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Abstract:

This investigation was made to determine the applicability of four catalysts to the hydrogenation of a
650° F.E.P. shale oil coker distillate. Two preliminary studies were made on an 850° F.E.P. coker
distillate to determine the optimum operating conditions.

The catalysts investigated were? (1) Harshaw's molybdenum oxide/ M0-0203-T-1/8", promoted with
indium, (2) Harshaw's molybdenum oxide promoted with palladium, (3) Peter Spence & Sons', Ltd.,
cobalt molybdate, 5/32 in., graphite base, and (4) Harshaw'S cobalt molybdate, Co-Mo-0201-T-1/8". A
Union" Oil Company cobalt, molybdate catalyst was used in the two preliminary studies. The indium
and palladium promoted catalysts were prepared in the laboratory at Montana State College.

The "investigations were conducted in a bench-scale pilot plant unit. The preliminary runs showed that
an operating pressure of 1000 psig. was more conducive to a successful hydrogenation process
for"shale oil coker distillate than was a pressure of 500 psig. Conditions used in the catalyst studies
were a reactor pressure of 1000Opsig., a space velocity of 1.0 gms. of oil per gm,, of catalyst per hour,
and the recycle gas rate was 7500 cu. ft. of 65 percent hydrogen, 35 percent methane, per bbl. of oil"
charged. The temperature was raised from 725° F. to 925° F, in increments of 50° F. every 24 hours
during each catalyst study. The average run length for each catalyst was 120 hours of on-stream
operation plus a 24-hour lineout period at the beginning of a series of runs and an eight-hour lineout
period between temperature increments.

The Spence cobalt molybdate catalyst was found to give "better nitrogen and sulfur removal than the
other three catalysts investigated. Palladium molybdate and Harshaw's cobalt molybdate were effective
catalysts, with the palladium giving the indication that it might be used,, effectively at higher
temperatures than the other catalysts. The indium catalyst gave good yields, 92.5 weight percent of the
charge at 875° F., but had poor denitrogenization properties.
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~ ABSTRACT

This investigation was made to determihé the applicability of four
catalysts to the hydrogefation of a 650° F.E.P. shale oil coke?¥ distil-
late. Two preliminary studies were madée on an 850° F,E.P. coker distil-
late to determine the optimum operating conditions.

The catalysts inVestigated were: (1) Harshaw's molybdenum oxide,
Mo=0203-T-1/8", promoted with indium, (2) Ha¥shaw's molybdenum oxide pro-
moted with palladium, (3) Peter Spenceé & Sons', Itd., cobalt molybdate)’
5/32 in,, graphite basé, and (4) Harshaw's cobalt molybdaté, Co-Mo~0201-T~
1/8", A Union 0il Company cobalt. molybdate catalyst was used in the two
preliminary studies. The indium and palladium promoted catalysts were pre-
pared in the laboratory at Montana State Gollege.

The investigations were conducted in a bench-scale.pilot plant unit,
The préliminary runs showed that an operating pressure of 1000 psig. was
more conducive to a successful hydrogenation process for shale ‘oil coker
distillate than was a pressure of 500 psig. Conditions used in the cata-
lyst studies were a reactor pressure of 1000 psig., a space velocity of
Y.0 gms., of oil per gm. of catalyst per hour, and the recycle gas rate was
7500 cu, ft. of 65 percent hydrogen, 35 percent mefhane, per bbl. of oil”
charged. The temperature was raised from 725° F. to 925° F, in increments
of 50° .F. every 24 hours during each catalyst study. The average run
length for each catalyst was 120 hours of on-stream operation plus a 24-
hour lineout period at the beginning of a series of runs:and an eight-
hour lineout period between temperature increments.

The "Spence cobalt molybdate catalyst was fouhd to give better nitro-
gen and sulfur removal than thé other three catalysts investigated.. Palla-
dium molybdate and Harshaw's cobalt molybdate were effective catalysts,
with the palladium giving the indication that it might be used.effectively
at higher temperatures than the other catalysts, The indium -catalyst gave
good ‘yields, 92.5 weight percent of the charge at 875° F., but had poor
denitrogenization properties, )
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I INTRODUCTION o

The investigation of oil.éhale as a possible source of commercial
fuels has been carried qn,by_the Bureau of Mines qf thé Uniped States
Department of the Inﬂerior since about 1925, From 1929 until 1944
however, very little investigation was conducted because of the ever
igc;gasing ﬁ?pp%Y_Of petroleum. In April of lth; the Synthetic Liquid
Fuels Act was passed by the 78th Congress for the purpose of investigating
possible sources of iiquid fuelé with which to supplement those derived
from petroieum° The passage of this act was pfompted by the heavy wartime
consumption of fuels which seemingly ‘threatened to deplete the nation's
oil_rgs_erves° It wgs\extendgd when peace time demands fof oil and oil
products surpassed peak requirements of World War II. In 1943 the con-
sumption of ligquid fuels was l°7 billion barrels while in 1953 it had
increasea to 3 billion barrels per year.-

It is true that supply has managed to keep pace with this deﬁand;

but only through imports of more and more, oil. These imports approached

one-half billion bargéls of oil in 1953, This fact alone Justifies the

- governmental appropriations to the Bureau of Mines so that new sources of

fuels may be. opened up to lessen thé nation's dependence on other
countries for}its fuels°

0il shale can be defined as a compact laminated rock of sédimentary
grigin.which contaiﬁs solid organic matter called "kerogen," that will yield

0il upon distillation. It is interesting to note that the word petroleum

" 1s derived from two latin words, petra and oleum, which mean rock and oil,

respectively. Thus petroleum means 'rock oil." The derivation of this
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word plu; the fact that oil‘shale was known'to exist and was used as early
as 169h in England and Scotland gives an indication of how long the
-knowledgg of 0il shale preceded the discovery of what is now knowﬁ as
petroleunm. . i _" 3 _ _ ~

The origin of oil shgle is belieYed to be quite similar to that of
coal. Beds of organic matter, vegetable spores, pollen, algae, shells of
minute crustaceans, etc., were depbsited at the bottom of Iakeé. Upheaval
of the lake bottom followed by erosion have laid bare the vast'stratifiéd
seams of oil shale.

