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ABSTRACT

The purpose of this investigation was to determine the technical
problems involved in converting a significant portion of a barrel of either
a shale oil or coal syncrude into a suitable aviation tarbine fuel, TOSCO
shale o0il, H-Coal and COED coal syncrudes were the starting materials.
They were processed by distillation and hydrocracking to produce two (2)
levels of yield (20 and 40 weight percent) of material having a distillation
range of approximately 422 to 561 K (3000 to 550° F). The full distillation
range 311 to 616 K (1000 to 650° F) materials were hydrotreated to meet
two (2) sets of specifications {20 and 40 volume percent aromatics, 13.5
and 12,75 weight percent H, 0.2 and 0, 5 weight percent S, and 0.1 and 0. 2
weight percent N}, The hydrotreated materials were distilled to meet given
end point and volatility requirements, The syntheses were carried out in
laboratory and pilot plant equipment scaled to produce thirty-two (32) 7. 57%
10'3 m® (2-gal) samples of jet fuel of varying defined specifications, De-
tailed analyses for physical and chemical properties were made on the
crude starting materials and on the products, The work was done by

Aftlantic Richfield Company under NASA contract NAS3-19747,
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SUMMARY

The purpose of this investigation was to determine the technical prob-
lems involved in converting a significant portion of a barrel of either a
shale oil or coal syncrude into a suitable aviation turbine fuel. TOSCO
shale o0il, H~Coal and COED coal syncrudes were the starting materials,
They were processed by distillation, hydrogenation and hydrocracking in
pilot plant equipment to produce thirty two 7 1/2-liter samples. The resulis
show that these materials require substantially higher levels of processing
severity than similar boiling-range fractions of petroleum. This is a re-
sult of their unusual characteristics, such as very high nitrogen and oxygen
content, aromaticity or carbon-hydrogen ratio, However, if adequate proc-
essing severities are used, jet fuels of defined specifications can be pro-
duced from oil shale and coal syncrudes using readily available commercial

processes.



INTRODUCTION

The purpose of this study was to investigate some of the processing
factors involved in producing aviation turbine fuels from synthetic crudes,
Three synthetic crude oils were used, one from shale and two from coal.
They were chosen as representative of products that would be typical of
those to be produced on a commercial basis when these sources are de-
veloped, From these, jet fuels of varying specifications were produced,
by varying, primarily the distillation, hydrotreating and hydrocracking
processes,

The syntheses of the fuels were carried out in laboratory and pilot plant
equipment scaled to synthesize thirty-two different 7, 57X10” 5 m3 (2-gal)
samples of jet fuels of varying specifications, To produce this amount re-

L 8 (200 gal) each of shale crude oil and coal crude

quired about 7. 5TX10"
oil, One shale oil readily available in the required amount was that pre-
pared at the TOSCO pilot plant facility by the Colony Development Company.
This was used for the shale feedstock. Two different coal syncrudes were
used because the desired material was not available in sufficient quantity.
Thus, about 0. 284 m3 (75 gal) of liquid product of H-Coal syncrude pre-
pared by the Hydrocarbon Research, Inc. was used for one set of products
and the remainder was prepared from syncrude produced by the COED
process, and obtained from the FMC Corporation. It was recognized that
the COED process is not intended to produce maximum yields of liquid prod-

ucts, and thus this material may not be truly representative of a future com-

mercial coal syncrude, A study to determine which domestic sources of



synthetic crudes can be used as refinery feedstccks to produce aviation
turbine fuels has recently been concluded (ref, 1).
APPARATUS AND PROCEDURE
General Process Requirements

Figure 1 shows the general process requirements that were established
for this study. One requirement in the processing of the syncrudes was to
obtain 2 levels of yield of material having a distillation range of approximately
422 to 561 K (300° to 550° F). One product was to have a minimum of 20
weight percent of material in this range, and the other a minimum of 40
weight percent., The 20 weight percent requirement most likely could be
achieved by distillation, but hydrocracking was necessary in order to achieve
the higher yield, The products were required to have a full distillation
range of about 311 to 616 K (100° to 650° F), and then to be treated with
hydrogen to meet two sets of specifications (maximum of 20 and 40 velume
percent aromatics, minimum of 13,5 and 12,75 weight percent H, maximum
of 0.2 and 0, 5 weight percent S, and maximum of 0,1 and 0. 2 weight per-
cent N). Each of the hydrotreated products was then to be distilled to give
maximum yields of products having the described volatility specifications,
For each end point, 561 K (5500 F), and 616 K (6500 F), two products were
required, one with a Reid vapor pressure maximum of 2‘»<104 N/’m2 (3 psij,
and one with a minimum filash point of 311 K (100° F). Thirty-two samples
of final product thus were prepared as a resuli of using two syncrudes, two
yield levels, two levels of hydrogenation, and four distillation ranges. TOSCO
shale oil was used to prepare both yield levels from shale syncrude, H-Coal
0il was used to prepare the low yield from coal syncrude; COED oil was used

to prepare the high yield, Each of the 32 samples of final products was



analyzed by the methods listed below.
Test
Specific gravity
Distillation
Reid vapor pressure
or Flash point
Freezing point
Viscosity at -30° F
Net heat of combustion
Existing gum
Thermal stability
Luminometer number
or Smoke point
Aromatics
Olefins
Total sulfur
Mercaptan sulfur
Hydrogen content
Nitrogen content
Oxygen content
Napl:thalenes

Shale Oil Processing

ASTM

Method
D-287
D-86
D-323
D-56
D-2386
D-445
D-2382
D-381
D-3241
D-1740
D-1322
D-1319
D-1319
D-1266
D-1323
D-1018
Kjeldahl
Modified Unterzaucher

