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Abstract:

The purpose of this investigation was to determine the effectiveness of several hydrodesulfurization
catalysts. The three catalysts studied were Harshaw Chemical Company's molybdenum oxide and
cobalt molybdate catalysts, and Union Oil Company's cobalt molybdate catalyst. The Atlantic
Catformer catalyst and a chrome alumina catalyst were also studied very briefly.

A small pilot plant hydrodesulfurization unit capable of holding 100 grams of catalyst was used.
Catforming gas containing 89 percent hydrogen, and Husky Oil Company's No. 3 fuel oil containing
2.18 percent sulfur, were used throughout this investigation.

Cobalt molybdate was found to be the most effective desulfurizing catalyst. Union Oil Company's
cobalt molybdate was found to be more active than the Harshaw Chemical Company's cobalt
molybdate catalyst. Under the conditions studied the Atlantic Catformer catalyst and the chrome
alumina catalyst did not compare favorably with either cobalt molybdate or molybdenum oxide as
hydrodesulfurization catalysts.
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ABSTRACT

The purpose of this investigation was to determine the effectiveness
of several hydrodesulfurization catalysts. The three catalysts studied
were Harshaw Chemical Company's molybdenum oxide and cobalt molybdate
catalysts, and Union Oil Company's cobalt molybdate catalyst. The Atlantic
Catformer catalyst and a chrome alumina catalyst were also studied very
briefly,

A small pilot plant hydrodesulfurization unit capable of holding 100
grams of catalyst was used, Catforming gas containing 89 percent hydrogen,
and Husky 0il Company's No., 3 fuel oil containing 2.18 percent sulfur, were
used throughout this 1nvest1gatlona

Cobalt molybdate was found to be the most effective desulfurizing
catalyst. Union Oil Company's cobalt molybdate was found to be more active
than the Harshaw Chemical Company's cobalt molybdate catalyst. Under the
conditions studied the Atlantie Catformer catalyst and the chrome alumina
catalyst did not compare favorably with either cobalt molybdate or molyb-
denum oxide as hydrodesulfurization catalysts. -
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INTRODUGTION

The increasing demand for petréleum products ﬁas foreed refiners to
utilize the lower quality high sulfur crude oils such as those found in
certain sections of-Califorﬁia, Texas, and Wyoming. The vast reserves of
.the Arabian Middle East 0il and the large reserves of oil which can be
derived from shale aﬁd tar sands are very high in sulfur content. In
using these high sulfur‘crudes, refiners have to use various ﬁethéds for
desulfurizing, depending upoh‘the‘individual economic situation and the
relative amounts and types of sglfur compounds present.

Sulfﬁr‘in petroleum produéts causes objectionable odor, corrosion to
metal, ﬁoor eolor stability, and podr tetra ethyl lead susceptabili@y”in
gasoline, as well as producing acrid fumes on bufning, Sulfur in petro-
leum is present in a number of forms among which are: ‘elemental sulfur,
hydrogen' sulfide, mercaptans, sulfides, and thiophenes. The cyclic or
thiophenic sulfur éompounds are very stable and can not be éffected by the
comuon desulfurizétion methods. The higher boiling petroleum fractions
tend to have a higher concentration of sulfur and a greéter préportion of
.cyclic sulfur compoundsg

There has been an increased demand for heavier distillates for use in
diesel engines, jet ai;craft motors, and gas turbines; T6 prevent excess~
ive engine wear, it is desirable to hgve the sulfur céntent less fhan 045
percent. There are a great number of highly specialized methods for re-
moving or rearranging the objectionable non-cyélic sulfur compounds in
gasoline and light distillates., The relatively high concentration of

eyelic sulfur compounds in some diesel fuels and gas oils are not affected
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by these methods but may be partially removed by such processes as de~
structive hydrogenation and catalytic cracking or almost completely remov-—
ed by hydroforming. Using these processes, however, the produc¢t oil is
materially altered in_basic éharacteristics by dehydrogenation, crééking or
Sther reactions, All sulfur compounds may be removed by use of a selective
solvent, however, losses of hydrocarbon usually make this method prohibiﬁ
tive. |

The most efficient method for removing the so-called refractory of
cyclic type offsulfur.compounds is by the well known process of catalytic
hydrodésulfurizatioﬁ. Cobalt-molybdate, molybdenum oxidé,and tungsﬁen-
nickel catalysts are the most commonly used contact agents in this type of
process, DBesides removing sulfur, niﬁrogen, oxygen, and diolefins or gum
forming constitﬁents are also largely removed from the oil,

In catalytic hydrodesulfurization the oil is treated with a large
amount of hydrogen in the presence of a sulfur resistant hydrogenation ‘
catalyst under sﬁitable conditions of temperature and pressure. ‘For this
type of process to be economically feésible a relatively cheap source of
hydregen rich gas is requirédo'.A cheap source of hydrogen is now prodqqed
in the process of catalytic reforming. In the typical catalytic'refgrming
proceSS‘uséd for upgrading low octane gasoline there is a net production
of a gas mixture which is usually greater than 85% hydrogen, the remainder’
being mostly hydrocarbon gases which do not affect hydrodesulfurization
' appreciably.

The minimum hydrogen concentration or critical hydrogen content re-

guired to produce a deSired-degree of desulfurization under constant
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operating conditions increases with the on stfeam time for a particular
catalyst. Silvey (7) has shown the critieal hydrogen concentrations using
a moiybdenum oxide catalyst. | |

The hydrogen rich gas used in catalytic hydrodesulfurization is re=
éyqled through the system and as it is continually used over again it picks
up.smalllémounts of hydrogen sulfide and hydrécarboh gases which are not
totally condensed in the effluent oil, .Hartwig (3) investigatéd the rate
of hydrocarbon buildup for ﬁhe particular conditions under which he was
operating and ciaims that this rate of buildup is relatively slow. .Hydro-
gen sulfide in . the recycle .gas is not particularly harmful, however; tq
prevent dilution of the recycle gas, it may be removed by caustic scrubbing,
When the concentration of the hydrocarbon gaseé gets too high, these gases
can be removed by conventional means, however, this low hydroger concen-
tration'recycle'gas is usually remo%ed from the.system and new recycle gas
of high hydrogen concentration added. |

Hydrogen is used up in this process, the amount depending upon the
charge oil requirements,.conditions employed, or degree of desulfgrizétion
required. This requires that a makeup gaé be added to the system:; Hartwig
(3) has determined the consumption of catforming gas, dontaining approxis
mately 89% hydrogen, which is required for a number 3 fuel oil while dsing
a molybdenum sulfide catalyst.

