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Abstract:

Desulfurization studies utilizing a No. 3 fuel oil and a vacuum heavy gas oil (from Husky Oil
Company, Cody, -Wyoming) containing 2.176 percent sulfur and 3.18 percent sulfur respectively were
carried out on Harshaw's (Harshaw Chemical Company) molybdenum oxide and cobalt molybdate
catalysts, -A critical hydrogen content (minimum amount of hydrogen present in a recycle gas
necessary to produce an oil containing less than 0.5 percent sulfur) for cobalt molybdate after 1568
hours of operation on No, 3 fuel oil was less than 40 volume percent hydrogen.

Cobalt molybdate and molybdenum oxide catalysts were compared as to activity and life, In every case
the cobalt molybdate catalyst proved superior to the molybdenum oxide catalyst, -Preliminary
desulfurization studies were made on a crude tower overhead containing 0,874 percent sulfur from
Continental Oil Company at Billings, Montana, The oil was desulfurized to less than 0,163 percent
sulfur during 128 hours of operations, The catalyst used was Harshaw’s Cobalt molybdate. The recycle
gas for desulfurization contained less than 35 volume percent hydrogen.

Two oils containing 0.600 percent sulfur and 1,28 percent sulfur from Farmers Union Central
Exchange at Laurel, Montana, were desulfurized with Union Oil Company’s cobalt molybdate 3/16"
catalyst to less than 0,109 and 0.534 percent sulfur respectively. The recycle gas contained less than 18
volume percent hydrogen, -Data was collected on the effect of regeneration of an activated bauxite
(Cyclocel) catalyst after desulfurizing an oil blend containing' approximately 0,8 percent sulfur.
Regeneration decreased catalyst life, but seemed to increase the initial catalyst activity.

All research was carried out in bench scale equipment.
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ABSTRACT

Desulfurization studies utilizing a No. 3 fuel oil and a vacuum heavy
gas oil (from Husky Oil Company, Cody, Wyoming) containing 2,176 percent.
sulfur and 3,18 percent sulfur respectively were carried out on Harshaw!s
(Harshaw Chemical Company) molybdenum oxide and cobalt molybdate catalysts.

A critical hydrogen content (minimum amount of hydrogen present in a
recycle gas necessary to produce an oil containing less than 0.5 percent
sulfur) for cobalt molybdate after 1568 hours of operation on No, 3 fuel
0il was less than 40 volume percent hydrogen.

.Cobalt molybdate and molybdenum oxide catalysts were compared as to
.aetivity and life, .In every case the cobalt molybdate catalyst proved
superior to the molybdenum oxide catalyst.

Preliminary desulfurization studies were made on a crude tower over=
head containing 0,874 percent sulfur from Continental Oil Cempany at
Billings, Montana., The oil was desulfurized to less than 0,163 percent
sulfur during 128 hours of operations. The catalyst used was Harshaw’s
cobalt molybdate, The recycle gas for desulfurization eontained less than
35 volume percent hydrogen.

Two oils containing 0,600 percent sulfur and 1.28 percent sulfur from
Farmers Union Central Exchange at Laurel, Montana, were désulfurized with
Union Oil Company's cobalt molybdate 3/16" catalyst to less than 0,109 and
0,534 percent sulfur respectivély. The recycle gas contained less than 18
volume percent hydrogen,

-Data was eollected on the effect of regeneration of an activated
bauxite (Cyclocel) catalyst after desulfurizing an oil blend containing
approximately 0.8 percent sulfur. Regeneration decreased catalyst life,
but seemed to increase the initial catalyst activity,

A1l research was carried out in bench secale equipment,
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. INTRODUCTION

About 35 percent of all crude in the United States may be considered

high in sulfur (above 0,5 percent) with nearly all of the high sulfur crude

coming from California and West Texas., Gulf coast crudes are usually'iow

in sulfur, while the Mid Continent area has about 25 pereeﬁt of its pro~

duction classified as high sulfur crude (1).

Sulfur may occur in petroleum as free sulfur, hydrogen sulfide, mer-

captans, sulfides, disulfides, cyclic sulfides, and thiophenes (2),

Elemental sulfur and its compounds in petroleum products are undesir-

able in the following respects:

1,
2o
3.
Lo

‘Have undesirable odor

Are corrosive or are potentially corrosive
Have poor color stability

Give off acrid fumes when burned

Many successful and economic processes havé been developed to éither

remove or convert sulfur compounds found in light distillates to less

objectionable forms.: Generally these processes are either extractive or

absorptive and do not remove the more complex réfractory compounds found in

- heavier distillates,

Husky Oil Company at Cody, . Wyoming, is manufacburing petroleum products

from a high sulfur Wyoming (Mid Continent) crude oil, Husky's No, 3 fuel

0il contains between 2.0 and 2.2 weight percent sulfur.

For the past four years Husky Oil Company has sponsored research

projects concerned with reducing the sulfur content of their Wo., 3 fuel oil




to 0.5 weight percent or less,

G

The first work was done by P. A, Haas in 1950-1951 (3), He investi=

gated the use of nickel oxide as a catalyst for desulfurization of fuel oil,

Various nickel oxide catalysts were tested under specified conditions of

temperature, space velocity, hydrogen rate, and oil recycling in a glass

reactor,

The results of the study were summarized as follows:

1.
2,

30
be

50

Te

Desulfqrization was independent of temperature
between 600=675°F,

{
The nickel oxide catalyst desulfurizes as a
chemical reagent.

Tnactive forms of nickel oxide existeds

Desulfurization depends directly on total contact
time, seemingly independent of whether the time was
from one or more passes,

Hydrogen rate did not seem to be a critical faector
except that high rates reduced the contact time,

Oxidation of nickel sulfide with air produced nickel
sulfate, which had no activity as a desulfurization
agent,

Nickel oxide prepared by decomposition of nickel
hydrox1de and nickel carbonate pre01p1tated from
solutions could not be activated with air or hydrogen
to produce active desulfurization catalysts.

Working concurrently with Haas were J, -W. Coykendall (L) and 0. -J.

Koski (5) o

The investigation by Coykendall was concerned with the desulfurization

activity of a régénerated nickel oxide catalyst. His results were the

followings

L

Active nickel oxide catalysts may be. prepared by dlssolv1ng
spent catalyst in sulfuric acid, preeipitating the carbonate,




2,

aem

and caleining the precipitate in an air stream in the
neighborhood of 800°F,

Fresh Harshaw (Harshaw Chemical Company) catalyst containing
53.24 percent nickel, 4,47 percent earbon, 17.34 percent
silica, and 24.95 percent oxygen and Gwynn catalyst containing
38,44 percent nickel, 2,22 percent carbon as graphite, 0,15
percent carbon as carbonate, 37 percent silica and 22,19
percent oxygen show & decrease in activity upon caleining at

temperatures in excess of 100C°F.
\

3. Nickel oxide acts beth as a catalyst and a chemical reagent in

desulfurizing fuel oil,

Koski (5) made desulfurization studies at atmospheric pressure with

the following catalyst in 500 gram sampies:

1.

2,

3.

ks
56

Chrome alumina
Molybdena alumina
Cobalt molybdate

Acid activated alﬁmina

Acid activated bauxites

The conditiéns were 418-4229C, space velocity of one, and hydrogen

rate of 482 SCF/bbl of oil, Of these catalysts the acid activated baux~

ites gave the maximum desulfurization of 1,01 percent suifur.

In a pressure reactor using 1000 grams of catalyst, both molybdena

alumina and cobalt molybdate gave a product oil containing less than 0.5

percent sulfur,

Koski stated that with molybdena alumina the following factors all

decreased the sulfur content of the effluent oil:

1.

2.

Pressure up to 500 psig

Temperature up to 430°C

3, Hydrogen to oil ratio up to 750 SGF/bbl of oil
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‘The following year, 1951-1952, R, J. Fischbach (6), B. L..Munro (7),

and K, J, Green (8) continued the work upon desulfurization,

B, J. Fisehbach (6) carried on the desulfurization studies concerned

with nickel oxide., The study was made of catalyst activity with réspect

to various procedures of syntheses of nickel oxide catalyst. A catalyst

dried at room temperature showed more activity than one which is dried at

2259F or calcined at 850°F,

All nickel oxide catalyst studied required chemical methods of re-

generation and disposal of ﬁhe by=product sodium sulfate. The .regeneration

of such a catalyst is inherently uneconomical and impractical,

The work by Koski was continued by Munro (7) and Green (8), They

investigated the following hydrodesulfurization catalysts:

L.