D~1840

Fractionating - The shale oil crude was charged to a 20. 3-cm-diam by

12.2-m, 0, 946-m° (

250-gal) batch fractionation column having 6. 35-mm



stainless-steel protruded packing, Material was taken at an atmospheric pres-

sure and at pressures reduced in steps down to about 1333 N/m2 (10-mm
mercury), yielding material up to a 558 K (5450 ) (converted to atmos-
pheric pressure) overhead cut point, The 558 K (545° F) and higher bot-
toms from the 20 3-cm still were distilled in a 10, 2-cm-diam by 4, 2-m,
0, 189-m3 (50-gal) still and overhead cuts taken at a 10/1 reflux ratio and
reduced pressure to a 616 K {(650° F) converted cut point, Material from
616 K (6500 F) to 700 K (800° F) converted cut point was taken through a
side arm (Engler type) system attached to the still pot at a pressure of
about 5. 33><102 N/rnz, Bottoms products from the 10. 2-centimeter still
side arm distillation were vacuum flashed in a mercury vapor still to pro-
duce a 700 to 783 K (8000 to 950° F) over_head fraction. The yield for
each fraction (and some of the properties) are shown in Table I, the dis-
tillation curve is shown in figure 2.

Initial Boiling Point (IBP) - 616K (6500 F) Hydrotreating., - The

three fractions IBP-422, 422 to 561, 561 to 616K (IBP-200°, 300° to 550°,
and 550° to 650° F) were combined to be used as hydrotreating feedstocks
for the low yield 20% 422 to 561 K (300 to 550° F) case. Prior to hydro-
treating to obtain products (production run), a short experimental program
was run to determine the necessary operating conditions. The nitrogen
level was identified as the controlling specification for treating the shale
oils, and selection of processing conditions was made on that basis, Tests
were run over a range of operating severities to establish a trend for nitro-
gen removal., The conditions used are given in Table II, The H2 rate

chosen was one to be expected in a commercial operation designed for long




catalyst life, In commercial operation, Hz would be recycled.
The feed was treated in a 2, 54-cm diameter isothermal continuous
reactor over 60 g of American Cyanamid HDS-3A, a commercial 1,59-mm

Ni—Mo/Al2O catalyst. The catalyst was uniformly diluted 2:1 with tabular

3
alumina fo form a 50. 8~cm packed bed, The test conditions resulted in
nitrogen levels of 0. 0054 weight-percent or less, The results are shown in
Table II. Since denitrogenation can be represented as a pseudo-first order
reaction (ref. 2), these results were sufficient to establish the trends from
which the conditions for the production run could be estimated. 1In this

case, the first order trend remains valid down to about 0, 0005 percent
product nitrogen, at which point the residual nitrogen becomes more dif-
ficult to remove. A plot is shown in figure 3. (Severity is defined as
FT/WHSV where FT was derived from the experimental data by plotting
nitrogen removal at various levels of space velocity and temperature. De-
tails are given in ref. 3. For the production run, a space velocity of 1. 50
was chosen to provide a reasonable rate of production under moderate tem-
perature conditions, The run was made in a 5, 08-cm diameter continuous
reactor over a catalyst charge of 300 g of HDS-3A at a feed rate of 450 ¢ hr”l,
The catalyst bed was diluted to form a gradient to help maintain isothermal
conditions. The ralio of the alumina dilaent to the catalyst ranged from 5:1
at the inlet of the reactor to 1:1 at the outlat, It was found near the beginning
of the production run that the overall activity of this catalyst charge was
somewhat lower than the effective catalyst activity during the experimental
run. This is ascribed to some differences in contacting efficiency between
the 20 and 50-cm reactors. Therefore, to achieve the 0. 2% nitrogen spec-

ification, it was necessary to increase the reactor temperature from about

616 K (650° F) to about 625 K (665°F).



Since the program to determine the operating conditions showed that
rather low levels of nitrogen could be achieved, it was decided that the
low nitrogen content samples would be prepared at about 0, 02% N rather
than the 0,10% N (max) specified in the requirements, To achieve this
level in the production run, a temperature of about 625 K (7150 F) was
chosen, This result is also shown in Table TI,

616 to 783 K (650° to 950° F) Hydrotreating. - The two fractions

616 to 700 K and 700 to 783 K (650° to 800° F and 800° to 950° F) were
combined for use in producing the high yield 40%, 422 to 561 K (3000 to
550° F) products, In order to prevent severe catalyst deactivation during
the hydrocracking step, hydrodenitrogenation of this fraction was required.
A short experimental program was run to determine the process conditions
necessary to achieve a product nitrogen level of about 0. 0200 to 0.0400
percent, This feed was hydrotreated over a 60 g sample of HDS-3A which
had been charged to a 2.54-cm i, d, continuous flow isothermal reactor,
The catalyst charge was diluted with tabular alumina to form a 50, 8-cm
packed bed. The process conditions are given in Table II.

The results are also shown, At about 666 K (740° F), product nitrogen
levels of about 0, 0400 and 0, 0190 percent were achieved at weight hourly
space velocity (WHSV) values of 0.49 and 0, 34, respectively. Based on
these results, process conditions for the production run, designed to hydro-

treat about 7. 5":’><10_1 m3

(20 gal), were set at 666 K (740° F) and 0. 43 WHSV
(300 g hr"1 feed rate), The run was made in a 5.08-cm i, d. continuous flow
reactor over 700 grams of HDS-3A catalyst. The top 1/3 of the catalyst bed

was diluted with tabular alumina, Again, because of the lower catalyst ac-




tivity than that noted in the experimental program, the production run was
actually made at a higher temperature, 675 K (755° F), with a WHSV of
0,36 (250 g hr~ 1) feed rate, The nitrogen content of the product was de-
termined to be 0, 0233 percent,