The ratio of hydrogen to oil that is passed over the catalyst affects
both the catalyst life and the degree of desulfﬁrizationg -Variations in
the mole ratio of hydrogen to liguid feed above 2 to 1 have véry little

effect on the sulfur content of the effluent oil (2), This ratio is in‘the
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range of 2000 .cubic feet perlﬁarrel of oil,  To maintain catalyst aetivity;
however, it has been.found desirable to recycle about 6000 cubic feet of
gas per barrel of charge o0il.(2). . |

The catalyst life or act1v1ty is affected by tarry deposits and carbon
: laydewn. These dep051ts also cause an increased pressure drop across the’
catalyst bed. When the sulfur concentration in the product oil gets too
high or the pressure drop becomes so large as to hinder passage of the
recycle gas, the catalyst must be regenerated by burning off the tarry
substances with air or gases diluted with oxygen,

When heavy gas oils are.desulfurized, it is desirable to increase the
pressure in order to decrease the rate of carbon and tar laydown on the
catalyst. - Increasing tﬁe pressure also promotes a higher degree of de-
suifurization‘énd Koski.(é) has'shoﬁn the effect of pressure up to 600
psig. |

It is desirable to keep the temperature low enough to prevenﬁ excess—
ive thermal crackmg° The bond energy for a carbon to carbon bond

(58,6 & cal) is only slightly higher than that for a carbon to sulfur bond
Mol

(54.5 m§;1> and so a temperature required for cracking of a carbon to
sulfur bond would also promote some'cerbon.to carbon cracking, 'The temp-
erature require&lfor a certain degree ofldesulfurization is dependent upon:
a number of things, the most importan£ being‘the'amount ef refractory
sulfur compounds present in the charge oil and the type of catalyst employ=-
ed, .
For most operating ranges, small‘decreaseS'in space velocity‘promete

a higher degree of desulfurization, -Space velocity in weight or volume
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ratios of charge oil to catalyst per unit of time is an expression for the
extent of contact between oil and catalyst. High space velocities desig~
nate less contact tiﬁe of the oil with the catalyst and hence a lower de-
gree of desulfurization, -

The object of this research was to compare three catalysts, a molyb-
denum ox1de catalyst and two ¢obalt molybdate catalysts by showing the
relative effects of temperature, space velocity, and recycle rate on
desulfurization; while using these catalysts. A statistical approach was
used for this study, Both chrome-alumina and piatinum catalysts were also
tested briefly in order to determine whether they wouid make‘effective

catalysts or contect agents for catalytic hydrodesulfurization.

EQUIPMENT

A schematiec diagrag of the reactor is shown in Figure 1. The reactor
consisted of a 16-inch length of li=~inch extra strong black iron pipe
fitted with a 13 to 3/L4-inch reducer at the top and a 1% to i-inch reducer
at the bottom. 'The top of the reactor was fitted with a union,'tﬁo erosses,
and en assembly of valves.for recycle gas inlet, 0il inlet, an air inlet
for catalyst regenerations, and a 1200 1b frangible disk safety blowout,
.A t~inch extra strong Elack iron pipe was extended dewnward from the cress‘
attached to fhe top of the reactor to within 1 inch of the bottom of fhe
}%minehmreecper pipe. This tube was welded‘ehﬁt at the bottom and served
as a thermowell tube for three iron—constantan thermccouples inserted from

tHe top. This type of thermowell allows for adgustlng the thermocouples

to any desired helght in the center of the reactor,

At the bottom of the reactor a condenser was connected with a 3-inch




=Qes

)
pipe union. The condenser consisted of a 2l-inch length of Z-inch pipe
with a 3=-inch pipe as a water jacket, .Below the condenser were fitted a
cross, two tees, a pressure gage, a Jerguson receiver, a Mason-Neilan
small volume air-to-close regulator valve, and a 23-inch length of i-inch
pipe which served as an overflow standpipe. A Fisher~Wizard proportional
controller was ﬁsed in comnection with a Mason-Neilan valve to maintain the
correct pressure in the reactor and condenser,

The effluent oil and condensed vapors flowing from the Jerguson re-~
ceiver were collected in a one-liter Erlenmyer flask, The condensed gases
in the eil, which flash off at atmospheric pressure, were passed through

two scrubbing flaské in series containing 'a concentrated sodium hydroxide
.solution to remove the hydrogen sulfide, -The sweebened gas was meﬁered in
a wet test meter manufactured by the Precision Scientifie Companyo'_.

The récycle system consisted of a surge tank, a compression tank, and
a feed tank, A number two gas cylinder served as the surge tank and waé
fitted at the top with a 3-inch length of 3/4ninch.pipe, a cross, a
pressure gage, and two valves. The compression tank was a number two gas
cylinder. At the top of the compression tank were a small sight glass, a .
Cross, ﬁressure gage, and two valves used to isolate the tank from the
recycle system, A %ainch standard black iron pipe,was welded to the
bottom of the compression tank, Fitted to the Z=inch pipé‘through aito
‘1einch reducing elbow was a length of. 2-inch pipe which conmected the
compression tank to the compression pump. - On the %—inch pipe was a tee;

one side of which was comnected to a hydraulic gear pump, made by the Peseco

Company, and the other side was fitted with a valve for returning the
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compression oil to a E-gallon tank oil storage reservoir. Between the gear
pump and the oil storage tank was connected an unloading relief valve for
returning the oil to the storage tank in case the pressure in the com-
pression tank exceeded 1000 psig. .A-pressure gage was fitted betweeﬁ this
feiief valve and the gear pump. The feed tank was a number one gas cylinnl
der fitted at the top with a cross and pressure gage and ét the'botﬁom with
a valve,

Gas flow from the feed tank to the reactor was metered by a Fisher
flowrator and regulated by an American Instrument Company needle valve
located betwéep the feed tank and the flowrator.

A Brook's Rotameter was used to measure the amount of makeup gas from
the makeup tank to the.surge and compression tanks,.

Extra strong black iron pipe and high pressure.fittings were used
‘ihroughout the unit where piping is indicated by double lines on Eiguré 1.
:Singlellines on this drawing indicate 1/8-inch stainléss steel ﬁigh
pressure tubing.

Three 33-foot lengths of beaded Nichrome wire, supplied with current
from three 110-volt Powerstat variacs, provided heat for the reactor.

Two of these heating coils Were loéatéd‘neér the bottom of the reactor to
heat the_catalyst section and one was wound higher up on the reactor to
provide heat for the préheat_section° The coils were wound arouﬁd the
reactor over a layer of asbestos tape and insulated with an additional
covering of asbestos tape and a two~inch layer of magnesia mud.

One=eighth inch alundum balls were used as.the preheat medium, The

gatalyst bed was located below the preheaﬁ section and below the catalyst
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bed was another layer of alundum balls supported by a wire screen.

The oil feed system consisted of an adjustable stroke piston pump
and an oil reservoir.

Iron-constantan fhermocouples were used in conjunction with a Leeds
and Northrup indicating potentiometer for temperature measurement,

Anaiysis of recycle gas samples was made in a low temperature Micro-
still with a Micromax automatic temperature recording device made by the

Leeds and quthrup Company.

MATERTALS
The oil used for desulfurization studies was Husky Oil Company's
number three fuel oil, The sulfur'éontent of this oil varied from 2.12 to
2,18 percént by weight., Additional data for this oil can be found in
Téble I of the Appendix°
‘Table II presents data for all the catalysts used in this research,
The composition of the récycle gas or catforming gas used is shown

in Table I.