2o
3.
be
56

Activated bauxite (cyclocel)
Molybdena alumina

Cobalt molybdate

Molybdenum sulfide

Tungstic sulfide

A nickel oxide catalyst was briefly studied at hydrodesulfurization

conditions (300-500 psig hydrogen pressure, 375=430°C, and space

velocities of 0,75 to 1,3 gram oil per gram catalyst per hour)e

Cobalt molybdate, molybdenum sulfide, and molybdena altmina catalysts

produced oil containing less than 0,5 percent sulfur,

At conditions of 500 psig and j10°¢ molybdenum sulfide catalyst pro-

duced oil containing less than 0.5 percent sulfur in excess of 2000 hours

with space velocities in the neighborhoed of 0.6,
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Using a gas mixture of hydrogen and methane they found that oil con-
taining less than 0.5 percent sulfur could be preduced from a gas contain-
ing 45 perqent methane and 55 percent hydrogen; with space velogitieg 1é$s
than 0,45 while using the molybdenum sulfide catalyst, This catéiyst was
not adversely afféctedbby regéneration with air, in fact, the activity"
after regeneration was twice the original activi’f.y° The activated bauxite
catalyst successfully desulfurized a Nos 1 fuel oil from 1,09 percent
salfur to less than 0.5 pércent suifﬁr'while desulfurization of No, 3 fuel
0il was unsuccessful as the prodﬁct_bil had from 1.1 to 1.9 ﬁércent sulfur |
in 100 hours of operation. )

With the knowledge that pure hydrogen.was nbt necessary for successful
desulfurization, .J, R. Hartwig.(9) and F, .C, .Silvey (10) directed their
efforts toward the use of an effluent gas (89.1 percent hydrogen, 3.5
percent methane, 1.5 percent ethane, 2.5 percent propane; and 3.5 percent
propylene) from a cétforming unit for a desulfurization atmesphere.

Hartwig (9) studied the effect of gas recycle on desulfurization with gas
consumption being the main objective, The results with a molybdenum oxide
catalyst ﬁére 140 SCF/bbl of oil and 250-300 SCF/bbl of oil for pure
hydrogen gas and catforming gas respectively.

Silvey (Ioj.reported that both cobalt molybdate and molybdenum oxide
gave successful desulfurization results when used in conjunction with
catforming gas for the desulfurization atmosphere.

The studies were carried out at 500 psig 415°C and a liquid space
" yelicity of 1., The cobalt moiybdété'catalyst showed a considerably higher

activity and longer catalyst life than.the molybdenum oxide catalyst.
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After 480 hours of catalyst on stream time, Silvey found that the critical
hydrogen content.(minimum amount of hydrogen necessary to produce an oil
with a sulfur content less than 0.5 percent) was approximately 83 percent
by volume,
The data obtained by Koski (5), Munro (7), and Green (8) permittéd

development of a process to desulfurize Husky's No. 3 fuel oil, Data by

" Hartwig (9) and Silvey (10) supplémented by previous data, were the basis

\
for the design of a desulfurization plant constructed at Cody, Wyoming.

The prime purpose of this research was to continue to gather data so
that a comparison may Ee made of Harshaw's (Harshaw Chemical Company)
molybdenum oxide catalyst, Harshaw's cobalt molybdate, and Union 0ills
cobalt molybdate with regards to critical hydrogen content, and catalyst
activity after repeated regenerations,

In addition to this research, preliminary research was carried out on
the desulfurization of oils from the Continental Oil Company refinery
and the Farmers Union Central Exchange refinery at Billings, and Laurel,
Montana, respectively. The desulfurization a?mosphere was to. be an
effluent waste gas from each of the two (refineries. Conoco's oil for
desulfurization studies was their crude tower overhead Eaving afgfévity
of 43,6° A.B,I, at 60°F, an I.B,P, (initial boiling point) of 1389F, an
E. P. (end point) of 620°F,'aﬁd containing 0,874 percent sulfur, The
desuifﬁrization was to be such that the overhead distillate of 350-375°F -
end point would contain not more 0,1 weight percent sulfur while that
portion of the fraction remainingjwoﬁld contain not more than 0,25 percent

sulfur, Conoco's gas for the desulfurization atmospheré was made up of
i~
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35.6 percent hydrogen, 9.2 percent nitrogen, 32,0 percent methane, 7.8
percent ethylene, 10,1 percent ethane, and 5.3 percent propane plus,

Farmers Union's oils were a No. 1 burner oil and a diesel fuel, The
burner fuel had a gravity of 41.4° A.P.I. at 60°F, an I.B,P, of 334°F, an
.E,P.'of 5340F, and a sulfur content of 0,600 weight percent. The diesel
fuel had a gravity of 34.2° A.P.I. at 609F, an I,B.P. of 1;06%, an E.P, of
60603, and a sulfur content of 1,28 weight percent. The gas for desulfur—
ization was to be similar to waste gas streéam off from Farmers Union!'s
catalytic cracking unit. This gas was made up of 10,5 percent hydroegen,
13,9 percent’nitrogén, 27.9 percent methane, 15.5 percent ethane, and the
remaining géses being hydrégen sulfide, carbon diexide, carbon monoxide,

oxygen, ethylene, and some Cg's and Cy's.
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EQUIPMENT

A schematic flow diagram of the desulfurization unit is illustrated
in Figure 1., The unit may beldivided into two parts, the gas recycle
section and the reactor and condenser section, Figure 2 is a detailed
working drawing of the réactor and condenser section,

¢ The géé recycle secticn consistéd of a surge vessél, a compressién
- vessél, and a feed vessel, The surge and compression vessels were number
two gas cylinders., The feed vessel was alnumber one gas cylinder, |

The piping used in the unit was 1/8~inch stainless steel high ﬁressure
tubing.except for the reactor section and the recompression oil lines of
the gas recycle system. The piping for the reactor section is illustrated
in Figure 2, fhé piping for the oil lines of tﬁe‘gas récycle system is
of 1/8=inch schedule 40 black iron pipe.

During the first part of this research, a two cylinder Hills-MeCamma
high pressure proportioning pump was used as the compression pump, This
pump had a capacity of four gallon; per hour. The present pump is a Pesco
-gear pump-capable of bumping;z.ﬁ géilons per miﬁute continuously at 1200
psige. | ‘ |

The reactor pressure was maintained at a relatively constant value by
means of a Mason-Neilan small volume air~to-close back pressure valve,
This pressufe regulator was controlled by a Fisher=Wizard proportiohalf
controller,

Current was suppiied to the three reactor heating coils by three
120-volt autotransformers. Alundum balls were used as a preheat media.

The reactor tempefature was measured with iron-constantan thermocouples in
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conjunction with a Leeds-Northrup indicating potentiometer.

MATERIALS

Catalysts for this research were Harshaw's cobalt molybdate, Union
0il Company's cobalt moiybdate and Harshaw's molybdenum oxide. The data
for these catalysts are presented in Table I, _ §

0ils from Husky Oil Company, Cody, Wyoming; Continental 0il C;mpany,
Billings, Montana; and Farmers Union Central Exchange, Laurel, Montana,
were used in the research féported herein., Inspection data for these oils
cah be found in Table II,
Gases used in the recycle system were the following four:
1. Methane
é. . Catforming gas
3., Continental 0il Company waste gas
Lo Farmers Union Central Exchange waste gas

All gases were obtained from The Matheson Company, Fast Rﬁtherford,
New Jersey.,

The composition of the catforming gas was 89,0 percent hydrogen,

3.5 percent methane, 1.5 percent ethane, 2,5 percent propanhe, and 3.5
percent propylene,

The composition of Conoco'!s waste gas was 35,6 percént‘hYdrogen, 9.2
percent nitrogen, 32,0 percent méthane, 7.8 percent ethylene, 10,1 percent
ethane, and 5,3 percent propane plis.

The composition of Farmers Union's waste gas, with modification, Was-
18,3 percént hydrogen, 24,2 percent nltrogen, 48,6 percent methane, 4.2

percent carbon monoxide, and h 7 percent carbon d10x1de. :
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METHODS

The}desulfurizatioh unit was put into operation by applying electri;
city to the heating coils. During the heatingéup period, gas flow was
starteéd and the reactor pressure was maintained at the desired operating
pressure (500 psig or 800 psig)., When the catalyst temperature reached
320-3L00C the oil }1ow was started and the space velocity was adjusted to
fhe proper rate., Data was taken as soon as the oil flow was started.

The product oil wasICOllected in an@ allowed to drip slowly from the
sight glass (see Figure 1) ét the bottom of the condenser. The product
0il was eollected in a one-liter Erlenmeyer flask where any dissolved
gases could flash off to pass on to a caustie scrubber (to remove hydrogen
sulfide) and a gas meter. The oil sample was removed from the one-liter
flask once evefy éight hours, Analyses of each collected oil sample were'
made of the gravity as ©A.R.I, and sulfur content as weight percent. - The
gravity was checked by a hydrometér. The sulfur analysis of each sample
was made by the lamp meth§d (12).