616 to 783 K (650° to 950° F) Hydrocracking. - The hydrocracking

process was conducted in a single stage hydrocracking pilot plant, con-
gisting of two reactors in series. The first reactor was charged with hy-
drodenitrogenation catalyst to further reduce the feed organic nitrogen to
< 0,050 percent, The total effluent {gas and liquid) from this reactor was
then passed over the hydrocracking catalyst in the second reactor where the
hydrocracking reactions take place, Both catalysts employed in this process
are proprietary, and are commercially available under license,

In order to determine the conditions necessary to yield a suitable or-
ganic nitrogen level in the feed to the hydrocracking reactor, and to ob-
tain suitable hydrocracking yields, short process variable runs were made
prior to the production run, The 616 to 783 K (6500 to 950° F) shale gas oil
had previously been denitrogenated to a level of 0,0233 percent. Process
variable work was run first in the hydrotreating reactor while the hydro-
cracking reactor was being conditioned. The hydrocracking process vari-
able work was then done using the complete single stage system. Only
temperature was varied in this system, Pressure was fixed at 13, 8><106
N/m2 and space velocities were set to minimize conversion of feed to
311 K (1000 F) and lighter in the hydrotreater and maximize the 311 to 616 K
(1000 to 650° F) yield in the hydrocracker, The process conditions for the

hydrotreating runs are given in Table II. The results showed that the ni-




trogen level was less than 0, 0050 percent at 639 K (6900 F) and also that

the conversion to 311 K (1000 F) and lighter material was negligible, Based
on the results of these tests the processing conditions in the hydrotreating
reactor were set at a temperature of 639 K (6900 F) and a WHSV of 1,0,

The process conditions for the hydrocracking reactor in the experimental
single stage tests are shown in the table, as well as the process conditions
set for the production run, The production run was performed using 5, 08-
cm i, d, reactors; the hydrodenitrogenation reactor contained 300 grams of
catalyst and the hydrocracking reactor contained 400, Both were diluted
with inert tabular alumina in a linear manner to make up the required reactor
volume of about 1 liter, During the production run, catalyst activity changed
and the run conditions were changed accordingly. The conversion of the feed
to 616 K (650° F) material and lighter was monitored throughout, together
with the amounts of product in the 422 to 561 K (3000 to 550° F) range and

the 311 to 616 K (100° to 650° F) range. In figure 4 the yield of the 422 to
561 K (3000 to 550° F) fraction found in this system is plotted as a function

of conversion to 616 K (6500 F) and lighter. A maximum yield appears at ap-
proximately 70 percent conversion, Figure 5 shows a plot of the 311 to 616 K
(100° to 650° F) yield, again as a function of conversion to 616 K (650° F)
and lighter. The yield of this fraction increased with conversion over the
entire range, but not linearly, As conversion increases, losses to material
lighter than 311 K (1000 F) also increase, In each figure the circles represent
data obtained during the production run; the triangle represents data obtained
during the experimental runs, Details are given in ref.. 3. Overall, the

production run produced 42, 29 kilograms of liquid product of 46° API gravity.
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The 311 to 616 K (100° to 650° F) fraction weighed 27. 39 kilograms, a
yield of 52.7 weight percent of the 616 to 783 K (6500 to 950° F) feed.
H-Coal Processing

Fractionating, - Figure 6 shows the distillation curve obtained by gas

chromatography for the liquid product portion of the H-Coal sample furn-
ished by Hydrocarbon Research Inc, The 422 to 561 K (300° to 550° F)
fraction represents 61, 4% of the liquid, and 23, 9% of the total product on
an ash-free basis. A portion of the liquid was fractionated on a laboratory
column into IBP-422, 422 to 561, 561 to 616 K (1BP-300°, 300° to 550°,
5507 to 650° F), and higher than 616 K (650° F) cuts. The analyses of the
liquid composite, the distillation cuts and the vacuum bottoms as received

higher than 700 K (800° F) are given in Table III,

Hydrotreating. - An experimental run was made to determine the proc-

essing conditions necessary to hydrotreat the H-Coal feed to the required
specifications, For this syncrude product hydrogen content is the hydro-
treating specification most difficult to meet, and, therefore, processing con-
ditions were chosen on that basis, The experimental tests were conducted
in a 2. 54-cm diameter continuous flow isothermal reactor over a 100 g
charge of HDS 3A catalyst. The catalyst was diluted with tabular alumina on
a gradient that ranged from 3 parts alumina to 1 part catalyst at the inlet of
the bed to a ratio of 1:8 at the outlet. Processing conditions selected are
given in Table II. It was found from these tests that the high hydrogen con-
tent specification of 13, 5% could be attained at severe but practical operating
conditions in a single pass operation. The relationship between product

hydrogen content and operating severity is shown in figure 7, (Severity is
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defined as F X FP/WHSV where Fp and Fp were derived from the ex-
perimental data by plotting hydrogen content at varicus levels of space ve-
locity, temperature, and pressure, Details are given in ref, 3.) The pro-
duction runs to hydrogenate to the two levels were conducted in a 5, 08-cm
diameter continuous flow reactor, The reactor was charged with 500 g of
HDA-3A catalyst, diluted with tabular alumina at the same distribution
gradient used for the preliminary run in the 2, 54-cm reactor. The cat-
alyst bed was about 61-cm long, The high severity (high hydrogen con-
tent) run was started at 630 K (6750 F) and 0, 5 WHSV, but the temperature
was increased and the WHSV was lowered by the end of the run in order to
maintain the required product quality, Further catalyst deactivation was
observed during the low severity (low hydrogen content) hydrogenation
which was run on the same catalyst charge. The starting and ending con-
ditions are given in Table TI.

COED Processing

Fractionating, - The COED syncrude, prepared from Utah coal, was

found to contain about 209 water as a remarkable stable emulsion, This
caused considerable difficulty in the distillation. An accurate representa-
tion of the hydrocarbon portion was obtained from the distillation curve ob-
tained by gas chromatography on the total syncrude, The curve is shown in
figure 8, The crude was charged to a 20, 3-cm diameter by 12, 2-m,

0.946 m°

(250-gal) batch fractionation unit having 6, 35-mm stainless steel
protruded packing, The overhead was taken at a 10/1 reflux ratio and at-
mospheric pressure until the still bottoms reached 616 K (650O F). The

pressure was then reduced and fractionation continued at a 3/1 reflux ratio
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until the overhead temperature indicated a 616 K (6500 F) cut point.