The fields of oil shale that appear to be the most promising for
commercial exp%éitation_inut@e United States are those located'in Colorado,
Wyoming, and Utah. This is the Green Riyer-formation. This formation i§
‘approximately 17,000 5. mi, in area of which 9200 sq. mi. are in Wyeming,
520@ 5Q. m:i._° are in Utah, and the remainder is ig Co]_.orado° The Colorade
portion of the formatioq has been the most thoroughly investigated.
Estimates of p;rtly blocked and inferred shalé for this area indicate that
a 500-foot-thick measure, assaying 15 gal. per ton, contains a potential
reserve o? L94 b%llion‘barrels-of shale pilo The lowgr segment of this
measure, galled the Mahegany“ledge, is up to 90 feet thick and averages 30
_gal° per ton., This represents an estimated reserve, in place, of 126
billion barrels of shale oil. In this éone alone, the potential shale oil
reserve is_about four times the known petroleum reserve of this country.
Despite this large.reserve, development of oil shale resources has not been

of commercial interest because it was felt that oil could not be produced

as cheaply by mining oil shale as from the normal petroleumAcrude sources
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and that:the Petroleum reserves were qg%te_a@gquate. ~

As a result of the Synthetic Liquid Fuels Act, the Bureau of Mines was
enabled to set up a dgqonspration ﬁine along with reto;tiné and refining
facilitigﬁ near_thg ;mall mouqtain_town_of Rifle, Colorgdo._ Although this
venture cannot be classified as a commercial one, many companies, améng
which are some of themlarger oil'companies, have begun to express an
interest_%n the ﬁossibilities o€ utiiizing‘oi; shale. Union 0il Company,
in barticular, is said to have ﬁgdé considerable progress towards
comme;cializing 0ill shale as a fuel source (3_)° The Bureau Qf Mines also
has many cooperative agreemenﬁs with firms other than oil companies and with
‘various colleges anq'ugivérsities, among which is Montana State College.
Although industry has been slow to sée the possibilitiés of oil from shale,
the-engineering and cost data which the Bureau of Mines has obtained from
their research during the past several years, both at Rifle and at the shale
oil-laboratqry in laramie, Wyoming, is available for its use.

One of the biggest problems of the Bureau of Mines has been to develop
a safe, economical method of mining 0il shale. 1In order to produce eil
from shale economicaliy, the mining step has to be extremely efficient.
It has been known for years that the mining cests in surface workings are
less than in underground mines, The aim of the demonstration mine, i
therefore, haé been to literally take a quarry underground and adopt as
many surface mining techniques as practicﬁb}e to underground conditions.
The Bureau of Mines has developed such a method of underground mining,
called the room and pillar method, and have féund that 75 percent of the

Ll

0il shale could be safely removed leaving the other 25 percent to serve
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as pillar-type roof supports. Using the room and pillar type mining
method, a monthly average shale production up to 165 tons per man-shift
at an apgroximg?e cost of %O,EO per ton has Eeen aftained (9)," This
© represents about'25 times the production‘of the average American coal
miner,

Much of the research that has been conducted on the retorting oper-
atlen has been to develop a continuous type retort. When the operation
was first ?egun, a batch-type retort was used. A continuous retorting
process, called the gas~combustion process, has been developed and has
taken the place of the old NTU retort at.the demogstrqtign mine. In this '
process, the oil shale is re?orted as a downward moving bed heated by an
ascend%ng.strggm of hot combustion gases. The combustion gases are
genera@ed_by burning recycied product gas and carbonaceous residue from
the retorted shale directly‘in the shale bed. By controlling the rate
of cooling, the shale oil vapors are condensed within the‘retort_as a
fog or mist in the gas stream. Thus, shale o%l is removed from the shale”
bed in a liquid state and can be recovered without further cooling or
condensation., This fact brings out a distinct advantage for the gas
combustion retort over other retorﬁs; eg., it requires no water in an
area where water is extremely scarce.

The crude from the retort has been given some of the more common
petroleum treatments such as coking, visbreaking, fractionation, thermal
cracking, catalytic cracking, hydrogenation, and acid treating. The fuels
obtained from these processes are characterized by a high gum content,

high degree of unsaturatioh, high sulfur and nitrogen content, poor color

@
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stability, and an offensivg qdor suggestivenof py;idine, A gasoline and
diesel fuel, which were actually used in a truck and a traim, have been
ppta@ggd~by t@ermgl_craekigg and sulfuric acid treating, but the yield

was too poor to suggest utilizing that procedure for a commercial process.