In the operation of the unit the recycle gas was metered through the
feed gas rotameter (see Figure 1) to the reactor. From the reactor the
gas passed through.the condenser and back pressure valve and was collected
in the surge and compression vessels up to a pressure of 4LOO psig. At this
pressure the compréssion vessel was isolated from the surge vessel and the
compression pump-started; The pump forced oil into the compression vessel
and the oil forced the recycle gas over into the feed vessel, Compression A
was stopped when the gas pressure in the feed cylinder reached 600 psig or

 when the oil appeared in the sight glass at the top'of_the compression

I
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cylinder. To complete the compression cycle the oil was drained back to
the compression oil reservoir and mékéup gas was added to the compression
and surge vessels to bring the pressure up to an arbitrary value.of 250
psig, while the féed cylinder was at a pressure of 600 psig.,
Recycleé gas samplés-were taken froﬁ a bleed=off valve located on the

‘downstream side of the back pressure valvé. The recyclée gas was caustic

scrubbed, metered, and collected in eight-liter glass samplé bottles,
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SAMPLE CALCULATIONS

Typical Data From a Short Duration Run

H, C, Hooper, A, Harris

FUR-3 January 27-28, 1954

0il: Hhsky No. 3 fuel oil 29.7. °A P.I. and 2,176 % S,
Recycle Gas: Farmers Union =17% Hp :

Catalyst: 100 grams (not regenerated from FUR=2)
Union Oil's Cobalt Molybdate 3/16"

Sample Total Sample Percent, Average Liters STP  Liters STP

No, Hours Weight Sulfur Catalyst Makeup Bleedoff
Grams Temp ©C. Gas Gas
l 8 714—9 009h5 [-|—16 83 05 1861!-'
2 16 - 751 1,180 411 91,8 14,6
3 2L 746 1,210 414 5546 15.3
L 32 791 1.275 416 5546 18.9
5 LO T 740 1,260 416 60 14,6
3777 : " 34645 . 81,8

0il in 3831 grams

Calculation, of Average Space Velocity

831 s oil charged) . - .
giog giz;: catalystg%zo)hr) = 0,957 grams oil/gram eatalyst/hr

Caleulation of Average Gas Consumpt ion

Total liters STP makeup gas 3465
Total liters STP bleedoff gas - 81,8
Total liters STP consumed 2647

(264,7 liters consumed) ' 1000 grams

= 69,1 liters consumed

3831 grams oil in kilogram kilogram oil
0il at 29,7° A.P.I. = 7.309 1b/gal
69.1 liters [ 1 ft3 7,309 1b 42.0 gal 0,4536 kem
" kgm 28,316 liters  gal bbl 1b

- 69,1 liters (h,91 f5-kem ) o 40 £t3 /obl.

kgm liters=bbl
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Calculation of Weight Percent Loss of 0il

Charge oil 3831 grams
Effluent oil 3777 _grams
54 grams
—ié.-—'-: lo 10
3831 k1%

Calculation of Grams of Sulfur Bemoved per Kilogram of Charge Oil

(Sample No., 2)
Charge oil = L, 761 grams
0.9859 :

Original S content = 2,176 %
Final S content = 1,180 %-

1)(0.0 - .01 0
(ELI- 02170 )=( 761)(0 GLLE0)1000 £1 - (2,176-1,160)10

= 9,6 grams S/kgm charge oil
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DISCUSSION OF RESULTS

As stated before, the purpose of this research was to continue to
gather data so that a comparison could be made of Harshaw's molybdenum
oxide catalyst, Harshaw's cobalt molybdate, and Union Oil's cobalt molybdate .
with regard to eritical hydrogen content and catalyst activity gfter repeat-
ed‘reéeherationso

In addition te this work, some preliminary research was carried out on
the desulfurization of fuei oils from the Continental Oil Company refinery
at Billinggg Montana, and the Farmers'Union Central Exchange refinery at
Laurel, Montana,

The experimental run to obtain data on thé critical hydrogen content
for Harshaw's cobalt molybdate catalyst; designated Co=-Mo~0201-T-3/16"
(see Table I for composition), was cobalt molybdate Run CMR=2, This run
© followed cobalt molybdate Run CMR-1 (10) without regeneration or shutdown;
. consequently ‘the total hours of prodﬁcing specification oil or of success=
ful desulfurization (sulfur content less than 0,5 weight percent of
effluent oil) are those total hours on stréam for Run CMR=1, 864 hours,
plus the hours df Run CMR;2, 704 hours, giying a total of 1568 hours. The
conditions for this run are a temperature of 415°C, a space velocity of
1,0 and a gas reeycle rate of 7500 £t3/bbls .

The data collected from QMR~2 are tabulated in Tablés IIT and IV and
illustrated in Figures 3 and 4,

Table V is a tabulation of data of every fifth oil sample from Run
(MR=1 (10), This data is illustrited in Figure 5. Figure 5 illusﬁrates

that the catalyst was not rapidly losing its activity, indicating that the
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catalysﬁ was in a relatively stablé state. With this knowledge then, the
degree of desulfurization wpuld depend to a greater éxtent on the amouﬁt
of hydrogen present in the récyclé gas than on the relative activity of the
catalyst and a critical hydrogen gas determination would be more represent-
ative of the minimum amount of hydrogen necqséary’in.a"recyclé gas'.to
produce specification oil, | )

In order to determine the critical hydrogen content, methane was added
to the reﬁyele gas, Gas samplés were taken periodically and analyses were
made for the various constituents of the recyéle gas, A.tabulation of the
data obtained from gas sample analyses is in Table IV,

Figures 3 and 4 indicate that the critical hydrogen content for
Harshaw’é cobalt molybdate catalyst desulfurizing Husky's No. 3 fuel oil
(2,176 percent sulfur) after 1568 hours of opération at 415°C,, 1.0 sﬁaée
velocity and a gas recycle rate of 7500 ££3/bbl is between 30 and 40 per-
cent hydrogen., This is considerably less than 83 percent minimum for a
16 percent moi&bdenum”oxide catalyst after 480 hours of operation and under
the same conditions (10). From this eomparisen then, it may be conciuded
that Harshaw's cobalt molybdate is a superior catalyst in that it requires
less hydrogen to facilitate sucessful desulfurization of Husky's No, 3 fuel
oil. | |

The catalyst activity Runs CAR-1,2,3,4 ﬁere carried out“tgngyﬁain_data
so that a comparison with régards to catalysf acti%ity, after repéated

regenerations of Harshaw's catalysts molyfdenum oxide and cobalt m.ol&‘bdété9
and Union Oil's catalyst cobalt molybdate could be made, The’data for

these four runs are tabulated in Tables VI, VII, VIII, and IX,
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The catalyst activity Runs CAR-1 and 3 were started at a temperature

of 415°C ('779°F) for 24 hours. The temperature was then ihcreased as

follows:
Second 2h=hour period 4250C (797°F)
Third 24=hour period 4359C (815°F) .
Fourth 24-hour period L1,5°C. (833°F)
Fifth 24-hour period 47o°c (878°F)
Sixth 24=hour period 495°C (923°F)

After the sixth 2i=hour period the catalyst was burned off, The oil
charge to the reactor was Husky's vacuum heavy gas oil with a sulfur
content of 3,18 weight‘percént° The space velocity and recycle rate was
set at 1.0 gram of oil per gram catalyst per hour, and 7500 ft3/%bl of
0il respectively.

Run CAR-1 was on Harshaw's molybdenum oxide cataLyst designated
Mo=0203~T~1/8", The run was carrled out as outline and after the 2h=hour
period at 495°C the catalyst was burned off (regenerated) and the study
was,continued as Run CAR=2 at a temperature of 495°C, The sulfur content
of the effluent oil was greater than that from the end of CAR-l, It was
then concluded that regeneration had been incomplete. at best, and a second
regeneration was started. During the second regeneration, the catalyst
reached a témperature of over 900009 consequently a portion of it was
sintered. |

Run CAR=3 is a catalyst activity study of Union Oil's cgtélyst cébalt

molybdaté 3/16", This study'was run at the same conditions of CAR~1.
| After the sixth 24-hour period at 495°C, the eatalyst was regenerated and
Run CAR=l was begun at 495°¢,

Figures 6 and 7 illustrate the data faken from Runs CAR=l and 3,
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Figufe 6 illustrates that Union Oil's cobalt molybdate is a more active °
desulfurization catalyst than is the moiybdenumHOQide, Figure 7 better
illustrates that the eobalt molybdate cataiyst.is a superior desulfurization
catalyst. Figure 7 shows that the cobalt catalyst removes mofe sulfur and
remains active lénger than does molybdenum oxide, |

Studies would have been earried out on Harshaw's cobalt ﬁolybdate, but
correspondence from tbe Harshaw Chemical Company stated that the two
catalysts, Harshaw's cobalt molybdate and Union 0il's cobalt molybdaté,,had
the ‘same composifion,