METHODS
The desulfurization unit was put into operation by first applying
electric current to the heating coils of the reactor by means of three
Powerstat variacs., When the temperature in the catalyst bed reached 300°C,
the reactor was pressurized with catforming gas containing approximately
89% hydrogen. The flow rate of this gas was adjusted by means of a needle
valve and measured by a Fisher flowrator. The pressure.in the reactor waé

adjusted to the desired level by setting the Fisher=Wizard proportional
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controller conriected to the Mason~Neilan back pressure valve; Wheh the
catalyst bed .temperature reached approximately 380°C,. the oil to be de-
sulfurized waslcharged to the reactor by starting the piston pump. The
0il flow rate was then adjusted by a proper setting of the piston stroke.
Temperature,‘pressure, and flowrator readings were taken every half hour
and averaged for the total time of each oil sample taken,

As the prodﬁct 0il collected in the Jerguson pressure receiver it was
aliowed to drip slowly into the receiving flask. .-Dissolved gases, which
floated from the oil in fhe receiving flask at atmospheric pressure,
passed through a caustic scrubbing train to remove the hydrogen sulfide,
and then were metered through a wet test meter., Effluent oil samples were
taken every eight hours; at Which time the wet test meter readings were
taken, |

The oil was maintained at a certain level in the Jerguson pressure
receiver, This acted as a liguid seal pfeventing the recycle gas from _
escaping, The recycle gas flowed through the Mason-Neilan Back pressure
valve into the surge tank and compreséion tank. -When the pressure in these
“bwo tanks reached approximately 200 psig bélow the reactor pressure, the
compression tank was isolated from the surgeAtank,. The recycle gas collecte
ed in the éompression'tank was fhen forced back into the feed tank by means
of the hydraulic gear pump and compressién 0il, The length of time re-
quired between these compressions varied with the flow rate of catforming
gas through the reactor., Makeup gas had teo be added periodically to the
surge and compression tanks., Gas flow from the makeup tank was metered

through a Bféoks'rotametef‘and'this flow was timed with a stopwatch.,
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Gas samples of the recycle gas were taken periodically by displacement‘
of water in eight~liter'bottles. These gas samples were analyzed in a low
'temperature micro~still with a Micromax automatic tempefaturé recorder,
Liouid nitrogen was used for cooling the micro-still. | |
‘The weight and gravity in OAOP.I, were recorded fof each sample taken.
A portibn of each sample was washed in an eight percent sodium hydroxide.

solution before determining the sulfur content by the lamp method (1),

SAMPLE CALCULATIONS
Tables III, IV, V, VI, VII, VIII, IX, and X contain the tabulated
data for all thé runs made in this investigation.
| The space velocilty recorded was based on the weight of the oil charged
to thé reactor. .
For examplé: Percent loss, wt. basis’=_2°5%.‘ Then, for an

individual eéffluent oil sample weighing 780 gms.,-the charge

780

= 800 °
0,975 e

oil welght would be ——

Then, for an 8=hour sample period and using 100 ng-of‘catéLyst,

the space velocity would equal:

800 gms oil - - = 1.000 &ms oil )
(100 gms cat)(8 hrs) ° gri cat hr

The recycle gas flow in stand#rd cubic feet per barrel of oil charged
(SCF/bbl) was calculated by dividing the gas flow per sample period by the
charge 011 welght per sample perlod° For example: o _'

With an effluent oil sample weighing 780 gms (800 gms. of charge 0il)

and a gas recycle rate (as 1ndlcated by the Fisher flowrator) of 950

liters (S.T.R,) per & hours then,
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" 950 liters gas - 0,875 - gms oil 1000 c.c. 28,32 liters

800 gms oil c.0. 011 =~  Iiter ¥ .48 gal
42 gal o 1 £t3 = 5840 S.C.F./bbl
61 * 28,37 1iter 58LO 5 /

Hydrogen consumption was calculated from the makeup and bleedoff gas
figures recorded for each sample period., Bleedoff figures were the wet
test meter readings. Makeup figures were from the Brooks rotameter feadn
ings., For example: .

For an effluent oil-sample weighing 780 gms (800 gms charge oil)

and a gas makeup equal to 38 liﬁers (STP) aﬁd a bleedoff'equal'to

10 liters (STP), the gas consumed by difference would be 28 liters

(STP).
Then 28  x 1000 = 35 liters consumed per Kgm oil and
800 C B .
35 liters . L.91 Kem ft3 _ 3 | o
Kem x T Tors BR1 172 £t consumed‘per bbl qf oil,

Gas consunmption figures %aried widély So the figures‘preséﬁted in the
‘statistical runs were cuﬁulative averages from tﬁe three samples for each
run,

Standard statistical procedures were used in analyzing the data shown
in Tables XII and XITII for tﬁe analyse; of variance Table XIV, Thesg :
calculations were made and checked by the Montana State College Statistical

Department headed by Dr. B, Ostle,
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DISCUSSION

Method Used for Comparing Catalysts

A comparison of three hydrodesulfurization catalysts was made by show-
ing the relative effects, while using each catalysf, of recycle rate, space
velocity, and temperature on the percent sulfur and gravity 6f the efflu=
ent 0il, The three catalysts used were Harshaw'!s molybdenum oxide, Har-
shaw's cobalt molybdate and Union 0il Company's_éobalt molybdate., Table
II shows fhe chemical composition, manufacturer, .and identification code
of each catalyst used.

The following levels were usea for the independent variables, while
using éach catalyst: |

1. Two temperatures -~ 725 and 775°F.,

2. Thfee_sﬁace velocities ;u 0¢6, 1.0, and 1.4 pounds of oil per

| pound of catélyst per houfa

3o Tﬁree recycle rates —- 6000; 7500, and 9060 cubic feet of

recycle gas per barrel of charge oil, |

Thg eight levels of the three factors described above provide a total
of 18 different opérating conditionso' These 16 different operating cone
ditions, for each of the Statistical Runs, Sets 1, 2, 3; and 4, are called
runs as shown in Tables VII, VIII, IX, and X. Molybdenum oxide was used
for Statistical Run, Set 1 shown in Tablé VIi, and this same catalyst was
regenerated by blowing with air at 600°C and used for Statistical Run,

Set 2 shown in Table VIII to provide a replicate set of data. Harshaw's
cobalt molybdate catalyst was used in Statistical Run, Set 3 shown in

Table IX and Union Oil Company's cobalt molybdate catalyst was used for
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Statistical Run, Set /4 shown in Table Xe

The experiments were conducted at a reactor pressure of 500 psig.
Husky Oil.Cémpany's Noo. 3 fuel oil containing 2.18 percent sulfur and
having a gravity of 29,7° AOP;I. was used, Catforming gas héving the
composition shownn in Table I was used as the recycle gas. The same recycle
gas was used for Statistical Runs, Sets 1, 2, and 3. The hydrogen concen=-
tration was 86,7 percent.at the end of Statistical Run, Set 2, and 79.2
percent at the end of Statistical Run, Set 3; This drop in hydrogen con=
tent can be explained by fhe higher degree of desulfurization and greater
production of light ehﬁs in the effluent oil accomplished by the cobalt
molybdafe catalyét,-than.was accomplished by the molybdeﬁumvoxide catalyst
for Stafistical Runs, Sets 1 and 20, |

To help prevent prejudice in énalyzing_the effluent Qil from each of
the statistiecal runs, a random changing of the conditions was employed as
shown in Table XI; Each of the four statistical runs shown in Tables ViI,
ViIii, I, and X contain eighteen individuai runs represeﬁting the eighteen
different operating conditions employed. Each of these individual runs
was allotted 24 hours of operating time allowing for three 8—hour,samp1es,'
The sample from the first 8 hours of each run was not considered in the
analyses, and was regarded only as a flﬁshing.saﬁple to remove oil from

the previous run and allow a line out period for the change in eonditions..