In recent years, several processes in petroleum technology have been .

developed that are of in%erest in their applic%tion to shale oil., The
polyform process, catalytic cracking, and catalytic hydrogenation are
three of the procésses that appear to be promising. The polyform precess
employs the principle of crgcking naphtha and heavier oils in admixture
with varying amounts of gheap, gaseous hydrocarbons such as the propanes
and_?utanes. _Oafalytic cracking is a process for converting petroleum
fractions in the gas oil boiling range into gasoline and other lower
boiling hydrocarbons. The two processes may be combingd'to form a process
called catalytic polyforming. The effectshof this process on shale oil
were investigated by Crecelius (6). He determined that higher y%el@s of
gasoline were obtainable through this process than from_thermai cracking,
chemical treatment, etc., but that the quality of the products was not
materially -improved over other methods of refining shale oil. The
minimnm gum content, in particular, was still too great.

It has been suggested by various researchers on shale oil and the
products obtained fhereof, that the key to their instability might be the
presence of nitrogen. ' They feel that nitrogen either takes part in or
possibly catalyzes the gum forming reactions. The obvious answer to
solving such a problem is removal of the nitrogen. The Bureau of Mines

and others have demonstrated that by the use of destructive catalytic
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hydroge?atiqn,_eg., temperatures above 850° F, and pressures of 1000 psig.
or greater in the presence of hydrogen, both nitrogen and sulfur can be
essential}y_?e@ovgd from the product. ) ~ _ |

T@e fact tha@ the usual methgds of treating petroleum do not appear
gconom?cally applipable to the refining of shale oil, led the author to
investigate the possibilities of'a mild type catalytic hydrogenation
process. The investigation was initiated by determining the optimum
Qperating__cor_lditions° Once these conditions were established, a study of
the effects of seyeral differ?nt catalysts on th? milq hydrogenat?on of
a 6500 F.E.P. coker distillate was made., Tﬁe catalysts used and their

preparations are described on page 17.
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ITI EQUIPMENT, METHODS, AND MATERIALS
A EQUIPMENT

A schematic diagram of the unit is shown in Figure 1. The unit can be

divided into two main parts: (1) the reactor section and (2) the recycle gas

section.

_m?he reactor section consisted of a feed system, the reactor, and the
sampling facilities. The feed was pumped from a reservoir through 1/8 in.
ID high pressure ﬁﬁginless_steel ﬁubing_?nto the top of the reactor by a
HillsfMCCanqa Chemical -Proportioning Pump° The flow rate of thelpump wa.s
adjustable tq'any desired rate up to 1.02 galo./min° at 2900 psi.

~ The reactor was made from an 18 in. length of 21 in. schedule 80,
austenitic, stainless steel pipe and was designed to operate at a maxi-
mum pressure of 3000 psi. with a safety factor of 10. It was closed at
each end by a speéially desigped screwatypg fitting which was machined
here at Montana State College; however, because of difficuliy in obfain-
ing‘a satisfactqry seal, b?th ends were eventually welded permanently in
place, Three nichrome heafing coils, each approximately 33 feet long,
were beaded and wrapped around_the reaqtor which had first been wrapped
vwith asbestos tape. Another layer of asbestos tape covered the coils to
protect them against the magnesia mud layer which provided the necessary
%nsulation. The_@opiof the reactor was fitted w%th the necessary ?itf
tings, valves, etc., to provide for feed gas inlet, oil inlet, oil feed-

line bleed, vacuum line connection, blowout-disk exhaust system, and

thermowell. The thermowell was made from a length of + in. seamless,
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schedule 80, stainless steel pipe. It fitted into the top of the reactor
and allowed for the lgcating of three thermocouples at any desired point
along the vertical axis of the reactor,

At the bottom of the reactor, a condenser was connected by means of a
3/L in. schedule 80 union. Below the ;ondenéer was fitted a sample re-
servoir which was a short length of 2 in. schedule 80 pipe closed at both
ends py caps welded in place., The caps were tapped for 1/2 in. pipe.
gonnegteq to the ?esgrvoir as shqwn in Figure 1, wés a Jerguson sight glass
for liquid }gvel control. From this Jergugon through a valve, the sample
was d€awn off as dgsired in an 800 ml. Erlenmeyer flask. The non-con-
@ensable gases contained in the sample were passed through a series of
-three caustic.wash bottles and metered through the wet test meter before
being ve_nted°

Pressure in the reactor was maintained by use of a_Ma§on—Neilan air-
ﬁo-close valve_which was cogtrolled byra_Fisher-Wizard proportional con-
trql__ler° Thg power for heéting the reactor was furnished by two 260 volt,

3 amp Powerstats and one 130 volt, 7.5 amp Powerstat. Temperatures were

read direetly from a Leeds-Northrup indicating potentiometer connected to

ﬁhe.thermocouples, and adjustments of the Powerstats were made accordingly;

The recycle gas section consisted of a storage cylinder, compression
cylindér, feed gas cylinder, makeup gas cylinder with reéulator, r?ta—
meters, a recompression system, and‘the necessary valves, fittings; and
tubing, Thé surge or storage cylinder collected the gases which had

passed through the reactor and stored them until time to recompress them

back to the feed cylinder. Recompression was accomplished by pumping oil
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frem thé oillreservoir igdicaﬁed_in Figure 1, through a Pesco high pressure,
gear-type pump inte the bottom of the compression cylinder. The piping in
the recompyesgion system was done with 1/8 in. schedule 80 pipe and fittings.
?he Pesco pump was capab%e of dglivering 4.5 gpm. at 2800 RPM and'1200

pﬁi.g The_pump_was directly couple@ at a 3.2:1 pulley rétio to a Powr-

Kraft 1 hp. repulsion-induction-type electric mptor. High pressure
stainless_steel tqbing, fittings, and valves were used in the recycle

gas system.