Water was separated from the fractions by decanting. Since the water

gave false indications of cut point, four composites were made from the
overhead products, and gas chromatograms run to determine the boiling
range. Using the gas chromatogram 95% point as the cut point, yield data
agreed fairly well with the gas chromatogram on the total syncrude. Bottoms
from the 20. 3-cm still having an initial boiling point of approximately 561 K
(550° F) were run on the 10, 2-cm still to a 616 K (650° F) cut point. The
material above 616 K (650° F) was fractionated to a 700 K (800° F) cut
point on the vacuum side arm (Engler). Yields based on total charge on a
water free basis are plotted on figure 8, élong with the 20. 3-cm still data.
Table IV also shows the results of the fractionation together with some an-
alyses. It should be noted that the water content of the total syncrude made
it necessary to determine some analyses by calculation from the fractions.

IBP - 561 K (’5500 F) Hydrotreating, - A quantity of COED oil in the

IBP - 561 K (5500 F) fraction was hydrogenated for use in producing the high
yield coal syncrude jet fuel samples. All IBP - 561 K (550° F) fractions
were filtered and dried to remove any remaining water prior to further
processing. A short experimental program was conducted to determine the
necessary operating conditions, As with the H-Coal feed, hydrogen content

is the limiting factor in meeting required product quality levels. The pre-
liminary tests were made in a 2, 54-cm diameter continuous flow isothermal
reactor aover a 100 gram charge of American Cyanamid HDS-3A Ni—Mo/A1203
catalyst. To aid in obtaining uniform flow distribution and in controlling tem-

perature increases resulting from the exothermic hydrogenation reactions,
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the 1, 59-mm catalyst was diluted on a gradient, with three’parts tabular
alumina to one part catalyst at the inlet of the bed ranging to a 1:8 ratio at
the outlet., Process conditions selected for this investigation included

those given in Table TI, The most severe conditions, 644 K (700° F) and
0.5 WHSV, resulted in a product meeting the higher hydrogen requirement
of 13.5%. Cracking to light products, reactor volume limitations, and
~uniform flow considerations put these conditions near the practical operating
limits of maximum temperature and minimum WHSV, If catalyst activity
remains high in the production run, the high severity product can be made

in a single pass,

Based on the data from this run, a correlation between hydrogen con-
tent and operating severity was developed and is presented in figure 9. The
hydrotreating production run on the IBP - 561 K (5500 F) COED syncrude
fraction was conducted using a 5,08-cm diameter isothermal reactor charged
with 500 grams of HDS-3A catalyst. The catalyst was diluted using the same
distribution gradient as used for the experimental run, The high severity
portion of the program was run first to take advantage of fresh catalyst ac-
tivity. Based on the correlation established, the initial conditions selected
were 641 K (6950 F) and 0.5 WHSV. The apparent initial activity was higher
for this catalyst charge than for that used during the preliminary work in the
2.54 cm reactor., Activity declined at an average rate of 11% per day during
the run, To compensate, reactor temperature had to be increased to 647 K
(705° F) by the end of this portion of the run,

Temperature was lowered to 616 K (6500 F) and space velocity was in-

creased to 0, 8 to begin the low severity segment of the program. Failure to
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meet the 12.75% product hydrogen specification required an adjustment to
622 K (660° F) and 0,7 WHSV. Catalyst activity continued to decline, now
at the rate of 8% per day, requiring a drop in the WHSV to 0, 65 by the end
of the run,

561 to 700 K (5500 to 800° F) Hydrotreating. - Previous work on COED

syncrude (ref. 4) showed that while not particularly high in nitrogen con-
tent, it was very difficult to denitrogenate, Thus, it was decided not to run
any experimental tests, but to start a production run directly at the most
severe conditions practicable., The conditions chosen are given in Table TI.
The initial product was analyzed and found to contain about 0. 0200 percent
N.

The run was made in a 5,08-cm continuous flow reactor over HDS-3A
catalyst. The analysis of the feed and product is shown in Table V,

561 - 700 K (5500 to 800° F) Hydrocracking, - The process configura-

tion used in this step is the same as that used to hydrocrack the 616 to 783 K
(6500 to 950° F) shale oil. Two reactors are operated in series; the first
contains a hydrotreating catalyst and reduces the nitrogen content to about

0. 0025 percent., The total effluent (gas and liquid) from this reactor is then
sent to the second reactor which contains the hydrocracking catalyst. Both
of these catalysts are also proprietary and are commercially available under
license. The conditions for the production run (Table II) at space velocity
one (300 g hr_l) were chosen to provide for 97% conversion to 616 K (650° F)
and lighter. Actual conversion during the run was less due to loss of cat-
alyst activity. Also, the temperature in the hydrocracking reactor was
raised over the 330 hours of the production run to compensate for catalyst
aging. This degree of rapid catalyst deactivation is highly unusual since this

catalyst system gives excellent performance with petroleum-based feed stocks.
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The decline in activity also affected the product distribution, The table be-
low shows the yields of the 422 to 561 K (3000 to 550° F) and 311 to 616 K

(100O to 650° F) fractions at different stages of catalyst activity decline:

Test number: 1 2 3 4 5
Wt % on yield on feed

422 to 561 K (300° to 550° F) 40,34  32.61  28.54 24.85 18.89
311 to 616 K (1000 to 650° F) 88,83 75,30 74,91 69. 28 66. 39

Hydrocracking temperature, 607 608 613 633 626
K 634° F) (635° F) 644° F) (680° F) (668° F)
% conversion 96, 64 79. 31 79.93 80.20 © 73.64