The properties of the last two 8=hour samples for each run were averaged

and only .these average values were used to represent the conditions-of
each particular run.

Figures 2 and 3 are plots of these average values from the Molybdenum




Oxide Statistical Run, Set 2. The percent sulfur in the effluent oil is

plotted against space velocity in Figure 2 and against recycle rate in

' Figure 3, Both figures show the relative effects on the percent sulfur in

the effluent oil due to space velocity and temperature, but no definite
effect can be attributed to recycle rate. Similar plets of the data for
the Statistical Runs, Sets 1, 3, and 4 were not included since no further

informatioh could be obtained from them,

Statistical Analysis of the Variabies

For further ﬁroef that the gas recycle rate produced no éignificant '
effect on the dependent variables of percent sulfur and gfavity of the
effluent oil a statistical approach was used. Tables XII and XIII show
the data taken from‘the appropriate runs whiéh were used for the Analysés
of Variance Table'iisted as Table XIV in the Appendix. In order to use
this statistiéal approach the deviations of the independenttvariablessof”
temperature, spacé veloeity, and recycle rate from the prescribed levels
as listed above have been neglected, The decrease in the activity of the
various catalysts with on-stream time céuld not be taken into account
either, For the case of molybdenum oxide ‘this decrease in activity which
was stuaied by Silvey (7) produces a grea£ deal of uncertainty for any type
of anélyses of thesé data. The changing of conditions at random was de-
sirable to offset this. effect as much as possible.

An analysis of variance table for each of the fhree catalysts ;s shown
in Table XIV. The gravity of the effluent oil in ®A.P,I., was used as a
second dependent variable‘since-itg measurement is very accurate, and also

because a change in the percent sulfur of the effluent 0il can always be
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predicted if there is a change in the gravity of the effluent oil,

The single and double asterisks beside the values in the mean square
column of Table XIV denote thét the corresponding independent variable
listed under the soufce of variation column produce an effect on the de=
pendent'variableso The single and double asterisks denote that these
factors produce an effect which is significant at the 5 and 1 percent
significance levels, réspectively, This means that there is a 5 and l_
percent chance of falsely concluding that these vafiables actually do
produce any real effect.

| In Table XIV both space vélocity and temperature were éhown to pro=

duce an effect on the dependent variables at the one percent level of '

- significance for all three catalysts. A.linear regression was noted for

both spacé velocity and temperature at the 1 percent level of significance,
The equations of the'regression lines were not included with'ﬁhis_table,
but they showéd that as témperatﬁre increases and as space velocity de-
creases é highér degfee of desulfuriéation results., It was élso shown in
Table XIV that when the molybdenum oxide catalyst from Statistical Run,
Set 1 was regenera£ed and used for Statistical Run, Set 2 £o give a repli-
caﬁe set of dafa, that a significant difference between replications
resulted, This fact is also éhown very‘plainly in Table XIT by the mean
values of the dependent variables which are listed under each set of data.
Thé mean of Set 2 is 0,630 and the mean of Set i is 0,580 percént sulfur
in the effluent oil showing that the ﬁolybdenum oxide catalyﬁt was not
nearly as effective in desulfurizing after regeneration as before,

The Analysis of Variance Table showed no effect due o gas recycle
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rate for any of the catalysts uséd° A linear regression effect at the 5
percentvlevel of significance was noted for reéycle rate with'the m01deen=
um oxide catalyst.on the percent sulfur in the effluent oil, howefef, no
similar effect was noted due to gravity.

An intepaction was shown to exist at the 5 peréentllevel ofisignifi—
cance between temperature and space velocity for both of the cobalt molyb-
date catalysts, Thié means tﬁab the effect of space velocity varies'with
the temperature level as;pictured_inﬁFigure 5. No similar effect was
noticea for the moiybdenuﬁ oxide catélysf b& either Figure 4 or the
Analyses of Variance Table,

Comparison of The Catalysts by Means of Graphs

Tt was assumed that varying the recycle'rate in the range of 6000 to
9000.cubic feet of gas per barrel of oil produces no noticeable effect on_
the dependént variables. If this is trué there are really only'six'
different éet? of conditions for each statistical run and noﬁ eigh#een as
formerly thought. This allowed fér all the runs with space &elocities'at
the same prescribed level to be averéged giving a total of only thréé'
points for each temperature level. These'average daﬁa which are listed in
Table XV.were used to plot Figures 4, 5; 6,.7, é, and 9.

Figures 4-and 5 are plots of percent sulfur versus sﬁace velocity a£
fhg_two tempe?ature levels of 725 and 775°F. These figures show that
Union 0il Company's cobalt molybdate catalyst is a better desulfurization
catalyst than Harshaw's cobalt molybdate catalyst, and furthermore thét
both cobalt molybdate catalysts produce a higher degree of desulfurization

at the low temperature level of 725°F than does the molyﬁdenum oxide
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‘catalyst at the higher temperature'level of 775°F,

An interaction was shown to exist im Figure 5 whereby £he space
velocity is shown to have less effect on the percent sulfur in the effluent
0il as the temperature is raised. This suggested the hypothesis that at
some temperature level, higher than 775°F, a change in the space velocity
would produce very little effect on the degree of desulfurization and could
be altered merely to control the gravity of the effluent oil, This was the
purpose for performing the 0il Cracking Run I (0¢C.R.I.) shown in Table IIT -
whereby a temperature of approximately 810°F was used and the space
velocity raised to épproximately 5 in order to prevent excessive cracking
of the oil at the higher temperature, Sample No. 4 produced at a temper-
ature of 808°F and a space velocity of 4.9 showed the gravity to be 34.3
CAR,I. This gfavity was in the desired range for good desulfurization
as shown by Figpre 7 howéver, the sulfur content of 0,406 percent was
much higher than was predictedo The space velocity was then lowered to
approximately 3 which raised the gravity to 34.7 OAsP,T, and gave a sulfur
content of 0,274 percent for sample No, 13, The daﬂa from this 0il Créck—'
ing Run I has disproved the fallacy that at the relatively high temperature
level of 810°F the space velocity ﬁroduces an effect in the gravity but no
effect in the degree of desulfurization, -

Figures 6 and 7 are plots of gravity versus space velocity at the two
temperature levels of 725 and 775°F. These plots sﬁow that the Union Cil
Company's cobalt molybdate catalyst is a more effective cracking catalyst
or produces more 1ow boiling hydpocagbons as shown by the higher values of

OﬁwPoIf gfavity, The molybdenum oxide cétalyst produces effluent oil at
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775°F with gravities that are in the same range as those preoduced by the
cobalt molybdate catalysts at 725°F,

Figure 8 is a plot of percent sulfur in the.efflueqt oil versus
gravity in CA.P,I, of the effluént 0il, -This plot shows a linear relation-
ship between these two dependent variables for a garticulér cétalyst and
temperature level., The two cobalt molybdate catalysts are satisfied by the
same curves, This relationship should prove valuable in routine quality
control work where the percent sulfur in the effluent oil could be approx-
imated by merely checking the gravity.