T@e valves wernggke.%BZl needle valves with blunt spindles.' Tﬁe
rota@gters were Brooks Higﬁ Preésufe Indicating,Rbtameters and were
qu%ppeduwith a number of different weight floats which afforded a
fairly W%de range of flow rates. Flow through the rotameters was con-
trolled by two Hoke metering valveé.” ]

Tﬁé reactor heat qontrol PoWerstats, pressure controller, pressure
gages, rotameters, pump switches, and principal operating valves were

mounted on ‘a panel board to afford quick and efficient operation of the

unit,
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B METHODS

1. Catalyst Changeover

3y In order tq charge frqsh cgtglfst to’the"reactor,_it was tgken down
from its operational posipion within the unit, inverted, gnd t@e'used
catalyst gnd the alundgm balls were removed., The used catalyst was
QEreened to separate it from the alundum balls, part of which were thep
replaced in the reactor to serve as preheat media. One-hundred grams
9f new catalyst was placed in the reactor and énoqgh additional alundum
balls were added to completely fill it. A,ciréular wire screen, the size
of the opening through which the catalyst and alundum balls were added,
was used to support the contents of the reactor, The reactor, charged with
fresh éatalyst, contained a preheat section of about ten inches, a c;talyst
bed approximately 1.5 inches in depth, and about 3 inches of bottom suppert
for the catalyst bed. After the catalyst changeover was completed, the
reactor was replaced within the unit.

24 Sta?t"HE
Theiunit was placéd into operation by applying currént to the heat-

ing coils. When the temperature of the catalyst bed reached about 600°
F., the reactor was efacuated and the recycle gas flow was started. The
reactor was then pressurized by adjusting the back-ressure valve and the
flow of oil was sfar’ted° The desired ligquid-hourly-space velocity was set
on the ¥%113=MCCanna’pump by timing thg flow of oil_from a graduated reser-
voir with a stop watch. After the space velocity was adjusted ‘the reactor

was allowed to lineout for 24 hours before the taking of data was begun.
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Thg 0il in the regeerir was drained 40wn to the indicated mark on the
sample Jerguson; the feed reservoir was filled, and the feed bottle was
wgighed in order that a weight balance might be taken at the end of the

run. !

3. Hecyele Gas Procedures

Makeup gas was prepared here'at the laboratory bj metgring the de-
sired quantities of hydrogen and methape t@rough the.makeup rotameter
into the compression cylinder. The rotameter had been calibrated with both
gases for_this purpose, The makéup gas ranged from gé percent_hydrogen,
35 percent methane to 100 percent hydrogen., The desired result was to
malntaln the composition of the gas pa551ng over the catalyst bed as
near 65 percent hydrogen as possible.

A periodic check on the composition of the recycle gas ﬁas made at
the beginning of_the_series of runs and at the end of each run. A sample
of the recycle gas was taken by displacing water in a two-gallon, inverted,
glass bottle with gas from the feed éas cylinder. This gas was analyzed
in the loﬁntemperature fractionation unit in the laboratory. This
analysis is described later in thisﬁseétign?

The feed gas which. had p;ssed through the reactor was collected in
the surge and compression cylinders., When the pressure in the feed
cylinder had dropped fo approximately 100 psig. above the reactor
operating pressure, the collected gas was returned to the feed cylinder
by recompressing it. To accomplish this, the compression tank was
isolated from the system and the recompression pump was started. When

equal pressures were reached, the valve between the compression and feed
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tanks was opened and the compression continued, When the compression
cylinder was completely filled with oil, the pump was stopped, and the
Yalve between it_and the feed cylinder was closed. The valwe between
the compression tank and the oil reservoir was opened, and when the
pressures in the surge or storage tank and compression ténk were equal-—
ized, the valve conqecting thg two‘was opened. The pressure in the twé
cylinders was used to drive the oil back into its reservoir, thus com-
pleting the recompression cycle.

4o Sampling the Product

A sample of the product was taken evefy eight hours, three samples
making up a run. The eight-hour sample was a composite of the four
two-hour sémples on which the API gravities were taken,' At the time of
sample taking, the sample was drained down to the indicated mqu on the
sample Jerguson and weighed. The feed rgservoir was filled, gnd the
charge bottle was weighed'also° The sample‘weight and the charge weight
were recorded on the data sheet providing a weight bélance for the run.

5. Shut-down o

The ‘unit was.;hut down by stopping the oil feed'pump and shutting off
th ?owersﬁats to the reactor. Recycle gas flow was continued until the
regctor was cooled to about 2560 F. All interconnecting valves to the
reactor_and'between the'cylinders‘were closed after the gas flow ceased.
The air éupbly to the controller was shut off, -and the pressure was bled
from the lines leading to the back=-pressure valve. Once the control valve

was inoperative, the reactor pressure was vented, thus completing that

series of runs.
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6. ﬁnqlzses i

The analyses P§rfo;med %n ﬁhe studie§ were nitrggen_and sg}fgr deter-
miggtiqns, ASTM distillations, and'API gravities on the product; and low-
pempergture distillations.to determine the composition of the recycle gas
samples.