Since most of the production run was made at a constant conversion, about
80%, the component yields relative to conversion cannot be precisely de-
fined.
RESULTS AND DISCUSSION

It has been shown in this study that jet fuels of defined specifications
can be made from oil shale and coal syncrudes using readily available
commercial processes. The specifications of the. fuels produced are ap-
proximately those found in the following: (1) JP-4 (Jet B) with a 561 K
(’5500 F) end point and 20, '7><103 N/m2 (3 psi) maximum Reid vapor pres-
sure, (2) JP-5 (Jet A) with 561 K (550° F) end point and a 311 K (100° F)
minimum flash point, (3) a broad specification fuel incorporating the vol-
atility of a JP-4 20, '7><103 N/m2 (3 psi RVP) and the end point of a diesel
No. 2, 616 K (650° F), (4) Diesel No. 2 with a 616 K (650° F) end point and a
311 K (100° F) minimum flash point. Certain problem areas have been
identified, It was noted in the introduction that the COED process was not

intended to maximize liquid product yield, and thus may not be truly rep-
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resentative of a future commercial coal syncrude, Further, a problem with
the COED oil was the rapid catalyst deactivation seen in all of the hydro-
treating and hydrocracking, This has been observed before with COED
syncrude (ref. 4), It appears to be true for the hydrotreating of H-Coal
seen in this study. The cause of the deactivation is not apparent,

Petroleum stocks of equivalent aromaticity can be readily hydrotreated or
hydrocracked without excessive catalyst deactivation. In regard to the H-
Coal, the initial preparation of the crude would have a determining effect

on the level of yield of jet fuel in the 422 to 561 K (300° to 550° F) range,

for example. From examining the material used in this study, it aﬁpears
that it was a representative sample of H-Coal syncrude produced at moderate
severity conditions. The liquid product is seen to have a 95% true bbiling
point of 616 K (6500 F) so that is would not be possible to produce the high
vield of the 422 to 561 K (300° to 550° F) fraction without processing of the
vacuum bottoms, The vacuum bottoms contain only about 8% of material
lower than 700 K (800? F) which could be hydrocracked to increase yield.
Processing of material higher than 700 K (8000 F) appears highly imprac-
tical, A similar problem of initial preparation was seen in the case of the
shale oil crude also. It was originally estimated that yields of more than

20 and 40 weight percent, 422 to 561 K (3000 to 550° F) material could be
readily obtained from what was considered to be a typical product from a
commercial shale oil installation. For example, based on the 783 K (950° F)
and lower portion, estimates of the 422 to 561 K (3000 to 550° F) yields were
28.4 and 40. 2 weight percent. The shale oil obtained for the present study
appeared to be atypical in that it contained a very large quantity of high boil-

ing material, 35% greater than 783 K (9500 F), Thus, the low yield of the
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422 to 561' K (3000 to 550° F) fraction was 21.4% and the high yield 29.4%.

In order to achieve a 40% yield of 422 to 561 K (300° to 550° F), 72% of the
616 to 783 K (6500 to 950° F) fraction would have to be converted to 422 to
561 K (3000 to 550° F) product, which was not technically feasible, as shown
in figure 4, (It should be noted that commercial shale processing would in-
clude a delayed coker to process material higher than 783 K ('9500 F) info
lower boiling material. Yields of about 40% of 422 to 561 K matérial would
then be obtainable, )

Table VI shows the properties of the 32 samples prepared to the re-
quired specifications. The results of the thermal stability tests will be
reported in the future,

SUMMARY OF RESULTS

In all instances the requirement for limits on aromatics (<20%, <40%)
was met, The requirement for percent H was met for all of the shale
products, and for most of the coal products. The requirements for percent
S were metf for all of the products, And, with one or two exceptions, the
requirements for percent N were met for all of the products.

The low level of vield requirement was met for the shale oil, being
21, 4; but the high level of yield was 29.4%, below the required amount, The
low level of yield, from coal syncrude from H-Coal, was 17.46% of 422 to
561 (3000 to 550° F) material, based on total syncrude, On an ash free basis,
the percentage was 23, 89. For the high yield, from COED, the figure was
about 40%,
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TABLE 1. - TOSCQO SHALE OIL COMPOSITE FEED AND FRACTIONS

FEED

IBP-422 K
(IBP-300° F)

422 to 561 K
(300° to 550° F}

561 to 616 K
(550 to 650° F)

616 to 700 K
(650° to 800° F)

700 to 783 K
(800° to 850° F)