Figure 9 shows the effect of the two temperature levels on the gravity
-of the effluent oil for each of the three catalysts., This plot shows the
relative ability of each catalyst to crack the oil, and furthermore
emphasiﬁes that the molybdenum oxide catalyst is only as effective iﬁ this
respect -at 775°F as the cobalt molybdate catalysts are ai the lower temper—
aturé 1eye1 of 7259F, TFigures 5, 7, and 9 show that Union 0il Company!s
cobalt méiybdate catalyst is better than Harshaw's cobalt molybdaté cata-
lyst for the dual purpose of cracking and desulfurizing. -Table II shows
that these catalysts have the same chemical composition and if this fact
is not in error then the difference in .the two catalysts!? ability mﬁst be
attributed to some physical quality. |

Brief Study of Other Contact Agents for Hydrodesulfurization

An Atlentic catformer catalyst which had been previously used in a re-
forming process for upgrading straight run gasoline and which had been
regenerated four tlmes was briefly tested as a hydrodesuliurlzatlon cata-'

lyst. Huuky 011 Compmmv“'ho. 3 fuel 0il was uoed and a catiormer gas
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containing approximately 87 percent hydrogen was used as the recycle gas.
The conditioné for the Platinum Run I shown in Table IV were a pressure of
400 psig, a tgmperature of 750°F, and a space velocity of approximately
10,0, -These conditions were used since it was originally @hought that this
catalyst would promote a high degree of cracking, however, as shown by.
Sample No, 2, the gravity of the effluent 0il was increased by only 0,7
'OA,Pol,‘and the ;ulfur removal amognted'to only 6 percent. -When this
catalysf was used at a temperature of 779°F, a pressure of 500 psig and a
space velocity of 0,945 as shown in Table V, the gravity‘ﬁf the effluent
oil was increased to 33.4 °AJP.I, and a 57 percent sulfur removal resulted.
This catalyst does not compare favorably with either cobalt molybdate or
" molybdermum oxide catalysts under these conditions, however, since no speci;
fication oil containing less than-O,S percent sulfur was produced,

The chrome alumina catalyst listed in Table II was tested by Koski
,(6)_under atmospheric pressure and using pure hydrogen, -He found that at
a temperature of 775°F and a space #eloéity of 1,083 that only 42 percent
of the sulfur was removed from the oil, .It was thought that under relas
tively the same conditions of temperature and space velocity but under a
pressure of 500 psig, a much highef degree of desulfurization would result,
This was the purpose of the Chrome Alumina Run I shown in Table VI. The
use of pressure increased the degree of desulfurization to 60,5 percent.
When the space velocity was reduced to 0.485 as shown by Sampleré, the
degree of desulfurization was raised to 71l percent. It mgy be concluded
that pressure produced a very definite effect on the,degree-ofAdesulfur~

ization, however;Athe chrome alumina catalyst does nbt'cdmbaré faﬁorablj




=23

under these conditions with either the cobalt molybdate or molybdenhum

oxide catalysts.

L.

3.

Lo

50

CONCLUSIONS

.Cobalt molybdate is the most effective catalyst studied from the dual

point of view of desulfurization and production of light ends,

‘Lowér.temperatures can be used for cobalt molybdate than for molybden—

um oxide.

-Union 0il Company's cobalt molybdate is more active than Harshaw's

cobalt molybdate catalyst,

- Temperature and space velocity are the important independent variables.

Recycle rates in the range of 6000 to 9000 cubiec feet of gas per bgrrel
of oil produced no noticeable éfféct‘on the degree of desulfurization

and gravity of the effluent oil,

-Under the conditioné studied, the chrome alumina and Atlantic Catformer

catalyst do not compare favorably with either cobalt melybdate or

molybdenum oxide as hydrodesulfurization catalysts.
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TABLE I
CHARGE OIL & RECYCLE GAS INSPEGTION DATA

Charge Oil - Husky No. 3 Fuel 0il

% Sulfu.'f' - 20176
Gravity voPoIo 2967

4.S.T.M. Distillation

Vol. % Temp OF
I.B.Fa L25
5 50k
10 , 520
20 536
30 , ' 54,8
- 40 558
50 ' 567
60 575
70 : 584
80 594
90 . : 611
95 625
E,P, . 652
Recovery 99,0 Vol %
Residue 0.8 Vol %
Loss 0.2 Vol %

Recycle Gas = Catforming Gas

Composition Vol %

Hp 89 %

CHﬁ : 3.5 %
02 6 102 ?
Callg Re5 %
'cg'ﬂé 345 %
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TABLE II

COMPOSITION .& IDENTIFICATION OF CATALYSTS USED

Catalyst Name
and Composition

Cobalt Molybdate
9. 5% :MOOB
3,0% Co0
5,07 810,
2,0% Graphite

80,5% 41505

Cobalt Molybdate
90 5% M003
3.0% Go0
500% Sio2
. 2,0% Graphite.
80,5% A1203

Molybdenum Oxide
16% MOO%
79% 41503

5% Si02
Chrome=aluming

Atlantic Catformer
0,4% Platinum

Identification Code

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

. Union 0il Co,
Cobalt Molybdate 3/16"

Mo=0203=Tw1 /8"

160=A=2-1

(r-0202-T-1 /8"

'Atlantic‘Catformer

1/8" pellets

CatalystuManufacturer

Harshaw Chemica} Co.

- Harshaw Chemical Co,

"Harshaw Chemical Co,

Harshaw Chemical Co.

Atlantic Refining Co.
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TABLE IIT

TABULATED DATA FOR OIL CRACKING RUN (O.C.R. I)-

Catalyst: 100 gms of Union 0il Co. Cobalt'Molyb&ate~3/16"

0il Charge:

Recycle Gas: Catforming (89% H,)
Reactor Pressure: 500 psig

. . ( ' . .
Samp. Total Hrs Sample Av. Cat. Space Vel. Recycle

No.