The nitrogen content of each sample was determined‘by usé of the
standard Kjeldahl analysis for nitrogen as set up by Boyd Guthrie et al.
(1) for shale oil and its fractionse Determination of the sulfur content
of each sample was made by use of the LamprraYimgtric method, D 90-50T1,
established by the -American Society for Tesﬁing Matérials (2). The ASTM
distillation procedure, D §6—54, was aléo taken from that source. Deter-
m}natiop of the specific gravity_of @h? product wés done W;th §~W¢st—
fg}l Balance. Conversion of specific gravity to CAPI was accomplished
with the equation,

oI = 141.5/s.8. ~ 131.5,

_The gas analysis equipment consisted of a well-insulated fractionating
gqlugg iﬂ_wﬁich condensation of the low boilling constituents of the gas
was accomplished by the use of liquid nitrogen. The overhead distillate
was collected and megsured.in thé&vipot “‘state under-reduced’ pressure,
'Using this method, the amounts of hydrogen, methane, ethane, and propane,

if any, present in the sample were determined.
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C MATERTALS
, The materials used for the hydrogenatlon studies were a 6500 F. and
an 850° F, E. P° shale oil coker distillate, hydrogen methane, and various
catalysts.

The Bureau'of Mines_supplied the coker distillates, the properties

of which are found in Tﬁble_Io ]

The hydrogen used for these studies was ob?ained_f{og~thg'Whipmo?e
Oxygen Company in Salt Lake City, Utah. The met§§ne"waé supplieq.py thg
Matheson Company of Joliet, Illinois.. The gas with the desired composition
 of hydroggn"aqd_@ethane was made up hergdgt“tthlapgratory.v‘

The"cata}ystg investigated were a cobalt-molybdate manufactyre# by
the_Harshaw Chemical Company, a cobalt-molybdate made by Peter Spence &
Sons, Ltd., and two cataly§ts made up here at the iaboratory; Harshaw's
molybdenum oxide catalyst promoted with (1) indium and (2) palladium.

The code letters and compositions of the catalysts may be found in Table II.
The two catalysts prepared here were made as follows: -

i Nine grams”of meta%lic indipm was dilssolved in 50 cc. of concentrated
nitriq acid. The resulping solution was evaporated to about 10 cc., and
enough water was added to make the volume up to 60 cc, This solution was
added to 100 grams of Harshaw Mo-0203-T-1/8mn pelletizéd molybdenum oxide
catalyst. Thirty-three cc. of the nitrate was taken up in the first
impregnation. The catalyst was-dried and given a second impregnation of

17 cc. Tt was again dried and then reduced for eight hours at 400-450° G,

in an atmosphere of hydrogen. It was estimated that 7.5 grams of elemental
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indium was added to 100 grams of the éata}y§§ suppqri}°
| } An aci& solution (12.5 cc. of concentrated nitric acid and 17.5 cc.
of wate{) of palladium nitrate (3;5"graqs) was impregnated im 100 grams
of garshawab-02034T—l/$“ molybdenum oxide catalyst. The promoted cata-
lyst was dried sloﬁly at about 609 C. in air, and thgn reduced in.a
hydrogen atmosphere at 350° C, for eight hours. It was estimated that 1.6

grams of palladium was added to 100 grams of the catalyst support.,
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_ I.IZ_[. DISCUSSION OF RESULTS _
After the design.and construction work on the unit was finished, a
series of shakedown runs were made to test it. Only a few minor cor-
rections were needed to ready the unit for the start of the hydrogenation

studies,

A 'Déte;migg@ion of the_Opti@um Operating gqhdiﬂiéhs

The first studies, runs 1 through 10, were aimed at determining the
gffgct of temperature and pressure on the hydrPgénation of an»850° F.E.Ps
coker distillg@g, Runs were made at both 500 psig. and 1000 psig. to de=
tgr@ine the effects of pressure on the hydrogenation process. The results
gf pho§§_runs,§rg shown in Tables III and Iv apd”Figures 2 and 3, . The_
gomposi?ions of phe reeyc;evgas are shown in Figures 8 and 9. The initial
temperature was 7259 F. at Which four two-hour éamples were collected and
composiﬁed after API gravities were fun on each one, The gravities were
used as a quick check on the activity of the catalyst. They were plotted
versus 9n-stream time, and the slope 9f the lin§ gave anAindication of the .
catalygt activity, Three of the eight?hogr compositg samples made“up a run,
and qitrogen and sulfur analyses were performed on each sample, At the end
of each 2L hours, the temperature was increased 500 ?, and another run was
made. The last run was made at 925° F,, thus completing that study. The
catalyst used was Harshaw's cobalt molybdate, Co-Mo-0201-T-3/16", The
space velocity was 1.0, and the recycle gas rate was 7500 cu. ft./bbl. (65
volume percent hydrogen). ‘ | -

It was found that the 1000 psig. pressure was more conducive to nitro-
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gen and sglfur removal than'thg lower pressure. A§~1000 ﬁsig, the sulfur
content of the 850° F,E.P. coker distillate was reduced to a minimum value
of 0.087 weight percent. This compared to a minimgm sulfur content of
0.39 weight percent when the charge stock was treated at 500 psig. The
minimum y&lue in each case was obtained at‘875° F. The minimum nitrogen
content for the 1000 psig. run was 0.85 weight percent and occurred at
875° F., while the minimum for the 500 psig,_run was l,géB weight percent
occurring at 825° F, Oyervthe entire range of temperatures investigated
the 1000 psig. study gave better results than did the study at 500 psig.