Wt % on whole shale
OAPI gravity

% Sulfur

% Carbon

% Hydrogen

% Nitrogen

100.0
19.1
0.683
83. 88
10,74
2.10

9.4
51.1
0.770
86, 83
1317
0.39

18,4
32.8
0.735
84.58
12,14
1,39

6.6
22.3
0.673
84,68
11,37
2.12

12.1
19.4
0.643
85, 38
11.32
1,96

18.3
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TABLE II, - HYDROTREATING PROCESS CONDITIONS

REPRODUCIBILITY

Temper- Pressure, WHSYV Hy rate Product
ature, K /m st g/teed /o m¥/m® nitrogen
X (°F) g/catalyst (SCF/B) wt B
Shale gil:
IBP-616 K (650° F)
hydrotreating;
Experimental 630 (675} 10. 3%106 {1500) 1.03 i, 42><103 {B000) Q. 0054
644 (699} 1,00 0. 0004
B50 (711} 1.03 0, 0004
85¢ (726) ¢, 99 0, 0003
658 (725) 0.50 0.0002
Production 617 {651) 1,50 0, 3099
522 (660) 1,52 0.2218
626 (66T) 1.50 0, 752
654 (717} 1,52 0.0118
Bl6 to 783 K (650 to a50° F)
hydrotreating;
Exporimental 644 (599) | 13, mxa0® {2000) 0.78  |n.a2ao®gooa) | 0,4821
€644 {700) 0,49 | 0. 2668
656 {721} 0.52 0. 1477
666 (739) 0.4% 0.0399
6656 {T40) 0,34 0,0138
Production 666 (740} 0,43 0. 0300
675 (755) 0.36 0,0233
616 to T83 K {650 to 950° F}
hydrocracking:
Experimental
hydrotreating reactor 619 {655) 13, gx10® {2000) 1,90 1, 78x10% (10 00¢) | 0.0082
639 (690} 0.0029
652 (715} 0.0021
hydrocracking reactor 616 (650)
630 (675)
44 (700)
Production
hydrotreating reactor 639 (590} 1,00
hydroceracking reactor 622 (660) 0.5 J
H-Ceal
Experimental 616 (650) 13. 8x10° to 17. 2108 (2000 to 2500) 0,33 1.42x10% (8000}
630 {675 0.66
644 (700} 1.00
Production
high hydrogen content | 630 (675):* 17. 2x108 (2500) 050"
836 (625) 0.45""
low hydrogen content 611 (640):, 13, ax10® {2000) 0,50
614 (B4B)
CQED
IBP-561 K (550° F)
hydrotreating
Experimental 61¢ (650) 13. 8‘>(106 (2000) 0,50 1, 42><103 (8000}
630 (675) 1.00
844 (700)
Production
high hydrogen content 641 (695):‘, 0,50
647 {705)
low hydrogen content 616 (650):‘ 0, 20"
-
622 (660} .5
561 to 700 K (550 to 8007 F)
hydrotreating
Production 658 {725) 0.70
561 to 700 X (500° to 800° F}
hydroeracking
Production
hydretreating reactor 644 (700) 1.00 1. ".'BKIOa {10 000}
hydrocracking reactor 60T (634):*
631 (676)

)
" Start =
xx

end
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TABLE III, - H-COAL COMPQOSITE FEED AND FRACTIONS

FEED | IBP-422 K 422 to 561 K 561 to 616 K | 616 K+ | Vacuum

(1BP-300° F) ) (300° to 550° F) | (550° to 650° F) ) (650° Fu) | bottoms
Wt % of total liguid 100 25 61.4 8.1 5.2 | -----
Wt % of total syncrude 23,44 7.11 17. 46 2. 80 1.48 71,56
Wt % of total syncrude, 38. 91 9.73 23. 89 3.15 2,02 61.09

ash free
APT gravity 31.0 50.3 27.5 14,5 5,4 | -----
7 Hydrogen 11.8 13.3 11.2 10.0 9.0 5.75
9, Carbon 87.1 86.6 87.2 89.2 89.2 | 74.39
% Sulfur 0,170 0.129 0.073 0.110 0.199 1.93
9 Nitrogen 0.1722{  0.0659 0.1749 0. 1651 0.5044 .16
9, Oxygen 0.48 0.61 1,00 0.49 1,34 4.60
9 Ash 13 e I [ 14,62
TABLE IV. - COED OIL COMPOSITE FEED AND FRACTIONS
FEED | IBP-422 K 422 to 561 K 561 to 616 K 616 to 700 K | 700 K+
(1BP-300° F) | (300° to 550° F) | (550° to 650° F}| (650° to 800° F) | (800° ¥+

% Total syncrude 100 4.0 32.5 18,0 27.0 18.5

API gravity 18.2 47,8 25.2 18.0 16.5 9.6

% Hydrogen 10, 94" 14, 8 11.23 10,58 10. 86 10. 09

% Carbon 87,48 85.2 86, 45 87.9 88.10 §7.54

% Sulfur 0,023 0.027 0.021 0.016 0.032 <0.02

% Nitrogen 0.3853 |  0.0677 0. 3696 0.3726 0.3399 0.4285

% Oxygen 0.98 0.34 1.31 0. 86 0.74 1.02

% Ash 0.05 t ------ | ------ <0. 001 <@0,02 0.03

*Back calculated from analyses of fractions

TABLE V. - HYDROTREATING OF

561 to 700 K (550° to 800° F) COED

OIL FEED AND PRODUCT ANALYSES

FEED | Product
Gravity, CAPI 17.2 22.9
% Hydrogen 10. 63 11,91
% Sulfur 0.025 (. 002
% Nitrogen 0.3578 | 0.0237

2/
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TABLE V1. - FINAL PRODUCT INSPECTIONS

(a) Low yield shale products

Low severity

High severity

Boiling range, K (°F)

IBP-616 394 to 616 394 to 561 IBP-561 IBP-616 394 to 616 394 to 561 IBP-561

(IBP-650) | (250 to 650)| (250 to 550) | (IBP-550) | (IBP-650) | (250 to 650) | (250 to 550) | (IBP-550)

Specific gravity 0. 8040 0. 8170 0. 8068 0,7945 0.7977 0. 8081 0.8022 0.7914
Reid vapor pressure, kN/m2 1.1 | —=---- | e 0,34 2.8 | ------ | --m-—- 1.1
(psi) (0.18) { ~----- [ am---- (0. 05) 0.40) | ----—-- | ------ (0. 15)

Flashpoint, K | -==---- 315 k1 B e e 312 312 -
= T [ (108) (100) | ------ | ------ (102) (102) | ------

Freezing point, K 255 258 229 225 255 258 231 229
°F) (© (+5) (-47) (-54) (+1) (+5) (-44) (-47)