With the knowledge that desulfurization of Husky's No, 3 fuel 6il from
2,176 weight percent éulfur to less than 0,5 percent sulfur is possible
with Harshaw'!s cobalt molybdate catalyst and a recycle gas containing less
than 40 percent hydrogen, preliminary research was carried out on oils from
the Continental Oil Company and Farmers Union Centrai Exchange. The
recycle gas was to be a waste gas containing hydrogen from each company!'s
refinery,

The oil froﬁ Conoco 's refinery at Billihgs, Montana, was a erude
tower overhead samplé identified as No, Bi 987, Tﬁe gravity and sulfur
content of this oil was 43,1 ©A.P.I, and 0,874 percent sﬁlfur (for ASTM
distillation data see Table II),

The waste gas stream from Conoco!s refinery was composed of 35,6
percent hydrogen, 9.2 percent nitfogen; 23,0 percent methane, 7.8 percent,
ethylene, 10,1 percent ethaﬁe; 2.8 percent propylene, 2,0 percent propane,
and 0,5 percent butane plus, /

The gas mixture used for the desulfurization atmosphere was essential-
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ly the same as the above mixture except that the propylene, propane, and
butanes plus were all 1umped together as 5.3 percent 03 plus,

The o0il was to be desulfurized to a point such that an overhead
distillate of 350»375°F end point would have a sulfur content of not over
0.1 percent and that of the remaining portion of the product contain ﬁot
more than €.,25 percent sulfur,

The data collected from research on Conoco's oil is tabulated in
Table X and XI, The data may bé summarized as followss

Average catalyst temperature = 778°F (varying from 775-782°F)
Average liquid space velocity = 0,955 gm oil/gm catalyst/mr
_ (varrylng from 0,862 to 1.04)
-Reactor pressure = 500 psig
Average gas recycle rate = 8700 ft3/bbl 0il (varying from 7880
to 9600 £t3/bbl)

Initial hydrogen content of recycle gas = 35,6 volume percent
Final hydrogen content of recyclé gas = less than 30 percent
Total hours on stream = 128 hours .
Average recycle gas consumptlon 250=360 ftB/Bbl oil
Oil yield = 95.4 weight percent
0il yield = 96,2 volume percent
Charge oil properties:

OAPoI. = 43,1 at 60°F

Percent sulfur = 0,874
Product properties:

Composite, ©A.P,I, = 43,5 at 60°F

Composite, percent sulfur = 0,124

Composite, I.B.P, = 139°F .

Fractlon b0111ng4 365°F 38,5 weight percent of product

<" 41,0 volume percent of product

n n < H 0,037 percent sulfur
Fraction b0111ng'7365°F 61,5 weight percent of product
" >t 59:0 volume percent of product

" n il 0,19 percent sulfur

"Figure 8 illustrates how desulfu;ization progressed during the Conoco
run as catalyst on-stream time increased.
Table XII is a tabulation of analytical data of a composite sample of

the desulfurized Conoco oil, The analytical work was done by Continental

’

L
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0il Company persomrel at Ponéa City, Oklahoma, This Table is included with
this thesis for record purposeé‘onlyo |

Runs FUR-1 and 2 are research on the desulfurization of ﬁarmers Union
Central Exchange oil utilizing a waste gas.stream from Farmers Union's
refinery as the hydrogen source necessary for a desulfurizatioh atmosphere,
The catalyst used for desulfurization was Union oils cobalt molybdate 3/16",

The waste gas contained 10,5 percent hydregen, 13,9 percent nitrogen, -
27.9 percent methane, 15.5 percent ethane, and the remaining gases being
hydrogen sulfide, carbon dioxide, carbon monoxidé, oxygen, etheylene, and
some G3‘s and Ch?s° This gas is too low in hydrogen to be of great value
for use in desulfurization so it was thought that if this gas mixture were
pressurized to 800 psig, and cooled to léss than 80°F all hydrocarbons
higher than and including ethane would be cohdepsed and could be removed
from the other gases. Removal of these hydrocarbons would bring the hydro=
gen content up to 18,3 percent and at a pressure of 800 psig the partial
pressure of the hydrogen would be about 146 psig. This compares tq the
Conocod éas at 500 psig.and 35.6 percent hydrégen, the partial pressure of
which is about 178 psig. From this, then, the recycle gas mixture used in
desulfurizing Fafmers Union's oils contained initially 18.3 percent hydro-
gen, 24,2 percenf nitrogen, 48,6 percent methane, 4.2 percent carbon
monoxide, and 4.7 percent carbon dioxide, |

The Farmers Union oils that were to be desuifurized contained 0,600
percent sulfur.and 1,28 percent sulfur, The désulfurization studies en
these ‘0ils were listed as Farmers Union Run FUR-L and 2, respectively,

Run FUR=3 is a desulfurization of Husky's No., 3 fuel oil using Farmers
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Union recycle gas. The data from FUR-1, 2, and 3 are tabulated in Tables
XTIT, XIV, XV, and XVI. These runs were made consecutively on the same
catalyst without regeneration,

An analysis of the recycle gas for hydrogen content was not pessible
as the recycle gés contained nitrogen'and gas analysis are made in a low
temperature micro-still with the pot’ and head being cooled with liquid
nitrogen at its boiling point at 640 mm Hg. Boiling liguid nitrogen at
atmospheric pressure cannot condense gaséoué hydrogen or nitrogen at
atmospheric pressure and the gases come off as a mixture. The results of
gas analyses pertgining to the Farmers Union sfudiés are listed in Table
VI,

In Farmers Union Run FUR-1 the sulfUr.conteﬁt was reduced from 0,600
percent sulfur to a varying percent of 0,062 to 0,109 percent sulfur with
Union Oilfs catalyst cobalt molyﬁdaté 3/16" during 93 hours of operation,
The conditions were as follows:

‘Temperature  415°C

Pressure 800 psig

Recycle rate 10,000 and 6000 ££3/bbl
It should be noted that when the récycle rate was changed from 10,000
263 /ob1 to 6000 £t3/obl the sulfur content varied from a relatively
constant value of 0,076 percent to a relativély constant value of 0,104
(see Table XIII), indicating that'desulfprization for this run was more
dependent on the numbef‘of hydrogen moleculés present per unit of time than
the contact time of #he hydrdgen molecpié. This is understandable because
the recycle gas is deficient in hydrogen and inereasing the velécity of

the gas over the catalyst bed would also increase the number of hydrogen
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. atoms available for reaction to hydrogen sulfide per unit of time, Figure

9 is an illustration of how desulfurization progressed during FUR=1 as on
stream time increased.

The desulfurization study on Farmers Unioﬁ oil containing 1,28 percent
sulfur was designated FUR=2. The data tabulated for this run is in Table
XIV, The total time of the run was 65 hours. Desulfurié#ﬁion was from
1,28 percent sulfur in the charge oil to a varying value from 0,421 to
0.534 percent sulfur in the effluent oil, The composite sulfur percent
being about 0,477 percent sulfur. In order to achieve this desulfurization
it was necessary to raise the récyéle rate from about 6000 ft3/bbl for the
first half of the run to about 9000 ft3/bbl for the last part of the run,
Tﬁis indicates that tﬁe hydrogen content of the gas was rapidly becoming
leaner as an increase of recycle rate from 6000 to 9000 £t3/bbl did not
even maintain the same degree of‘desulfurizétion as was encountered at the
first part of the run. Other than recycle rate, FUR=2 was run at the same
conditions as FUR=1l,

The tabulated data in Table XV are from Farmers Union Run FUR-3, This
run followed FUR=2, and was operated at the same condition5 except that the
charge oil was Husky's No, 3 fuel oil (2,176 percent sulfur), The effluent
oil for this run contained from 0,945 to 1.275 percent sulfur. Concurrent—
1y with the preceding research, a study was made'on desulfurizing a blend
of Husky's kerosene distillate and light gas oil with an activated bauxite
catalyst (Cyclocel Sb-2446-51). The blend oil contained about 0,8 percent
sulfur. Thévproduct contained less than 0.5 pefcent sulfur, The data

from this study are listed in Tables XVII and XVIII, The Run is designated
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LMR-1 (from Husky at Lloydminster, Canada). The data on the blend oil #re
in Table XVIII, Table XIX contains data from an A.S.T.M. distillation of
a éomposite sample of the desulfurized oil. ’

This desulfurization study was run at atmospheric pressure and with
no recyele gas. The catalyst temperature and space velocity was 400°C
‘and 1 gram oil/gram catalyst/hour respectively.