Ve3gomPEwno

P
N HO

13

13
21
29
37
L5
53
61
69
77
85
93
101

1b cabt hr
- 2127 758 4,00 6790
3636 817 La65 6300
3772 73 Le82 6070
3817 © 808 4590 " 6000
3638 816 .67 6250
3790 810  4o87 5960
3772 815 La82 7160
3858 805 Lok 7000
3829 792 .90 7020
3106 1796 3098 7580
2336 807 3.00 8100
232, 808 2,98 8150
2325 810 2,98 8150

Maximum oil charge loss 2;69% by weight,

‘ Product
on Stream Wt Gms Temp °F 1bs oil/ Ft3/bbl A.P.I.. % S. Consumed

3.2
3h05
33,3
34.3

" 3463

34,1
34,0
33.7
33.7
33.9
3Lk
3heb
3447

00450
0.386
0,773
0,406
00425
Oolh5
0,470
0,510
0,535
0,450
0.300
0.311
06274

Husky #3 Fuel 0il ~-°A.P.I. 29.7 and containing 2,176% Sulfur,

Av, Gas

per samp
F£3/bbl
oil

0
58
39
89,

101
92
107
9%
90
83
147
102
82




Samp
No.

MHO

Samp
No.,
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TABLE IV
TABULATED DATA FOR PLATINUM RUN I-

Catalyst: 30 gms of Atlantic Catformer Catalys* regenerated A4 times

and not used after last regeneratlon.
Recycle Gas: Catforming (89% H )
0il Charge: Husky #3 Fuel 0il = 2 1767 Sulfur and 29. 7°A P.T.
Reactor Pressure: 400 psig

Total Hrs Sample Av. Cat. Space Vel. Recycle . Product,
on Stream Wt Gms ° Temp °F  1bs oil/ Pt3/bbl °A.P.I. % S.
' : 1b cat hr .
L5 388, 755 10.0 8000 © 31,0 1,972
10,0 1666 ' 756 10.1 7920 30,5 1,987
18,0 2452 7h9 10,2 7800 30.h 2,047

Remarks: Catalyst bed 2.5 inches deepe
' No oil loss detectable.

_ TABLE V
TABULATED DATA FOK PLATINUM RUN II

Catalyst: 100 gms of Atlantic Catformer Catalyst regenerated 4
o times and not used after last regeneration, .

0il Charge: Husky #3 Fuel 0il - 2.176% Sulfur and 29,7°%.P.I.

Recycle Gas: Catforming (89% Ho).

Reactor Pressure: 500 psig

’

Total Hrs Sample Av. Cat. Space Vel. Recycle Product

on Stream Wt Gms Temp OF  Jlbs oil/ Ft3/obl °A,P.I. % S.
+1b cat hr .

10 734 769 0,951 8500 . 33,3 0,904

18 737 779 0,945 8450 33.4 0,931

Remarks: Oil lost in reaction 2.5% by weight.,
Catalyst bed 8.3 inches deep.
At the end of the run a portion of the catalyst at the
‘bottom of the bed looked untouched while the remainder
was black,
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TABLE VI
TABULATED DATA FOR CHROME ALUMINA RUN I

Catalyst: 100 gms of Harshaw Cr-0202 T 1/8% \

0il Charge: Husky #3 Fuel Oil = 2,12% Sulfur and 29.7°A.P.T.
Recycle Gas: Catforming (89% H,)

Reactor Pressure: 500 psig

Samp Total Hrs Sample Av. Cat. Space Vel. Recycle Product
No, on Stream Wt Gms Temp OF.  1bs oil/ Ft3/bbl °A.R,I % S,
1b cat hr

0 5.5 408 779 1,000 8000 33:2 0,872
1 13.5 794 7L 1.017 8060 33,0 0,814
2 21,5 742 775 " 1,000 8000 33,0 0,836
3 29,5 802 764, 1.024 . 7800 325 ——
L 37.5 359 779 0,460 9350 33.5 0,668
5 L5.5 390 786 0.499 8600 33.8 0,569
6 53.5 379 775 0.485 8850 33.h4 0,613

Remarks: O0il losf in reaction 2.4% by weight.
Catalyst removed from reactor had same appearance as
when charged.,




TABLE
TABULATED DATA FOR MOLYBDENUM OXIDE STATISTICAL RUN (SET 1)

Catalyst: lOO gms of Harshaw Mo=0203=~T 1/8" 160 A=2=1

0il Charge: Husky #3 Fuel 0il -®i,P.I. 29.7 and contalnlng 2.176% sulfur
Recycle Gas: Catforming Gas (89% Hp)

Reactor Pressure: 500 psig

~z¢~

Run Samp, Total Hrs 6amp1e Av. Cat., Space Vel, Recycle Product Av, Gas
No. No, on Stream Wt. Gms. Temp OF 1bs oil/ - Ft3 /obl ®A.P, I. 3. Consumed
1b cat. hr. ) per Samp,
Ft3/bbl oil
0 0 8 —— —— _— — — e

1 16 1096 780 1.400 8580 35,2 0,321

2 2L 1062 T7h 1.362 © 9350 35.1 0,342 192
1 3 32 1047 -7 1,340 9400 34,9 0,313
4 4O 1101 775 1.410 . 8930 35,0 0354

5 L8 1094 775 " 1,400 9010 3he7 00348 188
Avy L & 5 775 1.405 - 8970 34,8 0,351
2 6 56 430 779 0,620 5790 35,0 0,260
6l 439 775 0.556 6620 35.2 - 0,190

8 72 472 77 0.599 6000 35.2 0,208 63
Av, 7&8 776 0.578 6310 35,2 0,199
3 9 80 766 776 0.998 7610 34,9 0,298
10 88 780 - 775 1,000 7580 3he5 00344

11 96 778 775 1,000 7600 3hLe6 0,358 " 62
Av. 10 & 11 775 1,000 7590 346 0,351
A 12 - 104 472 77 0,605 W60 34,8 0,282
13 112 L6l 776 0,595 7520 35,0 0,251

14 120 L55 Tk 0,585 7640 35.0 0,255 57

Av. 13 & 14 , 775 0,590 - 7580 35,0 0,253




Run
No,

10

Av,

Av.

Av,

) Av,

Av,

Av,

Samp.

No. on Stream
15 128
16 136
17 144
16 & 17
18 152
19 160
20 168
19 & 20
21 176
22 184
23 - 192
22 & 23
2L 200
25 - 208
26 216
25 & 26
27 221,
28 232
29 240
28 & 29
30 248
31 256
32 264
31 & 32

TABLE VII (cont!d)

TABULATED DATA FOR MOLYBDENUM OXIDE STATISTICAL RUN (SET 1)

Total Hrs

Sample
Wt. Gms

764
800
816

506
487
472

1058
1121

1099 .

1102

1102
1090

L62
481
L79

779
801
807

Av. Cat.
Temp °F

728

725
724
724

775
775
775
775

9

775
775
715

778
779
775
777

730-

725
726
726

772
776
775
776

Space Vel,
lbs oil/
1b cat hr

0,978
1.021

1.046 -

1.033

0,648
0,622

© 0,604
10,613

1,355
1.436
1.406
1,421

1,419
1419
1.400
1,410

0,594
0.616
0,615
09616

1.025
1,028
1,035
1.032

Recyele
F£3/obl

7760
7410
7270
7340

8230
8700
8850
8775

7740
7300
Thh0
7370

5920
5920
5950
5935

7690
7250
7370
7310

6050
5920

5875
5902

Product

33.8
33.6
3366
3306

3543

34,8
34,9
348

34.3
34,1
34.1
34.1

33.8
337
33.7
33.7

33.6
3306
33.6
33.6

340
34,1
34,1
3h.1

®,P, I, % S,

0.57L
0,712
0.722
0,717

0,401
06267
0,272

" 04270

06459
04527
0,540
0,534

0,50k
0541
04555
0,548

0,566

0,568
0,57k
0,571

0,519
0,478

0,486 -

0,482

Av, Gas
Consumed
per samp.
Ft3/bbl oil

241
o7
95
50.