Viscosity at 239 K (-30° F)c$ (a) {a) 6.781 4,736 (a) (a) 6.990 5.059
Net heat of combustion, cal/g| 10,477 10, 433 10, 545 10,428 10, 545 10, 482 10, 466 10, 499
Existing gom, mg 16.2 61.4 40,2 32.2 0.8 19.2 8.8 9.0
Smoke point 21 20 21 22 26 26 24 26
Aromaties, % 21.9 25,9 22.2 19,0 13.7 17.4 17.1 13.5
Olefins, % 1.1 0.8 1.1 1.0 0.8 1.0 1,2 0.9
Naphthalenes, % 1.0 1.2 0.5 0.5 0,4 0.4 0.2 0.2
Hydrogen, % 13.64 13, 66 13.68 13.73 13. 82 13, 86 13.95 13.76
Nitrogen, % 0,1954 0.2233 0.2011 0.1750 0.0161 0.0168 0,0152 0.0132
Total sulfur, % 0.0010 0,0044 0. 0006 0. 0006 0.0009 0. 0003 0. 0001 0. 0002
Mercaptans, % 0.0002 0.0002 0.0002 0.0002 0. 0003 0.0002 | ------ | --=e--
Oxygen, % 0.03 0.05 0.06 0.04 0.03 0.05 0.09 a.09

330lid
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TABLE VI, - Continued,

(b) High vield shale products

Low severity

High severity

Boiling range, K °F)

IBP-616 | 394 to 616 | 394 to 561 | IBP-561 | IBP-616 | 394 to 616 | 394 to 561 | IBP-561

(IBP-650) | {250 to 650) | (250 to 550) | (IBP-550){ (IBP-650) | (250 to 650) | (250 to 550) | {IBP-550)
Specific gravity 0.7972 0, 8146 0. 8054 0.7874 0.7936 0. 8100 0. 8035 0.7874
Reid vapor pressure, kN/m2 7.6 | =---mm A —mmee- 6.9 86 | ------ | ------ 7.6
(psi) (1.10) | ----m= | —emme- (1.00) (1.25) | ------ | -r-=-- (1.10)
Flash point, K = | —eeee- 314 312 | —mmeee | meme-- 312 309 | ------
0 T [N {106) (102) | ----m- | - (102) (96) | ------
Freezing point, K 251 255 227 222 250 254 226 223
°F) (-8) (-1) (-50) (-59) (-9) (-3 (-52) (-58)
Viscosity at 239 K (-30° FeS (a) (2) 6.918 4.008 | ---mom | —oeoe- 7.060 4,326
Net heat of combustion, cal/g| 10,565 10,531 | ------ 10,622 | 10,595 10, 488 10, 532 10, 605
Existing gum, mg 26.8 61.8 23.4 7.0 9.2 32.8 16.0 16.6
Smoke point 23 20 22 25 26 25 25 27
Aromatics, % 15,7 20.3 17.9 13.%7 12.1 15.4 13.2 11.4
Olefins, % 0.8 0.9 1.3 0.8 0.6 1.0 1.0 0.8
Naphthalenes, % 0.75 0.93 0.42 0,33 0.3 0.35 0.21 0,17
Hydrogen, % 13. 82 13. 37 13. 80 13.70 13.98 13.95 13.95 13.98
Nitrogen, % 0.1305 0.1581 0.1397 0.1138 0.0101 0.0144 0.0076 0.0088
Total sulfur, % 0.0014 0,0012 0, 0006 0. 0005 0.0011 0.0002 0.0002 0.0002
Mercaptans, % 8.0001 | ------ | —e--em ] mee- <g.0001 | ------ | ------ | ------
Oxygen, % 0.08 0.14 0.14 0.13 0.11 0.10 0.07 0.10

Ag0lid
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TABLE VI, - Continued.

(c) Low yield H-Coal products

Low severity

High severity

Boiling range, K (°F)

IBP-616 394 to 616 394 to 561 IBP-561 IBP-616 394 to 616 394 to 561 IBP-561

(IBP-650) [ (250 to 653} (250 to 550) | (IBP-550) | (IBP-650) | (250 to 650) | (250 to 550); (IBP-550)

Specific pravity 0. 84983 0. 3654 0. 8565 0. 8413 0.8338 0. 8488 0. 8468 0, 8314
Reid vapor pressure, kN/rn2 1.4 | —rweem | -mme-- 1.1 1.7 | ------ | === 3.1
{psi) (0.20) | ~----- | ------ {0.15) (0.25) | ------ | —----- (0. 45)
Flash point, K | ------ 312 R I S e 312 314 | ------
[0 T (pu— (102) (96) | w-rmm= | mmmee- (102} (106) | ------
Freezing point, K 251 237 217 211 255 246 225 207
°F) (-8) (32) (-68) (-79) (0) (-17) (-54) (-86)

Viscosity at 239 K (—30o F}e§ | ------ 16. 99 6,785 5,162 9,751 15.91 9,102 6, 264
Net weight of combustion, cal/g | 10, 363 10, 248 10, 303 10, 340 10, 450 10, 462 10, 462 10, 421
Existing gum, mg 6.0 74.0 92.0 10. 2 4.8 110.8 11.2 9.8
Smoke point 14 15 15 16 24 21 24 25
Aromatics, % 29.7 33.8 30.9 26.3 5.9 6.7 5.8 5.5
Olefins, % 1.2 1.8 1.4 1.2 1.3 1.4 1.0 0.9
Naphthalenes, % 0.54 0. 66 0. 31 0,27 0.064 0,077 0. 065 0. 055
Hydrogen, % 12.73 12, 47 12, 64 12.79 13, 56 13.26 13. 31 13.73
Nitrogen, % 0, 0005 0.0006 0. 0006 0.0001 | <0.0001 <0. 0001 <0, 0001 0.0001
Total sulfur, % 0.0004 0.0004 0. 0001 0.0001 0.0005 0.0005 <0, 0001 0. 0001
Mercaptans, % 0000 | wmeace | mmmeee | mmeeee | mmmeee [ cien | e b e | e
Oxygen, % 0.11 0.09 0.086 0.10 0.04 0.06 0.03 0,04
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TABLE VI. - Conc¢luded,

{d) High yield COED products

Low severity

High severity

Boiling range, K (°F)