When the sulfur content of ‘the effluent oil reached 0.5 percent
sulfur, the unit was shut down &nd the catalyst was regenerated by air
burnoff, The:catalyst was regenerated twice. A plot of the sulfur re-
moved versus the hours of operation is illustrated in Figure 12. Three
curves are plotted, the first curve is desulfurization with new catalyst,
the last two curves are desulfurization with regenerated catalyst. This
graph illustrates that regeneration does effect catalyst life between
regenerations. The initial activity of the catalyst increased after re-

generation,
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SUMMARY

The results of the research reported herein may be summarized as

follows:

1. The critical hydrogen content for Harshaw's cobalt molybdate
catalyst, Co=Mo-0201l-T-3/16", desulfurizing Husky's No., 3 fuel
oil (2,176. percent sulfur) after 1568 hours of operation at 415°C,
Space velocity of 1.0 and a gas recycle rate of 7500 ft3/bbl is
between 30 and 40 volume percent.

2, Harshaw's cobalt molybdate catalyst, Co-Mo-0201~T-3/16", is
superior to Harshaw's molybdenum oxide catalyst, Mo=0203=T-1/8",
in that it has a greater activity and longer catalyst life,

3, After 128 hours onwstréam, an oil from Continental 0il Company
having gravity and sulfur content of 43.1 CA.P.I. and,0687h per=
cent sulfur respectively, was desulfurized in an atmgsphéré of
recycle gas containing less th;n 35 percent hydrogen to yiéld an
effluent oil contalnlng 0.142 percent sulfura 'The conditions of
desulfurlzatlon were as follows:

Reactor pressure = 500 psig
Average gas recycle rate = 8700 £t3/bbl_oil (varying from
| 78809600 £t /bbl)
Average catalyst temperature = 78 (varylng from 775=782°F)
Average space velocity = 0,955 gm oil/gm catalyst/hr
(varying from 0,862 to 1,04)

L. Oils from Farmers Union Gentral Exchange containing 0,600 and

1.2¢ percent sulfur were desulfurized in a desulfurization

atmosphere containing less than 18 percent hydrogen to less than

0,109 and 0,534 percent sulfur respectively. -The total hours of
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desulfurization for the oils containing 0,600 and 1428 percent
sulfur were 93 and 65 hours respectively.,

5. Regeneration of activated bauxite catalyst (Cyclocel Sb=24/16=51)
decreased the catalyst life, but seemed to increase the initial

catalyst activity.
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2,0% Graphite
80,5% Al03

CAR=3 & 4 Cobalt Molybdate

905%' M003
300% GOO )
5o0%”SiOQ
2,0% Graphite
8005%'A1203

CAR=1 & 2 Molybdenum Oxide
16% Mo0
79% Alobsg
5% 5102
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Union Oil Co Cobalt
Molybdate 3/16"

Mo=0203=T=1/8"
160w =21

Catalyst
Manufacturer

Porocel Corp.

Harshaw Chémical
Company

Harshaw Chemiecal
Company

Harshaw Chemical
Company

TABLE I o
COMPOSITION AND IDENTIFICATION OF CATALYSTS USED
Run No, Catalyst and Identification
Composition Code
LMR~1 Cyclocel . Sb~21,6=51
‘ 100% Bauxite
CMR=2 Cobalt Molybdate  Co=Mo=0201-T-3/16"
9e5% MoOy
3 oo% COO
5.0% 510,
2,0% Graphite
80,5% 41503 ,
Conoco-1 Cobalt Molybdate Co-Mom0201-T-3/16"
9 05%’M003
3.0% CoO
500%' Si02
2,0% Graphite
80.5% AL50 |
FUR=1,2 & 3 Cobalt Molybdate Union 0il Co. Cobalt
: o Molybdate 3/16"
905%'M003
3 oe% ’ COO
5,0% 8105

Harshaw Chemical

Company

Harshaw Chemiecal
Company
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TABLE IIT
TABULATED DATA FROM COBALT MOLYBDATE RUN: CMR=2

Catalyst: Co=Mo=0201~T=3/16"

100 grams (unregenerated from CMR-13%)
Pressures 500 psig -
0il: Husky No., 3 fuel oil, 29, 7° A.P.I. and 2 187 S

‘Recycle Gas: Catforming gas (See Table IV)
Yield: 97.46 Weight % 3308 CA.P,I,
103 Volume % 0,309 Z S

i Research by Silvey (10)

Samp Total Cat Temp Space Vel Reecycle Av Gas Yield Product Produet
No. Hours OF Av., gms/gm/hr Ft3/bbl Consump Gms A.B.I, %8
‘ Ft3/bbl 0il

1 8 779 1,003 7150 0 779 35.k 0.154
2 16 779 1.032 7010 0 800  35.3 0,143
3 2L 779 1,015 7060 80.9 787  35.1 Qo1hl
4 32 779 1,003 7150 186.5 777 3502 0,145
5 40 777 . 1,012 7080 318 786 35,0  -0,165
6 L8 780 1,002 7200 253 778 35,2 1 0,148
7 56 777 0,985 7270 329 765 35,1 0,160
8 64 779 1,010 7100 362 783 35.6 0,157
9 72 779 0,984 7300 319 762 35,6 0,208
0. © 80 779 0,970 7400 336.2 753 35,7 70,210
11 88 783 0,996 7200 345 773 35.6 0,220
12 96 780 0,967 7450 310 750 35,7 . 0,242
13 104 779 0,967 7360 352 750 3547 0,238
1, 112 780 0,984 7300 354 763 " 35.6 00254
15 120 779 0.980 7350 - 332 760 35,2 0,312
16 128 778 0,955 7520 321 THO 35,2 0.316
17 136 T77 - 0,980 7330 298 760 35,2 0,348
18  1ik 770 1,070 6795 313 830  34.8 0,299
19 152 780 0,973 7320 310 755  3L.8 . 0,302
20 160 779 0,990 7200 313 768 3.8 0.314
21 168 766 0,946 7660 2914, T34 34.3 0,314
22 176 780 0,972 7400 330 764, 3Lk 0,301
23 18y 780 1,050 6990 313 8L  3L.5 0,286
24 192 781 0,975 7400 310 757 3he5 06290
25 200 781 1,013 7130 294 787  3h4e5 0.288
26 208 779 1,004 7150 280 780 3h4.5 0,314
27 216 781 0,975 7360 286 756 3L 0,310
- 28 22, 7e1 0.975 7420 279 756 34,10 0,292
29 232 779 1,003 7150 _73 779 34 - 0,319
30 240 781 0,980 7325 271, 761 34,1 0,337

31 248 780 0,975 7375 264 757 . 3he2 . 0,342
32 256 . 779 1,016 7100 279 788 3h4e1 0.333
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TABLE III (cont'd)
Samp Total Cat Temp Space Vel Recycle Av Gas Yield Product Product
No. Hours OF Av, gms/gm/hr Ft3/bbl Consump Gms A.P.T, % s
Tt 3/pbl 0il

33 264 779 1,002 7180 268 717 3he2 0,322
34 272 781 0,990 7200 258. 767 3h4.1 0,298
35 280 779 1.001 7120 270 776 3402 0,308
36 288 782 1.010 7120 260 782 34,2 0,307
37 296 779 0,984 7250 261 762 3Ll 0.308
38 304 - 777 1,049 6840 269 €13 33.9 0,346
39 312 781 Lo.021 7030 261 793 34,0 0,355
L0 320 779 1.031 7000 265 800 34,0 0.327
4L 328 779 1,022 - 7020 267 796 34,0 0,338
L2 336 781 1,016 7070 259 789 33.8 0,312
L3 344 77 1,005 7150 258 78L  33.7 0,322
Ly 352 781 1,020 7040 251 T9h  33.8 0.323
L5 . 360 781 1,000 7190 250 775 33.7 0,332
L6 368 780 0,990 7380 252 775 33.8 0.330
L7 . 376 779 1,020 7050 255 799 3349 0,327
L8 384 777 1,012 7105 . 249 794 33.9 0,332
49 392 779 1.020 7005 246 798 34.0 0,318
50 400 778 1,010 7110 243 791 33.8 0,341
51 4,08 781 1,012 71@0_ 240 79 3369 0,297
52 416 779 1,020 70500 2,0. . 799 3349 0,295
53 L2k 78 10,992 7360 2Lh 777 33.8 0,320
54, 432 777 1.005 7200 247 788 33.8 0,296
55 440 779 0,985 7250 244 771 33.8 00262
56 448 777 0,992 7240 243 778 33.9 0,288
57 456 780 0,978 - 1350 238 766 33.8 0,279
58 L6l 780 00962 T450 236 5L 33.9 0,248
59 472 776 1,001 7160 231 785  33.8 0,255
60 480 778 0,988 7260 240 TTh  33.8 0,294
61 488 781 00,960 460 241 752 33.9 0.273
62 196 778 1.000 7200 - 24k 8L 33,9 0,292
63 504 779 0,991 7250 246 776 33.8 0,280
61, 512 780 0,988 7260 240 7L 33.8 0,268
65 520 —— J— N 21,0 518 3369 0,282
66 528 779 0.887 8160 236 - 691 349 0,236
67 536 779 0.905 7810 235 0L 35 0.233
68 54, 778 0,908 7780 230 707 3449 0,233
69 552 779 0,959 7520 228 Thé 3409 0,251 -
70 560 779 1,018 7080 225 792 3h.Y 00256
71 568 779 1,000 7210 229 779 345 00269
72 576 781 1,030 TOLO -, 228 . 801 . 3L.b 00,272
73 5811— 777 10036 6980 -7 228 ) E 806 e 3[4—06 00272 .
L 592 . 779 1,038 695Q~-{wj¢224:1-j5899‘:;‘3406. 0,284




