at the same temperature. Allowance was
made for a distribution of residence times in the furnace (Beér and Lee, 1965).

The present calculation differs from the previous one (Walsh et al., 1991) in its
consideration of a distribution of oxygen concentrations, arising from uneven distribution of
fuel and air among the burners (Lawn and Godridge, 1987), from fluctuations in fuel and air
flowrates, or from imperfect mixing of spray droplets with combustion air. The calculation
was done by separating the gas/particle flow into two imaginary streams, one rich and one
lean, whose average oxygen content is that which would be present in a perfectly mixed
postflame region, after combustion of volatiles. The difference between the oxygen content
of either stream and the average is the standard deviation of the oxygen concentration
distribution at the onset of coke combustion. The concentration in both streams decays
exponentially toward the flue gas excess oxygen as the streams are mixed. When the initial
O3z content of the rich stream was less than zero, no combustion of coke was allowed until
mixing with lean gas raised its oxygen content above zero. Both the standard deviation of
the initial oxygen concentration distribution and the characteristic mixing time were adjusted
to fit the unburned carbon emission measurement, but the two values together were
constrained by the observed Og distribution in flue gas, determined by a traverse at the
economizer outlet. The mixing time is characteristic of the postflame flow, rather than the jet-
stirred region near the burners.

The probability density function for the aerodynamic sizes of coke particles surviving
at the furnace exit was obtained by integration of the contributions to each size of unburned
particles from all sizes of coke particles formed in the flame. Values of the parameters
having the greatest influence on the coke particle size distribution are given in Table 1. The
size distributions of particles remaining unburned are shown on the right hand side of Figure
1 (peak labeled "unburned coke"). When compared with the earlier result (Walsh et al.,
1991), one sees that the introduction of the oxygen concentration distribution allows smaller
particles to survive, impreving the agreement between model and measurements. However,
the calculated sizes are still two to three times larger than observed. Two possible
approaches to reconciling this discrepancy might be to account for size reduction during
burnout and to allow for a distribution of furnace temperatures.

Ash Residues of Coke Fragments

Vaporized ash forms submicrometer particles, while the nonvaporized ash forms
micrometer-sized residues. The extent of vaporization is expected to depend upon ash
camposition, temperature, oxygen concentration, and the structure of the coke (Quann and
Sarofim, 1982; Senior and Flagan, 1985). We have not attempted to simulate the
vapotrization process, so the fraction vaporized was simply adjusted until the calculation
reproduced the heights of the submicron and residue peaks.
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The breakup of coke particles during burnout divides the ash retained in the coke
among smaller fragments. If inorganic species were uniformly distributed through the coke,
the size distribution of fragments would determine the sizes of ash residues formed when the
coke burns out (Flagan, 1979; Kang et al., 1989). In the previous calculation (Waish et al.,
1991), the mean size of fragments was derived from measurements of the sizes of partially
burned coke (Lawn et al., 1987). A different approach was taken here.

The cumulative mass-based fragment size distribution was assumed to take the form
of a power law (Kerstein and Niksa, 1985): F(ds) = (di/dg)", in which di and dc are the sizes
of fragments and parent coke particle, respectively. The probability density function for the
fragments was obtained by integration of the contributions to a given size from all sizes of
parent particles. The exponent, n, was assigned the smalfest value thought to be reasonable
(n = 1), which implies a uniform distribution (by mass) of fragments formed from each size of
particle. The ratio of ash residue size to fragment size is obtained from the ash content of the
oil, the coke yield in the flame, and the densities of ash and coke. The result is shown in
Figure 1 {peak labeled "ash residues”). The most probable size of residue in the calculated
distribution is five times larger than that obtained in the previous calculation (Walsh et al.,
1991), and about four times larger than the size at the peak in the measurements (at ~ 1 pm).