Figures 2 and 3 illustrate the correlation between catalyst activity'
and sulfur and ni@rogen contentvfor the 5OQ psig. and the 1000 psig.
studies, ;‘espectively° They showed definitely that the denitrogenation
and Qesulfurigation properties of the catalyst dropped off as it was de-
activated, For both studies it was noticed that the activity level of the
catalyst remained fairly constant within a run at a given temperapure, anq
that it increased with a rise in temperature up to 925° F, At that time a
rapid deactiﬁaﬁion occurregi° Figures 8 and 9 show that during the 925° F.
run the hydrogen qontent of thé recycle gas dropped“off rapidly. It was
suspected that this effect was caused.by a greatly increased hydroggn _
consumption at that high temperature, The decrease in hydrogen content
could possibly have had a bearing onlthe rapid deactivation of the cata=
lyst, but it was believed that most of the deactivation occurred as a
result of the increased carbon lay-down on the catalyst due to increased
cracking at 925° F,

On the basis of the data obtained from the above studies, it was
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eoncluded that a 1009 psig, operating pressure was more conducive to the ,
successful hydrogenation of a shale oil coker distillate than was a pres-
sure of 500 psig.? and that the optimum tempgrature appeared to be 8750 F,

The .effects that_fopr different”catalysts had on the hydrggenation
o?"a 650° F.E.P. shale oil coker distillate were investigated in an
effort to uncover a suitable catalyst with which to treat shale oil and
its fractions. The catalysts used were: (1) Harshaw's molybdenum oxide
patalyst promoted with indium, (2) Harshaw's molybdeﬁum oxide catalyst
promoted with'palladi?m, (3) a gréphite baée cobalt molybdate catalysf
ob@ained frgm Peter Spence & Sons, Ltd., and (4) Harshaw's cobalt molyb-

date catalyst.

B. Harshaw's Molybdenum Oxide Catalyst Promoted with Indium

The series of runs from 12 through lg were made using the. indium
molybdate catalyst. The runs were made on the 6500 F.E.P, coker distil-
late using a bressure of 1000 psig., space velocity of 1.0, recycle gas
?ate of 7500 cu. ft./bb¥.{ and temperatuyes beginq?ng aﬁ’7%§6'Ff_aqq going
to 925° F. by 50° F. increases every ZL hours. The properties of the
aharge stoék are shown in Table I, Results of the runs are shown in Table
V and Figure 4. The compositioh of the recycle gas during the runs is
shown in Figure 10,

In Figure 4 i@ can be noticed that the aqtivity of the catalyst in-
creased wi@h egch temperature increase up to the start of the run at
925° F, At that time a rapid deactivation occurred and was due in part
to the high temperature effect on the catalyst; however, in Figure 10,
the recycle gas compositien for that run, run 16, is shown to have dropped

- from about 65 percent‘hydrbgen to 40 percent hydrogen. This was probably
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qgusgd ?ynan incygase ;n the hydrogen c§ﬁ§umption pate, The makeup gas
at the.time was only appfoximatély”65 percent hydrogen, simce it was not
known that the rate at which hydrogen was consumed would increase that
drastically at 925° F. _ » | >

The nitrogén and sulfur contents of each sample are also shown in
Figure L., The low vglue in gach'case occufred within the 875° F. run.
This corresponds to the point where the catalyst activiﬁy was the high—
est. The best nitrogen and sulfur values were 0,87 and 0.172 weight per-
gent, rgspgctively; Thgse compare to 1,65 welght percent n%trogeg and
0.63 weight percent sulfur in the charge stock. The indication, there~
fore, would seem to be that this catalyst was’bettér for.remoﬁing sulfur
than nitrogen. The nitrogen content should be reduced still fu?ther, but
the sulfur cohtenf is well within the 0,25 weight percent limit which
is set as a standard for'petfoleum gasolines on'the market.

'C. Harshaw's Molybdenum Oxide Catalyst Promoted with Palladium

) ’Thg sgries of runs from 17 through 21 were made using the palladium
molybdatgucatalyst. The study was made us;ng the 6500 F.E.P. coker
distillate aé the charge stock, a reactor pressure of 1000 psig., space
velocity of 1.0, a recycle gas rate of 7500 cu,.ft,/bbl., and temper-
atures beginning at 725° F, and going to 9250 F. by 50° F, increases. every
24 héu;'s° Results of the study are shown in Table VI and Figure 5.

Figure 11 'contains the recycle gas composition date.
The activity of the catalyst appears to have increased with each in-
crease in temperature, but a decline was again noticeable during the 925° F.

run. Although a makeup gas of 80 percent hydrogen was used during that
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period, thg recycle gas composition dropped to about 58 percent hydrogen.
?his ;Qdigatgd_that the hydrogen was again being consumed at a faster rate
than it_was being added. N
“"With this cgtqust thellow valges for nitrogen_pontent, 0.409 weight
percent, and sulfur content, 0,022 weight percent, were obtained at 925°_Fo
The effect that the decline in catalyst activity had on nitrogen and sulfur
was not as %ot;ceable’as'with the indium catalyst. However, at that high
tempergture, the product yield had d?opped from 90_tq 70 Weight per-
cent of_thé charge. At lower temperatures, 825° F, and 875° F., satisfact-—
ory sulfur elimination was gccompgnied by yields of greater than 90-per-
cent. This would indicate that 975° F, was a satisfactory témperature at
which t9 operate. |
Both thg nitrogen agd the sulfur determinations indicate that the
palladium catalyst is definitely superior to the indium catalyst. Even
at“thﬁ lower temperatures, 725° F, andu775° Fo, thg palladium catalyst

yielded a product with a higher API gravity and a considerably lower sul-

fur eontent.