Total Cat Temp
oF AVo

Hours

600
608
616
621,
632
640
648
656
661
672
680
688
696
70L

777
778
780
779
781
779
779
778

779

781
779
779
781
777

w3y
TABLE ITI (cont!'d)

Space Vel Recycle Av Gas Yield Produet Product

gms/gm/nr  Ft3/bbl Consump Gms

Ft3/6bl 0il
1,612 7140 225 787
1,064 6770 230 830
1,015 7L40 237 790
1,050 6860 | 233 818
1,021 7060 229 795
1,043 6920 227 813
1,022 7050 22, 796
1,022 7050 22, 797
1,017 7520 . 222 792
0,959 7490 222 746
0,977 7690 220 760
0,967 - 7560 216 752
0.952 7560 220 741

10,960 74,60 220 748

AP.I,

3.5
3Ll
33.8
3349
33.7
3345
3346
33.7

3306

33.7
33.8
33.7
3366
33.7

%z S

0.306
0,356
0,401
0.439
0,498
0.498
04500
0o 517
0,547
0,500
0,516
0,520
00514
0,586




Charge gas:

Corresponding 0il
Sample No,

Start
6

18

6l

76

79

82

83

35
TABLE IV

GAS ANALYSES DATA FOR RUN CMR-2

Catforming gas, 89% H? 3.5% CHys

2.5% C3Hg; 3.5% Galfg

Hour on
Stream

L8
14k
512
608
632 -
656 .
661,

Corresponding Oil
Sample % S

0,153
Oolh—g
0.295
0,268
0,356
0,498
0,517
00547

1.5% Colg;
analysis by Matheson Co,-)

84,1 13,3
66,9  31.4
L9l 46,9
51,2 LO.2
L9 - 38.9
35,0 51,5
35.0 56,0

51.0

39.0

: Recycle Gas Analysis
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TABLE V

TABULATED DATA FROM COBALT MOLYBDATE RUN CMR~13#

Sample No, Total

Hours
1 8
5 40
10 80
15 120
20 160
25 200
30 2L0
35 280
LO 320
L5 360
50 LOO
55 140
60 L8O
65 520
70 560
75 600
80 640
85 680
90 720
95 760
100 800
105 840
108 858

FOR FIGURE 3
% Sulfur

In Effluent
0il

0,156

0.035
0.098
0,087
0,102
0,078
0,079
0,062
0,098
0,135
0,139
0,151
0,103
0,104
0,115
0,128

0,130

0,080
0,062
0,089
00141
0,122
0,113

*Research by F. C. .Silvey (10)

Grams Sulfur
Removed per
Kilogram
Effluent 0il

20,20
21 .40
22,22
20,90
20,72
20085
21,00
21,14
21,12
20,40
20,32
20,20
20,62
20,62
20,60
20.48
20,48
20,97
20,87
20,87
20,36
20,52
20,65
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_ TABLE VI A .
TABULATED DATA FROM CATALYST ACTIVITY RUN CAR~1
Catalyst: Mo=0203~T-1/g!
. 100 grams (new)
Pressure: 500 psig

0il: Husky vacuum heavy gas oil, 3.18% §
Recycle gas: Catforming gas (approximately 60,5% Ho)
Yield: 97 weight % (samples 1-10 incl..)

96 weight % (samples 11-13 incl.)
93 weight % (samples 14-16 incl..)
89 weight % (samples 17-19 incl..)

Samp Total Cat Temp Space Vel Recyecle Av Gas Yield Produet Product
No., Hours OF Av. gns/gm/nr Ft3/bbl  Consump Gms = A.P.I, %S
| ‘Ft3/obl 0i1

1 7 777 . 0.815 8080 - 632 29,9 1,68
2 15 781 0,946 7980 125 734 26.4  1.54
3 23 777 0,906 8340 18, 704 26,1 1,51
b 3L 79 0,972 7780 167 - 75h 26,1 1,48
5 39 801 1,039 7320 175 806 26,6 1,42
6 47 795 0,960, 7820 184 7h5 2606 1,40
7. 55 799 0,995 7620 189 773 26,8 1,24
8 63 816 1,013 7470 246 786 27,1 1,26
9 71 . 810 0,955 7930 248 7L 26,2 1,25
10 79 816 0,995 7570 253 773 25,8 1,39
11 87 837 1,077 7060 260 828 28,0 @ 1.27
12 95 830 - 0.98L 7670 256 765  27.3  1.37
13 103 835 i e 248 e e 1,68
14 111 879 1.013 7470 245 754 29,0 1,64
15 19 - 87 1,036 7310 248 770 28,1 L.777
S 16 127 886 1,026 7360 248 763 28,6 1.3
17 135 928 0,944 8030 236 679 31T 1.92
18 143 923 0,965 7820 235 695 29,5 2,08

19 15 910 1,012 7470 226 729 29,1  2.30




. =38

' TABLE VII
TABULATED DATA FROM CATALYST ACTIVITY RUN CAR-2

Catalyst: Mo-0203-T-1/8!
100 grams (regenerated from CAR-1)
Pressure: 500 psig

0il: Rusky vacuum heavy gas oil, 22,7 9A.P.I., 3.18% S.
Recycle Gas: Catforming gas (approximately 60.5% Hy)
.Yield: 89 weight %

Samp Total Cat Temp Space Vel Reécycle Av Gas Yield Produet Product
No, - Hours °©F Av. gms/gn/or Ft3/bbl Consump Cms  A.P.I. % Se
. Ft3/obl Oil

1 8 936 0,940 8380 = 670 294, 2,57
2 16 921 ~0,998 7570 ———— 711 27.9 2.%72
3 2 919 0.954 7930 68 2y e
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TABLE VIII _
TABULATED DATA FROM CATALYST ACTIVITY RUN CAR~3

Catalyst: Union 0il Co's, Cobalt MQlybdate - 3/i6"
100 grams (new)
Pressure: 500 psig

0il: Husky vacuum heavy gas oil, 22,7 ©i,P.I., 3.18 % 8.
Recycle Gas: Catforming gas (approx1mate1y 60.5% st
Yield: 97.5 weight % (samples 1-12 incl,.)

97.0 weight % (samples 13-15 incl.)
96 weight % (samples. 16-18 incl..)
91 weight % (samples 19-21 incl.)

Samp Total Cat Temp Space Vel Recycle Av Gas Yield Product

No.

N DD e b et (o e e ot s e
RBE R RGFS RS vavounrwom

Hours ©F Av, gus/gi/hr  Ft 3 /obl Consump Cms  A.P.I.
Ft3/bbl  0il
11 78345 0,827 ‘9160 283 646 29,0
19 643  — e 262 LO7 28,1
27 78l 0,820 9220 208 64,0 29,4
35 779 0.883 8550 215  -689 27,7
43 T 0,903 8390 216 703 27.4
51 7L 0,871 8550 251 780 27,2
59 796 1,0 7570 295 782 27.9
67 796 0.983 7720 239 766 27.8
75 800 0.975 7620 215 n62 28,0
83 814 0,993 7620 215 775 28,6
91 813 0,993 oo 212 775 28.4
99 — e 7980 227 428 e
107 831 0,948 7980 225 736 28,5
115 834, 0,930 8130 230 722 28.5
123 835 0,949 7980 220 734 2804
131 880 0.939 8030 230 721 30,3
139 879 0,936 8080 222 719 29,3
187 878 0,932 8080 218 716 29,6
155 926 0.966 7830 210 702 3065
163 921 0,913 8280 203 661, 2905

171 921 0,958 7930 - 210 684 28,1

Product
% 8

0.575
0,670
0,585
0,796
0,871
0,990
0,895
0,875
0,850
0,844
0,896
0,960
0.973
1,01
1,15
1,28
1.40
167
1.99
2,11
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TABLE IX
TABULATED DATA FROM CATALYST ACTIVITY RUN CAR-d