Although this calculation provides an explanation for the presence of particles having
sizes in the range from 0.6 to 7 um in the flue gas, there is not a satisfactory fundamental
basis for the calculation of the coke fragment size distribution. Some measurements and
analysis of the breakup of residual oil coke particles are needed. The spherical macropores
in the coke are expected to have an important effect on the fragment size distribution
(Kerstein and Niksa, 1985; Kang et al., 1989). The ash residue sizes may also be influenced
by the sizes of inorganic particles (e.g. fluidized catalytic cracker fines and MgO) in the oil,
which become incorporated in the coke.

Submicrometer Ash

Ash not assigned to the residues was assumed o vaporize during combustion of
coke. Oxidation and cooling in a coke particle boundary layer cause supersaturation of the
vapor. Nuclei formed from the vapor grow by condensation until the condensable species
are depleted, after which growth continues by coagulation of the particles. The ultimate
particle size distribution, after the relatively long residence times characteristic of
combustion, is determined primarily by coagulation (Friedlander, 1977; Flagan, 1979; Neville
etal., 1981).

The key to a satisfactory calculation of the most probable size of submicron particles
was provided by the work of Senior and Flagan (1982, 1985) and Helble, Neville, and
Sarofim (1988). Senior and Flagan (1982) pointed out that the principal mechanism for
transport of submicron ash particles away from their parent coke or char particle is the
convective flow arising from the increase in gas volume accompanying the reaction 2C + Oz
= 2CO at the coke particle surface. Because the volume fraction of submicron particles in the
coke particle boundary layer is 200 times greater than after uniform mixing in the free stream,
most of the coagulation and size increase occur in the vicinity of the coke. Helble et al.
(1988) reached similar conclusions from consideration of convection and diffusion, when the
coke particle is moving relative to the ambient gas.

In the present calcuiation it was assumed that submicron particles are confined to the
outward flow from a coke particle as long as it is burning, but that the submicron particles
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become uniformly mixed at the instant the coke burns out. Increase in size by coagulation of
the well-mixed particles could not be neglected, since the mean residence time in the
furnace and convective sections is 50 times longer than the burning time of the mean size of
coke. A refinement of this approach, considering details of the mixing process, would be
possible using the theory of Helble et al. (1988).

The average of Lee and coworkers’ results for the geometric standard deviation of the
sizes of coagulated aerosols formed in the continuum (Lee, 1983) and free molecule (Lee,
Chen, and Gieseke, 1984) regimes was used to calculate the particle size distribution shown
in Figure 1 {peak labeled "submicron ash"). In calculating the aerodynamic diameters, -
corrections were made for both density and the change in Cunningham -correction for slip
(Flagan and Seinfeld, 1988). However, the effect of the particles' not being spherical (Ulrich
and Subramanian, 1977; Graham et al., 1990) was not considered. The calculated mean
aerodynamic particle size was approximately 0.2 pm, compared with the peak in the
measurements at 0.3 um. This is a marked improvement over the previous calculation
(Walsh et al., 1991), in which the coagulating particles were assumed to be uniformly mixed
with gaseous combustion products.

Effects of Fue| Quality

The primary influence on unburned coke is the mass fraction of fuel converted to coke.
There are two effects of increasing the coke yield: 1. The amount of coke to be burned
increases, and 2. Particle size increases, although weakly [size is proportional to the one-
third to one-half power of coke yield (Urban and Dryer, 1990b, 1991)]. Our estimate of coke
yield was based on the IP 143 asphaltenes analysis (Lawn et al., 1987; Holmes, 1989; Olen,
1989; Urban and Dryer, 1990a). An apparatus for the measurement of coke formation, under
conditions simulating pyrolysis in a flame, is under development for routine analysis of fuel
oils (McElroy, Muzio, and Cari, 1991).

Coke patrticle sizes depend upon the fineness of the spray, which depends upon the
viscosity of oil in the atomizing tip. !t is often assumed that the required temperature for a
desired viscosity can be obtained from a universal viscosity-temperature relationship for fuel
oils. However, there is significant variation in temperature dependence of viscosity among
residual oils (Olen, 1988). Agglomerated asphaltenes may influence atomization behavior
(Audibert, 1989).