D. Peter Spence & Sons, Ltd., Cobalt Molybdate Catalyst

The study of the Spence cobalt molybdate catalyst was made in runs
2? through Zg, This catalyst was supported on a gfaphiteétype base in-
stead ;f alumina as was Harshaw's cébalt molybdate, The¢ data cdliected
is shown in Table VII and the résults are plotted in Figure 6. The
recycle gas composition data is contained in Figure 12. The charge stock

used was the 650° F,E.P. coker distillate. The reactor pressure was
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%OO P?igi’ the space vg;o9ity was l.Q,_the rgcyclg gas rate_was“75QO
cu. ft./bbl., and the temperature was started gt ?2§° F,"apd raise@ to
925° F. by 50° F. increases every ZL_hourg, The catalyst pellet diameter

was 5/32 in. as compared to 1/8 in. for the“other catalysts. i

The APT gravities of the samples from,thesg runs were.on th average
gbout AO_API higher than the gravities on the samples from the indium
investigation and were somewhat higher than those from the palladium
study. This fact was probably due to the higher hydrogen content of the
recycle gas, By comparing Figures 10, 11, and 12 it was found that the
average hydrogen content of the reéycle gas during the Spence catalyst
study was 75 percent as compared té about 65 and 70 pércent for the
indium and palladium studies, respectively. .

The best product from this study had a‘nifrogen content of 0,371
weight percenf and a sulfur content of 0,018 welght percent. Both lows
occurred during the 875° F. run, as did the best values for the indium
and’pallaQiu@ catalyst %nvestigations, Above 875°“F._the pfoduct yield
droppgd fo.touééuweiggt.pgrcent”of the gharge: At 875° F, phg yield.
was about 83 percent, and glthough the yield of the in@iuﬁ catalyst was
bettere 92.5 Percent, the ability of the Spence catalyst tQ_denitrogenizer
and desulfurize seemed to be better. The palladium catalyst also gave
better yields than did the Spence catalyst, but was not as efficient for
removing nitrogen and sulfur. Perhaps the difference in hydrogén‘content

of the recycle gas could have had a bearing in the performances of.the

catalyst.,
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E. Harshaw's Cobalt Mp}ybdqﬁé C;ﬁquét

The rgsults"of tpe Ha?shaw cobglt mglybdate study are given'in Table
VIII and Figure 7. The recycle compositions for thege runs, 27 through 31,
are shown in Figure 13. Ihe charge étock and the conditiong were tpe same
used in the other studies; eg., 650° F.E.P., coker distillate, 1000 psig.;
space Yelopify of 1.0, recycle gas rate of 7500 cuw., ft./bbl., énd tempera-
tures from 725° F. to 925° F. ' Q

As was the case with the Spence cobalt molybdate, ﬁhe recycle gas
qompositign was considerably higher for this investigation than the de-
sired“65 percént hydrogen, 35 percent methane. The Bureau of Mines
neported that recycle gas rates of pure hydrogen above 3500 cu, ft./bbl.
had_ye?y little”noticegble effect Qn_incrgasing the quality of the pro-
duct, but that below about_2000 cu. ft./bbl. the product quality ae—
cygased rapidly. It is quite possible that a similar correlation might
exist for the hydrogen content of the recycle gas; eg., increasing the
percent hydrogen in the gas to above 65 percent may have very few bene-
ficial effects, but below that standard the product quality might become
increasingly poor, .

bnce again the best nitrogen and sulfur removal occurred at 875° F,
The low values were 0.057 weight percent sulfur and 0,642 weight percent
nitrogen. Considerable catalyst déactivation occurred at 925° F., and the
product yield dropped to-as low as 49 weight percent of the charge. The
yield was only 78 weight percent at 875° F. The Bureau of Mines at a
temperature of 850° F. using cobalt molybdate and a pressure of 1000 psig.

obtained yiélds of about 92 weight percent. The reason for the lower
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yields is not known.
Table IX gives a tabulated comparison between the 875° F, runs for

each catalyst studied. ‘

Table IX and Figure 14 present the data and results of the ASTM
distillations of the 875° F. run for each catalyst. This run was chosen
because in each case 875° F., appeared to be the temperature at which each
catalyst performed best. The distillations were done on a composite
sample for the run; eg., the three eight-hour samples were_gomp9§ited
to givé a uniform sample for the 24 hou? run, The ASTM dispillation
curve for the 650o F.E.,P. coker distillatg chargﬁ.stock is_also included
in Figure_lh,_ A1l cgrveé were correc?ed.po 769 mm. of mercury. )

The palladium catalyst and ﬁhe Spence‘cobalt molybdate'gave the high-
est percentages of material boiling in the gasoline range (considering the
gasoline boiling range to be below 400° F,). - They yielded 62 and 60
volume percent, respectively, Forty-seven volume percent 6f the 8750 F.
sample frqm_the indium study was in the gasoline rangé, while 52 volume
percent of the same sample from the Harshaw cobalt molybdate investi-
gation boiled below 4O0® F, The remainder of the material in each case

boiled within the boiling range of diesel fuel.
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IV SUMMARY