Catalyst:  Union Oil Co's. Cobalt Molybdate 3/iéM
. 100 grams (regenerated from CAR=3)
Pressure: 500 psig '

0il: Husky vacuum heavy gas oil, 22,7 ©A.P.I., 3,18 % S.
Recycle Gas: Catforming gas (approximately 60,5% Ho) -
Yield: 96.3 weight %

Samp Total Cat Temp Space Vel Regycle Av Gas TYield Product Product
No, Hours OF Av. gms/gm/hr PFt”/bbl Consump Gms  A.P.I. % s
- : Ft3/bbl 0il

o . 6 900 - e e e 1.32
1 1 928 0,860 8460 0 687 30,5 1,06
2 _2 922 0,898 8090 32.2 719 294 1.29
3 30 ¢ 917 0.915 7940 66,1 734 2902  Lok5
4 38 924 0,915 7950 130.6 733 28,8 1,64
5 h6 920 . 0,920 7900 6.5 736 286 1.2
6 54 908 0,925 7880 167.4  THO 2765 1.92
7 62 924, 0,891 8160 166.2 713 28,4 2,08
g8 70 919 0,933 7800 190.4 746 28,2 2,28
9 2.43

78 920 0,925 7800 198 740 27,7
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' TABLE X
TABULATED DATA FROM CONTINENTAL OIL RUN CONOCO~1

Catalyst: Co~Mo=0201~T=3 /16!
: : 100 grams (new)
Pressure: - 500 psig S
0il: Continental Oil Co's. sample No., Bi 987
, , . 43.1 CA.P.I. and 0,874 % S. (See Table IT)
Recycle Gas: Conoco waste gas (See Table XI)
Yield: 95.4 weight %

Samp Total Cat Temp Space Vel Regycle Av Gas Yield Product Prodict
.No. Hours °F Av, gms/gm/hr Ft° /bbl Cogsump Gms. A.P.I. % 8

Ft°/bbl 0il
1 16 775 0,880 9330 290 673 bhyol 0,138
2 24 779 0.938 . 8880, 243 720 4306 0.440
3 32 775 0,927 8880 © 209 708 43,8 0,146
L 40 780 0.875 9470 269 668 43,6 0014l
5 48 777 0,862 9600 294 659 13,3 0,129
6 56 775 0,888 9330 319 679 43.5 0,122
7 64 781 1,01 8900 345, 772 A3.7 0.1h4
g8 72 778 1,02 8120 323 8L 43,6 0,146
9 80 776 1,02 8120 302 784 43.6 0.142
10 @8 780 0,972 8560 306 42 L3.7 0,138
11 9% 777 0,963 8560 - 306- T35 43,7 0,134
12 104 778 1,03 7970 305 786 43,7 0,157
13 ° 112 782 1,04 7880 278 798 4h.8 0,158
1, 120 778 0,955 8600 259 730 45,0 0.163
15 128 780 0,938 8300 239 715 . LL.9 0.146




Corresponding
0il Sample No.

Nature
. Of
Sample

Chargei
Gas
Vent
Gas
Recycle
Gas
Recycle
Gas

TABLE XI

GAS ANALYSES DATA FOR RUN CONOCO-1

Hr. on
Stream

22
L8
92

3yl

FHy, %Ny
35,6 9.2
30,8 0,8

Ahalyses by Matheson Company

CH, plus higher compounds

% CH, % CoH

32,0

7.8
24,9 )
48 e
65,6%% oo

% 02H6 % Cg‘+
10,1 s
L0.2 J—
e 20,4

% C3f

563
28,9

-2




2
o B &
2E 5.
ndBe 0 o5
DEEE T
A9997 33
J5558 &}
nS3HS AS
Sample No, 6547 6547
A A=1
Gravity,°API 43.6 69,9
Distillation, °F
IBP 139 108
5% 203 141
10% 23, 152
20% 284 164
30% 332 I72
LO% 372 180
50% 409 187
60% 453 194
0% 188 201
80% 522 210
90% 566 _.. 223
95% 590 234
E.P, 612" 258" -
Recovery % 98.0 99.0
Residue % 1.0 0,7
Total Sulfur Wt % 0,147 0,03
Mercaptan Content '
Wt. % 0.,0007 =

*Analytical work done by Continental Oil Company,

DESULFURIZED CRUDE TOWER OVERHEAD OIL SAMPLE NO, Bi 987

250=350°F
Vapor Temp Cut

= O\
[
N B

-~

52,2

260
269
272
277
282
288
292
296
301
310
322
331
356

99.0 99.3 99.5 99,0
0.8 .
0,003 0,12 0,06

0.7

TABLE XTI
' ANALYTICAL DATA OF COMPOSITE SAMPLE FROM CONTINENTAL OIL' CCMPANY'S

350~400°F
Vapor Temp Cut

£
A
%

LYARC)

344
352
354
357
358
361
361,
366
370
374
382
388
409"

400-510°F
Vapor Temp Cut

L78
500°

0.5

© g
S gls
g 28R
o 229d
$% 3385
J8 E3hE
RS S8
6547 * 6547
A=5 A=A
32.3  59.2

507 122
522 172
525 190
528 210
530 226
532 240
53L 252
538 269
2 282
LT 29k
554 312
560 323
575 347
99.5
1.0 0.5
0.28 0,003
- 0,004

No, 1 Heating

0il Blend of

50% 654743

50% 6547~k
. Diesel Fuel

R~y
o =
3

bl

352
368

- 372

381
387
395
402
411
L22
437
456
468
Lok
99.0
1.0
0,04

= 4

Ponea City, Oklahoma

57.5% 6547A=1,
L2.5% 65k7A=5
Bottoms After

0il Blend of
600°F

= O™
[
QB
~3

35.8

421
443
L49
457
LE66
475
L8L
495
507
521
538
5,9
565
99,0
1.0
0,16

Vapor Tenmp.,

6547

L

9.1

=t




Catalyst:

Pressure:
0il:

wlilyom
TABLE XIIT

TABULATED DATA FROM FARMERS UNION RUN FUR-l

Recycle Gas:

Yield:

Union 0il Co's, Cobalt Molybdate 3/16"

(Prev1ously used for Statistical Runs (11))

800 psig
Farmers Union's, 41,0 ©A.P,I. and 0,600 %

% S (See Table II)

Farmers Union's waste gas (See Table XVI)

97.5 weight % (estimated)

Samp Total Cat Temp Space Vel Recycle Av Gas Yield
OF Av.  gms/gm/Hr Ft3/bbl Consump Gms

No.

N3O0t W N

Hours

13
21
29
37
L5
53
61
69
77
85
93

760

781,
775

779
780

778

7650

781

776
7750
782,

777

Ft3/bbl 0il
5 5:596 " 15530 555 ZZE
5 0,915 9850 587 71

0,919 9800 500 716

0,940 9560 432 733

0,908 9900 Lk, . 708

5 0,908 9560 384 708
0,895 10130 323 698
0,859 10530 297 . 669

5 0,893 6500 103 697
5 0,958 6110 Wi 7
0,960 6110 37h 48

Product Product

AGPOIO

41,6

Ll-leé B

11,6
lblgé
11,6
1.k
1125
Llo5
L1,5 -
41oL
L1.4

% s

0,068
0,061,
09065
0,062 -
0,06

- 0,080

0,075
0,076
0,104
0,104
0,109




TABLE XI¥

TABULATED DATA FROM FARMERS UNION RUN FUR-2

Catalysts Union Oil Co's, Gobalt Molybdate 3/16"
100 grams (previously used for FURwL
and Statistical Runs (11))

Pressure: 800 psig

0il: Farmers Union's, 33,8 ©A.P.I. and 1,280 % S.

(See Table II)

Recycle Gas: Farmers Union's waste gas (See Table XVI)

Yield: 97.5 weight % (estimated)

No, Hours OF Av, gms/gn/hr  Ft3/bbl Consump  Gms
Ft3/obl 0il

l 781l—05 e

1, —— —— —

2 9 780 0,926 6460 .500 7223
*3 17 748 0,848 7060 629 661,0
L 25 782 0,984 6100 497 767.0
5 33 777 06959 9380 202 475

6 41 7T 0,985 9140 137 769

7 49 76705 0,994 8900 104 TTho5

8 57 779 0,982 . 9090 176 771

2 65 780 0,986 9120 23 769
#Sample 3 = power off 1} hrs, AN

Samp Total Cat Temp Space Vel Recyele Av Gas Yield Produét

AQP'O IO

3546
3443
35.3
35.4
35.1
3540
3540
35.0

Preoduct
% s

00436
Ocl21
0,530
0,450
0 ° 11»25
0,470
0,508
00525
0.534




Catalyst:

Pressure:
Oil:

~lyben

TABLE XV ‘
TABULATED DATA FROM FARMERS UNION RUN FUR=3

Union Oil Co's. Cobalt Molybdate 3/16".