The ash content of fuel oil determines the total of submicron ash and ash residue
contributions to particulate matter, which, for the fuel and boiler under consideration, was
approximately the amount of material smaller than 10 pm (PMqg). To make useful
calculations of collection efficiency and opacity one would require, in addition, an estimate of
the proportions of vaporized ash and residues. The Consolidated Edison Co. of New York
measurements indicated that the fraction of ash vaporized was 30 to 80 wt%, much greater
than during pulverized coal combustion, and the fraction vaporized was not well correlated
with NOy emission (McElroy, Carr, Ensor, and Markowski, 1982). Experience in the field
shows that submicron ash increases with increasing vanadium in the oil (Walsh, Olen,
Mormile, and Piper, 1990). Particles suspended in the oil (FCC catalyst, MgO) are expected
to contribute to 1 to 10 pm residues.

We have not included discussion of the important contributions of sulfate to particulate

matter and sulfuric acid mist to stack plume opacity, because the samples under
consideration were collected from flue gac at temperatures well above the acid dewpoint.
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Sulfate and acid mist depend upon the sulfur, vanadium, and sodium contents of the oil,
MgO treatment, and the extent to which excess air can be lowered without causing
unacceptable unburned carbon emission.

CONCLUSIONS

Agreement between calculated and observed size distributions of unburned coke in
flue gas was improved by the introduction of a fuel/air ratio distribution at the burners, which
enabled smaller particles to remain unburned at the furnace exit. It appears, however, that
allowance for particle size changes during burnout and the distribution of furnace
temperatures may be needed to further improve the calculation of the size distribution of
unburned particles.

Intermediate-size particles, in the range of aerodynamic sizes from 0.6 to 7 um, were
thought to be ash residues left on burnout of coke fragments. The assumption of a uniform
distribution of fragment sizes formed from each size of parent coke particles roughly imitated
the observed size distribution in this range. A better analysis is needed for the fragmentation
behavior of particles having the structure of residual oil coke.

The growth of submicron particles by coagulation following nucleation and
condensation of vapor-phase inorganic species was simulated by dividing the process into
two stages. In the first stage, particles were confined to the convective flow from the coke
surface, driven by combustion of the coke (Senior and Flagan, 1982). In the second stage,
following burnout of the coke, the submicron particles were uniformly mixed with combustion
products. High concentration of particles is characteristic of the first stage, while long
residence time is characteristic of the second. The mean size of particles obtained from this
calculation was in good agreement with the most probable size in the submicron peak of the
measured distribution. The most important limitation on the predictive capability of this
calculation is the lack of a model for vaporization of ash, which would describe the
segregation of ash between residues and submicron particles.
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Table 1. Values of parameters used in the calculation of the particle size distribution.

Parameter Value Source

Furnace volume 2088 m3 furnace dimensions

Furnace plan area 91 m? furnace dimensions
Distance from burners to furnace exit 16.3 m furnace dimensions

Load 62 MW Piper and Nazimowitz (1985)
Furnace exit gas temperature 1480 K typical

Mass median spray droplet size 120 ym Wigg (1964)

Geometric standard deviation of

the droplet size distribution 1.83 Simmons (1977)

Mass fraction of fuel oil converted to coke
Apparent density of coke

Dimensionless standard deviation of
the oxygen concentration distribution

Characteristic time for mixing
in the postflame region

Exponent in power law describing the
coke fragment size distribution

Sticking propability in collisions
between submicrometer particles

Geometric standard deviation of the
submicrometer ash particle size distribution

Apparent density of ash

Average temperature during
coagulation in the convective section

Total residence time in furnace
and convective sections

Fraction of ash vaporized

0.22(IPA/100)0-4

690 kg/m3

1.2s

1
1.34

2500 kg/m3
1000 K

10s
60 Wt%

Olen (1989), Holmes (1989)"

Lawn et al. (1987)

adjusted

adjusted

adjusted

assumed

Lee (1983)
Lee et al. (1984)

typical of aluminosilicates
average of furnace

exit and stack

estimate

adjusted

*IPA = IP 143 asphaltenes (wt %).
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