A COmpéri§on_of the 8750 F. runs formgaph catalysp is sﬂown in Table
IX. Themdata from ﬁhqse runs was well suited as a basis on which to make
a comparison. The catalyst bed temperature which was_supposed to be
875°_F° or.468° C. varied no more than 5° C. for any cataly'st° The hydro~
gen_content'o? the recxcle gas was fgirly constant for all fgur runs, not
varying more thag a maximum of 7 percent. The pressure was constant at
1000 psig., ahd thg_space veloqity was essentially 1.0 at ail times,

On the basis of the data obtained_in the investigations, the Spence
cobalt molybdate appeared to be the best. It gave better nitrogen and ‘
sulfur_removal and yiglded a produgt which contained gbout'éqthlumg per=
cent of material boiling in the gasoliné range. The charge stockuéontain-
ed 30 volume percent gasoline boiling range material, The product yield
frqm the Spence catalyst was 83.3 weight percent of the charée which was
bgttgr than the yield from the Harshaw cobalt molybdate, but not as good
as that obtained from the indium or palladium promotea catalysts,

The“palladigm catalyst at 925° F. gave results which were almost as
good"a§‘thbse ob@ained from the Spence cobalt molybdate at 875° F., but the
product yield was poor, about 75 weight percent. This was the only catalyst
in%estigated which did mot show a decline in sulfur and nitrogen remoﬁing
properties, when the temperature was raised from 875° F. to 925° F, It is
possible that this catalyst could be used at higher temperatures if the
" yield could be enhanced,

The other two cataiysts, Harshaw's cbbalt molybdate and the indium

molybdate, were less effective than the Spence cobalt molybdate and the
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palladium molybdate. The Harshaw catalyst had poor denitr9éenizipg”pro—
pertie§ and gave low product yields above 825° F, A more thorough in-
Yestigatign shqulq:be gqndugtgd @q determineithe reasons fqr the dif—“
ferences_in results‘obtained in these stu@ie§,%nd ?ho;e obtained by the
Bureau of Mines., Thay fouqd H§rshaw's cobait molybdage-catalyst to be
very effective, The indium catalystﬂgave good product yields, but it
had poor nitrogen and sulfur rgmoving properties.

The critical hydrogen coﬁtent of the recycle gas is believed to in-
crease with increases in temperature, The effect was particularly qotice—
able at 925° F, This was probably due to increased hydrogen.consumption
at the higher tem;ﬁeratures° The only corrective measure found to be of
value was to use a makeup gas during that_period of increaged‘hydrogen
consumption which had an 80 percent or better hydrogen content. A more
thorough study of the effects of recycle gas composition should be made
in order to determine their bearing on the shale oil hydrogenation pro-

LY

cess,

) A study of physical effects should be made to determine the extent
of their bearing on the process. It is kn;wn that the Bureau of Mines
rece%vﬁd'coqsistently‘better nitrogen and suler removal us;ng the same
conditions at which these investigations were made. Reactor shape'factor
appears to have resulted in that difference; eg., the Bureau's catalyst
bed was 35 in. long, and the reactor was 1.5 in. in diameter. The

reactor used in these studies was 2.5 in., in diameter, and the catalyst

bed was 1.5 in. thick.
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TABLE I

PROPERTIES OF THE CHARGE STOCKS

Charge StocKeseossossesssesCOker distillateo..°65b° Fo E.P, 850° F, E.P,
GravitYeoosescoocsocsssccssss CAPT at 60° Foo.a. 35.4 25,4
Viscosity, SeUe at 130° Feooseso5eCONdSacaoasse 31 43
SULfUTe sacosccsancsccascssonsscalibo Booosassoos 0,63 0,63
NitrOgeNosoccceocosocacosscscase " ososscosco 165 1.95
ASTM Distillation (corrected to 760 mm. of Hg):

IBPsoooccoccsceccooooe Fo oooeooooos - L1OL 113

10 #ooccoocccocoososae ¥  cecenveces 297 385

20 Moeoeooscccsococoos "  soscssecss 354 L5

30 M"yo0000000sc000000s ' oeoesseass 396 525

KO Myuseseensocosesose ' cococeeses 432 | 570

50 Meveonnoennssooones M cassoseens bk 620

60 Muvrevoceovossoncos ' sosceesece  L92 665

70 Moroeoevesesssssose ' ececeseces 522 710

80 M"go00000000000000000 ' ccccbescees DDh 760

90 "ceoo000000000000000 '  cececcesces  DIL 805

L - 1 Cut Point

.Recover'y‘ooeonoeooooooovoj-o %aoooooeoa 9800 89°O
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TABLE II

IDENTIFICATION CODE AND COMPOSITION OF CATALYSTS USED

Catalyst and Composition Identification Code Manufacturer

Cob3lt Molybdate : Co~Mo~0201-T-1/8" Harshaw Chemical Co,
.95 % Mo03 ‘

Cobalt Molybdate Graphite-type Pel- Peter Spence & Sons,
2.5 % Co0 ~ lets, 5/32" diam, Ttd,
14.0 % M003
Graphite Base

Molybdenum Oxide * Mo-0203~T-1/8" Harshaw Chemical Co,
16 % MoOg
79 % Alo03
5 % Si0p

3* The indium and palladium catalysts were prepared by impregnating
Harshaw's Mo-0203-T-1/8", Molybdenum Oxide catalyst.
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