100 grams (previously used for FUR 1 & 2

and Statistical Runs (11)) -

800 psig ‘

Husky No. 3 fuel o0il, 29.7 °A.BE.I. and 2.176 % S.

Recycle Gas: Farmers Union's waste gas (See Table XVI)

Yield:

98,59 weight % .

Samp Total Cat Temp Space Vel Recycle Av Gas Yield Product Product

. No, Hours

8
16
2L
32
L0

(G E ALY

#Sample 1

OF Av, gms/gm/br  Ft3 /bbl ‘Cogsump Cms A.P.T,
Ft /bb; 0il
780 0,950 9460 420 749 31.9
772 - 0.952 9400 459 751 31,5

776.5 0,945 9500 393 Th6. 31,5
77905 1,002 8920 351, 791.3 31.
780 0,938 9520 340 THO  3L.7

had-small percentage of Farmers Union Fuel Oil

%S

0.945
1,180
1,210
1.275

1,260
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‘TABLE XVI
GAS ANALYSES DATA FOR RUNS FUR-1, 2, & 3

Charge Gas: 48.6% CHy s ho2% GO, 4o7% céz, 18,3% Hs ard 24.2% No
(Analysis by Matheson Company)

Nature of Sample % NytHy @ CH, % CoH, % CgHg % Cob & Cyr
Vent gas (77 hours) 6.7 7.3 8.7 blo6 —— 12,7

Recycle gas at end L
FUR=~2 & start of FUR=3 28,1 L5 Gt N 26,3 wme

Recycle gas at end ' : ,
of FUR==3 25 03 62 al . { Enemons 1206 ook acms
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TABLE XVII
TABULATED DATA FROM LLOYDMINSTER RUN IMR-1

Catalyst: Cyclocel (activated bauxite), Sbe2hhi6=51
, 100 grams (new)
Pressure: Atmospheric (12,4 psia)
Recycle Gas: None
Yield: 98,5 weight %
Samp Total Cat Temp Space Vel Recycle Effiu~ 7Yield Product Product
No., ".Hours OF Av. gms/gm/hr Ft3/bbl ent Gag Cms AP I, % S
Ft3/bbl 0il
(0il: Husky blend 3h4.1 ©A.P.I., 0.850 S. (See Table XVIIT)
0 3 omcmv o ——a s ——— P— ——
1 11 5L 1,081 123 852 35.1 0.384
2 19 749 1,110 1351 875 34.8 0,397
3 27 751 0.948 129 ThY 3he7 0,432
I 35 762 0,989 67.2 778 3he6 0.L449
5 43 753 0,945 L7.5 bl 3h.6 0,459
6 51 757 1,0b9 L7.0 824 3Lke5 0.502
(0i1: Husky, blend, 34,0 ®A.P,I, and 0,783 % S.) ' )
7 59 755 1,072 52:3 845 34e5 Oels25
8 67 755 1,052 32,6 829 3ko5 0,420
9 75 753 1.070 30,7 843 345 0.437
10 83 75k 1,018 28,3 802 3he5 0.442
11 91 753 1,025 28,3 808 3he5 Qok53
12 99 47 1,005 25.4 793 34e3 0.455
13 107 43 1,010 24,0 795 3L42 0,413
14, 115 154 1,001 22,6 787 3Lk 0.470
15 123 746 1,000 22,0 1788 3hely T 0,505
(0il: Husky, blend, 33,9 CA.P.I, and 0,823 % S.) ' ,
16 131 752 1,010 22,6 795 3402 0,510
17 131 752 0,994 20,6 783 3h.3. 00522
18 - REGENERATTON . _
19 147 762 0,967 65.3 1762 3L06 0,330
20 155 758 0,951 6lely  TH9 3h.06 0339
21 163 757 0945 58,6  Th5 3he5 0,365
22 171 756 0,965 48,0 759 3khe5 0,362
23 179 760 0,970 L6o5 6L 3h.b 04390
2L 187 756 0.932 42,7 734 3hoky 0,380
25 195 753 0,929 32,6 1732 3ke5 06400
26 203 752 o9h7 379 . Th5 3hek N
(0il: Husky, blend, 33.8 °A,P.I. and 0,807 % S.) '
27 211 752 00943 3l.2 7Lk 343 0,467
28 219 154 0,929 29,3 132 3L4e3 0,500
29 REGENERAT TON o . .
30 227 752 0,973 36,0 766 35.0 0,347
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TABLE XVIT(cont'd)
TABULATED DATA FROM LLOYDMINSTER RUN IMR-1 .

Samp Total Cat Temp Space Vel Re gycle Efflu~ Yield Produet Product
No., Hours OF Av° gus/gn/nr  Ft° /Hbl ent Gas Gms AP.I. %8

Ft3/bbl 0il

~ (0i1: Husky, blend, 33.8 ®A.P.I, and 0.807 % Ser) ' '
31 235 749 0,817 95,0 643 3L,8 0.342
32 243 756 0,672 46,6 528  34.8 06354
33 251 750 0,595 3236 L68 3L.% 0,380
34 259 763 1,408 62,0 1110  34.5 0,352
35 267, 751 0,990 : 57.0 779 3hoky 0,376
36 275 753 00990 53 33 779 Blhl-l- 00372
37 - 283 756 1,158 L5.6 913 3he5 0.37h
38 291 5k . 1,150 L5.6 906 3L4.5 0.377

. (0il: Husky, blend, 3403 OA.P.I. and 0.754 % S.-) _ _ '
39 299 759 1.072 5L.3° 84 3Lo7 0,385
40 307 757 1,136 5009 895  3h.6 0,393
41 315 757 1,094 38.9 862  3L4.7 0.453
42 323 753 1,189 22.6 936 3L.6 06478
43 331 752 0,769 1304 606 3he5 0,466

4 339 753 1,178 13,9 928 3hoh - 0.53L




Effluent
0il Samp No,

l'_“é inc 1 °
‘7_51 5 n
1626
2 7.,3 gn
39=4) M

=50=
TABLE XVIIT

OIL BLENDING DATA FOR LLOYDMINSTER RUN IMR-1

Source of. Blend

‘0il, Husky's Samp

No.

LoGe0. 598 & K.D,
L.Go0, 601 & K.D,
L.G.0, 60l & K.D,
L.G.0, 601 & K,D.
LoG.0, 601 & K.D,

% By wbo % By whe. gravity % S in

LcGoO’_o Ko Do Ao'PoIo Blend

at 60°F .0il
597 Tl.7 (28,3 34,1 0,850
600 60,7 39.3 34.0 0,783
600 60,7 3963 33.9 0,823
600 : 600“7 3903 B 3308 05807
600 More K,D, added to 34.3 06754

stretech o1l blend

and still not vary too far
from 0,8 % S in blerd.

RN

TABLE XIX"

TABULATED DATA FROM LLOYDMINSTER RUN IMR-1 -

Gravity ©A.P,I, at 60°F 34,3

IBP
5 ce
10
20
30
40
50
60
70
80
90
95
E.P,
Recovered
Residue
Loss .

A.8,T.M, Distillation on IMR-1 Composite of Effluent Oil
(0il left after small portions were removed for analyses)

277°F
362
380
40L
425
Lh2
L60
- 471
4,88
51k
548
582
601
98%
1.8
0.1
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Figure 3. Percent Sulfur in Effluent Oil and Percmt
Hydrogen in Recycle Gas vs. On-Strean Time for Cobalt
Iblybdate Catalyst, Run CMR-2
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Fifrxire 4. Effect of Hydrogen Content in Recycle Gas on the

Sulfur Content in Effluent Oil for Cobalt Molybdate Catalyst,
Run CMR-2
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Figure 5.
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Effect of On-Stream Time on Sulfur Removal for Cobalt
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Figure 6.

Molybdenum Oxide Catalyst m o
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Effect of Catalyst Temperature on Desulfurization, Run CAR | and 3
Cobalt Molybdate = x



Figure 7. Effect of On-Stream Time on Sulfur Removal, Run CAR | and 3
Molybdenum Oxide = o " Cobalt Molybdate - x

-~J
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Figure 8, Effect of On-Stream Time on Sulfur Removal for Cobalt
Molybdate Catalyst, Run CONOCO-1
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Figure 9. Effect of On-Strearn Time on Sulfur Removal
for Cobalt Molybdate Catalyst, Run FUR-1
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Figure 10. Effect of On-Stream Time on Sulfur

Removal for Cobalt Molybdate Catalyst,
Run FUR-2
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Figure 11. Effect of On-Stream Time on Sulfur Removal
for Cobalt Molybdate Catalyst, Run FUR-3
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Figure 12. Effect of Regeneration on Sulfur Renoval for Activated
Bauxite (Cyclocel) Catalyst, Run LKR-I
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