120

7,




TABLE, VII(cent'd)
TABULATED DATA FOR MOLYBDENUM OXIDE STATISTICAL RUN (SET 1)

Run Samp., Total Hrs  Sample Av, Cat. Space Vel, Recycle Product Av, Gas
No, No. on Stream Wt., Gms, Temp OF 1lbs oil/ F3/obl %A.P.I. . % S. Consumed
1b cat hr per samp.
| . Ft3/bbl oil
17 33 272 - 754 7 0,970 9190  34.2 0,446
34 280 o T 0,961 9350  34.2 O.4LL
35 288 769 775 0,988 . 9090  3L.0 0,450 138
Av. 34 & 35 776 0,974 . 9220 3L4.1 OsLLT7-
11 36 296 756 719 0,974 9250  33.2 0,810
37 304 37 725 0.948 9500 33.1 0,805 :
' 38 312 660 724 0.850 10600  33.3 0,752 5l
Ave 37 & 38 724 0,899 - 10050 33.2 0.778
12 39 320 1022 724 c1.312 © 6390 32,7 0,933 |
L0 328 1116 722 1.431 5850 32,6 1,020 -~ 2
: 41 336 1155 72L, 1,485 5650 32,6 1,025 66 '
Ave K0 & 41 723 1.458 5750 32,6 1.022
13 L2 34k 1126 728 . Loh45 7220 32,7 0,945
43 352 1078 726 1.382 7560 32,6 0,947 '
LL . 360 1124 725 lolhs5 7250  32.5 0.976 39
Av, 43 & LL 726 1.413 7405 32,6 - 0,961
14 L5 368 786 729 1,010 6040 32,6 0.876
L6 376 - 783 72L 1,004 6060 32,8 . 0,845 '
L7 38, 792 - 725 1,018 - 5960 32,8 0.872 100
Av. L6 & L7 724 1.011 6010 32.8 0,858
15 48 392 432 727 0.554 - 6600 33 0,677
49 400 349 727 Oolih6 8150 33.3 0,612
50 L08 511 725 06653 5590 33.4 0,595 111

Av, 49 & 50 726 0.549 ~ 6870 33,4 0,604




TABLE VII (cont'd) '
TABULATED DATA FOR MCOLYBDENUM OXIDE STATISTICAIL RUN (SET 1)

Run Samp, Total Hrs Sample Av, Cat  Space Vel, Recycle Product Av. Gas
No, No., on Stream Wt, Gms. Temp °F 1bs oil/ Ft2 /obl ®A.P,I. - %S Consumed
' 1b ecat hr per samp,
, _ o " Ft3/bbl oil
16 51 416 1008 722 1,275 9900 32,9 0,99
52 L2l 1116 725 1.413 88L0 32,6 0,913
53 432 1123 725 1.425 8810 32,6 0,940 283
Av. 52 & 53 725 1.419 8825  32.6  0.927
18 54 MO T 483 726 0,611 8880  33.0 0,730
55 4438 Li3 723 0.560 9560 33,6 0,565
56 456 457 725 0.580 9300 33.6 0,578  199.

Av, 55 & 56 : 2L 0.570 9430 3346 0,572




Run
No.

 TABIE VIII '
TABULATED DATA FOR MOLYBDENUM OXIDE STATISTICAL RUN (SET 2)

Catalyst: 100 gms of Harshaw Mo-0203-T1/8" 160 A-2-1 Regenerated

0il Charge: Husky #3 Fuel 0il -°A,P,.I, 29.7 and containing 2.176% sulfur
Becyele Gas: Catforming Gas (89% Ho)

Reactor Pressure 500 psig

Samp., Total Hrs Sample Av, Cat Space Vel. Recycle Product Av, Gas

Wo, on-Stream W, Gms. Temp, OF 1bs oil/  Ft3/bbl °A.P.I. % S Consumed
1b cat hr per samp,
Ft3/bbl o0il
0 & — — — — - _—
1 16 705 772 0,906 4950 345 0.390
2 2L 791 775 1.620 L4450 34.2 0,417 —
3 32 478 778 0,615 7280 34.6 0,302
L 40 451 775 0,580 7700 34.8 0,291 &
~ 5 48 483 777 0,622 7220 34,6 0,291 57 A
Ave L &5 776 0,601 Th60 34,7 0,291 '
6 56 765 775 0.985 6240 34.3 0,400
7 64 e 7L 0.996 6100 34.1 0.456
8 72 761 7L 0,980 6190 3349 0,476 96
Av, 7 & 8 T7h 0,988 6145 340 0,466 -
9 80 1064 730 1,370 7600 33,1 0,770
10 88 1045 727 1.340 7750 32.% 0,880
11 96 1011 723 1.300 8000  32.8 0,875 124
Av, 10 & 11 725 1.320 7875 32,8 0,878
12 104 979 772 1,260 6630 33,4 0,626
13 112 1041 779 1,340 6240  33.8 0,568
14 120 955 775 1.230 6830 335 0,603 58

Av, 13 & 14 777 1,285 6535  33.6 0,585




Run
No,

10

T4BLE VILI (cont'd)
TABULATED DATA FOR MOLYBDENOM OXIDE STATISTICAL RON (SET 2)

Samp., Total Hrs Sample Av, Cat Space Vel. Recyele Product Av, Gas
No, on Stream Wt. Gms, Temp., OF 1bs oil/ Ft3/bbl %,P.I, % 8 Consumed
1b cat hr ‘per Samp.
_ ] ' Ft5/bbl o0il
15 128 728 776 0.937 9530 34,0 0.470
16 " 136 768 781 0,988 8990 34,1 0,466 C
17 T 1k 778 776 1.000 8890 33,9  0.487 115
av. 16 & 17 778 099 890 340 0476 -
18 152 807 776 1,040 7260 33,8 0,525
19 . 160 803 779 1.033 7320 33,8 0,519 _
20 168 796 779 - 1.025 7420 33,9 0,515 31
Av. 19 & 20 779 1,029 7370 33.8 0,517
21 176 1013 727 1.306 6440 32,6 0,923
22 184 1160 730 S Y 1) 5940 32,5 0.962 -
23 ) 192 1120 725 1.440 5800 32.4 1.017 143
Av. 22 & 23 728 lgl’.28 . 5870 3294 Oc990
2L 200 808 727 1,040 . 7260 32,6 0,875 .
25 208 763 727 0.981 7700 32,7 0,825 ,
26 216 ThY7 725 0,961 T900 32,6 0,856 102.
Av, 25 & 26 726 0.970 7800 32,6 0.840
27 221, =mos ———— e —.-'-' — —
28 232 432 724 . 0,556 9530 33,2 0,613
29 240 L3S0 727 . 0,630 8150 33,3 0,620 176
© Av, 28 & 29 726 0,593 8840 33.2 0,616
30 248 735 723 0,946 9420 33,1 0,763
31 256 755 728 0,973 9230 32,9 0,775 '
32 264, 826 725 1.060 8400 32.8 0,750 108