IBP-616 394 to 616 394 to 561 IBP-561 IBP-616 394 to 616 394 to 561 IBP-561

(TBP-650) | {250 to 650) | (250 to 550) | (IBP-550)| (IBP-650)| (250 to 650) | (250 to 550) | (IBP-550)

Specific gravity 0. 8255 0. 8458 0. 8368 0, 8165 0. 8358 0. 8586 0.8493 0. 8270
Reid vapor pressure, l-{lf\T/m2 5.8 | ------ | o e----- 5.8 58 | ------ | ------ 7.2
(psi) (0.85) | -----= | ammee- (0. 85) 0.85) | —--mmm | —meee- (1.05)
Flash point, K | -—--—-- 313 314 | —-mmem | —meee- 319 313 | --—-e-
653 TR (R — (104) (106) | ------ | --m-o- (114) (104) | ------
Freezing point, K 242 239 220 215 256 256 221 217
(°F) (-23) (-30) (-64) (-72) (-23) (+2) (-62) (-70)
Viscosity at 239 K (-30° F)cs (a) 19,25 9. 676 5,565 (a) (a) 9, 851 5. 586
Net heat of combustion, cal/g| 10,484 10,534 10, 484 10,547 | 10,328 10, 427 10, 401 10, 486
Existing gum, mg 0.8 23,0 6.6 7.8 1.6 21,2 2.4 3.2
Smoke point 20 20 24 27 16 14 16 19
Aromatics, % 9.3 11.6 7.2 5,4 22.4 28.5 25.2 20, 1
Olefins, % 0.7 1.1 0.9 0.5 0.6 1.2 0.8 0.5
Naphthalenes, % 0.49 0,862 0.13 0.11 0.868 0. 86 0,38 0.31
Hydrogen, % 13.6 13, 44 13.63 13.69 13,07 12. 88 12. 95 13.24
Nitrogen, % 0.0002 0. 0002 0. 0002 0,0002 | 0.0003 0.0002 0.0002 0. 0002
Total sulfur, % 0.0003 0.0003 0. 0001 0,000t | 0.0003 0. 0001 0. 0001 0. 0001
Mercaptans, % 00| we---- ] mmemmm [ eemmen e mmeeee [ mmmeee ] e e
Oxygen, % 0.05 0.05 0.05 0.03 0.03 0.03 0.03 0.03

Agolid
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SYNCRUDE

YIELD{ 20 wt% (min),422-561K (300-550° F)
LEVEL { 40 wt% (min), 422-561K (300-550° F)

311-616K
(100-650° F)
(A (B)
AROMATICS, % (MAX) 40 20
HYDROGENATION | iypROGEN, % (MINY 1275 13.5
SEVERITY SULFUR, % (MAX) 0.5 0.2
NITROGEN, % (MAX) 0.2 0.1
(A) (8) (C) (D)
FINAL BOILING PT., 561(550) 616 (650)  561(550) 616 (650)
VOLATILITY K (%) (MAX)
SPECIFICATIONS| REID VAPOR PRESSURE, 20.7x10%(3) 20.7x103 (3) ------nn --enom-
NImZ (PS1) {MAX)
T A e —— 311 (1000 311 (100)
K (OF) {MIN)

Figure 1. - General process requirements.

800 —
900, L
soo 700l .’
700}~
él‘ s
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& = 500
-
300|—
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200
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WT. % Jé

Figure 2. - TOSCO shale oil distillation curve.



NITROGEN IN PRODUCT, WT.%

422 to 561 K (300° 70 5500 F)

WT. %

.0005’_ °© o ©
. 0050
. 0100
. 0200
. 0500}—
.1000—
. 2000—
. 500 I I | | |
1 .2 .3 .5 .7 1.0
SEVERITY = Fy/WHSY
{ | | | |
603 616 630 658
l TEMPERATURE, K l i
( [
625 650 675 700 725
T CF) ATWHSVY = 1
Figure 3. - Shale oil hydrotreating; 1BP-616 K
(650° F) cut,
38— A
36— O
34 L
R
30........
B
26—
24—
22 1 | I I | ]
0 45 0 55 60 65 10 75 80
% CONVERSION TO 616 K (650° F) AND LIGHTER
Figure 4. - Single stage hydrocracking 616 to 783 K Q;

650° to 950° F) shale gas oil.
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TBP, °K

311 TO 616 K 100° 7O 650° Fy

WT. %

800 —

700 —

600 —

500 —

4001—

00—

74—

70—

66

62

58

54

50

46

42

TLITY OF THD
REPRODUCIE e

ORKHN&&;PAGEISA

[ N R N N S

40

TBP, °F

45 50 5 60 65 70 75 80
% CONVERSION TO 616 K (650° F) AND LIGHTER

Figure 5. - Single stage hydrocracking 616 to 783K

(650°

1000

100
0

to 950° F) shale gas oil.

20 40 60 80 100
WT. %

Figure 6. - H-Coal liquid product distillation curve. Q @’;
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TBP, °K

% HYDROGEN (PRODUCT)

800

700

600

500

400

13,75

13.5

13.25

13.0

12.75

12.5

12.25

12.0

11.75

| ! l I

T8P, OF

1.0 2.0 3.0
SEVERITY = Fy X Fp/WHSV
Figure 7. - H-Coal hydrotreating.
1000 FRACTIONATION DATA
O 8IN STIL
00— O 4iN. STILL
A SIDE ARM VACUUM
800
700
600
00
400
300
| l | | | |
2000 20 40 60 80 100
WT.%

Figure 8. - COED oil distillation curve.



% HYDROGEN (PRODUCT}

13.75

13,5

13.25

130

12.75

12.5

12.25

| | 1 i

1.0 2.0
SEVERITY = FyIWHSY

Figure 9. - COED oil hydrotreating; IBP to 561 K (550° F).
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