Av. 31 & 32 726 1,016 8815 32.8 0,762




TABLE VIIT (cont'd)
TABULATED DATA FOR MOLYBDENUM OXIDE STATISTICAL RUN (SET 2)

Run Samp. Total Hrs  Sample Av, Cat  Space Vel. Reeycle Product Av, Gas
No, o, on Stream Wt, Gms Temp. OF 1bs o0il/ Ft3/obl °A.P,I, % S Consumed
‘ ' 1b cat hr per Samp,
_ Ft3/bbl oil
11 33 272 450 - 730 0,580 6340. 33.2 0,667
34 280 440 729 0,566 6390 33.4 0,605
35 288 Lk, 723 T 0,571 6340 334 0,605 187
Av. 34 & 35 : 726 0.568 6365 330k 0,605 :
12 36 296 1059 T 1,362 9130 33.8 0,486
- 37 304 1082 781 1,392 9040 33.9 Q473 155
38 312 1104 - 775 1.420 8750 33.6 0,557
Av, 37 & 38 778 lahOé 8895 33, 0515
13 39 320 . 1093 730 1,410 8850 33.0 0,835 -
’ L0 328 1084 727 1,400 9000 32,8 0,881 o
41 336 1055 725 1,360 9280 32,7 0.875 - 169
Av, 40 & 41 - 726 1.380 9140 32,8 0.878
.14 42 344 L3 776 0,571 6390 33.5 0565
43 352 - L7 T 0.615 5950 342 0,388
Ll 360 L85 775 0.624 5850 34,0 0,393 315
Ave 43 & L4 776 06620 5900 - 3hel 0,390
15 45 368 . L81 730 0,618 7120 33e5 0,572
L6 376 L8l 727 0,621 7220 33.3 0.633 '
L7 385 485 723 0,624 7160 33.2 0,656 127
Av, k6 & L7 725 0,622 7190 33.2 0,645
16 48 392 456 779 00587 9180 34,0 0,380
49 400 437 777 0,562 9550 3h.2 0,358
50 408 L5h 776 0,58L 9250 34,3 0,354 62

Av. 49 & 50 : 7765 0.573 9400 3Le2  0.356

—8 g..




TABULATED DATA FOR MOLYBDENUM OXIDE STATISTICAL RUN (SET 2)

Run Samp . Total Hrs
o, Ho, on Stream
17 51 416
52 L2b,
53 432
CAv, 52 & 53
18 54 L40
55 AR:
56 456
Av. 55 & 56

Recycle Gas Analyses at end of run 18 Ho

Sample

740.

776
76

1091
1687
1058

TABLE VIII (cont'd)

Av, Cat. -
Wt. Gms, Temp. °F

721
728

723.

726

769
779
775
77

Space Vel,
1bs o0il/

1b cat kr

06952
1,000
1.000
1.000

1.405
1.395
1.360
1.378

CHy,
Gz+

Recycle

Ft3/bbl .°A,P.T

6390
6050
6120
6085

7120 ©
7460
7560
7510

86.7%
10.3%
3.0%

Av, Gas
Consumed
per Samp,
Ft3 /bbl oil

29

Product

% S
33,0 0,799

32,7 0,865

32,6 0,875
32.6 0,870
33,1 0,702
33.3 0.636
33.3 0,640
33.3 0,638




Run
No.

Av,

Av,

Av,

Av,

TABLE X
TABULATED DATA FOR COBALT MOLYBDATE STATISTICAL RUN (SET 3)

Catalyst: 100 gms of Harshaw Co-Mo-0201-T 3/16"
0il Charge: Husky #3 Fuel 0il ~°A.P.I. 29.7 and containing 2.176% Sulfur
Recycle Gas: Catforming (86.7% Ho) A

_Reactor Pressure: 500 psig
Samp. Totai Hrs  Sample Av. Cat.
No. on Stream Wt, Gms. Temp OF

0 8 — —

1 16 1062 778

2 2l 1064, 776

3 32 1055 780

L 40 1076 TTh

5 L8 1059 777
4 &5 776

6 56 V1T T

7 64 LL6 777
- 8 72 77 TTh
7&8 776

9 80 758 7L
10 88 708 775
11 ' 96 812 775
10 & 11 : : 775
12 104 452 776
13 112 463 779
14 120 L5k 776
13 & 14 778

Space Vel. Récycle

1bs oil/
1b cat hr

1.360
1.370

1,360
1.380
1,360
1.370

0,613
0.575
0,613
0.59,

0,980
0,910
1.040
0.975

0,582
0.595
0,581
0.592

Ft3/bbl

9220
9130

. 9270
8980
9220.
9100

6030
" 6330
6030
6180

- 7750
8730
7320
8025

7750
7560
7560
7560

Product
°,P.I. %8
©35.1 0,112

35,1 0,095
35,0 0,101
34,9 0,095
34.9 0,094
34—09 000911' '
35.4 0,085
35.5 0,070
'3505 00078
35.5 0.074
35.1 0,101
35.0 0,125
35,0 0,110
35,0 0,118
35.4 0,096
35.4 0,075
35.4 0,075
35.4 0,075

Av. Gas
Consumed
per samp,

Ft3/6bl oil

139

146
139
187

187

‘017‘.




TABLE -IX (cont'd) .
TABULATED BATA FOR COBALT MOLYBDATE STATISTICAI. RUN (SET 3)_

Run Samp. Total Hrs  Sample Av. Cat. Space Vel. Recycle Product Av, Gas

No, No. on Stream Wt. Cms. Temp °F lbs oil/ Ft3/bbl %4.,P.I. %8 Consumed
. : 1b ecat hr . ‘ per samp.
. ' Ft3/bbl oil
5 15 128 783 722 1,010 7560 3hody 0,165
16 136 804 727 1,030 7360 34,2 0,184 .
17 144 749 724 0.962 7900 34,2 . 0,178 241
Av, 16 & 17 726 - 0,99 7630 34.2 0,181 .
é 18 152 346 769 AN 12280 347 0,106
.19 160 L6%7 e . 0,600 9030 35.5 0,076
20 168 L57 il 0,588 9120 35.1 0,071 213
Av, 19 & 20 T7h 06594 - 9075 35.3 0,074
7 21 C 176 939 769 1,210 8630 34,7 0,135
Co22 184 1098 779 1.413 7510 34.8 0,145
23 192 1103 775 1.420 7070 34.8 0,145 210
Av. 22 & 23 : 777 CL.416 7290 34.8 0,145
g - 24 200 1097 781 1.413 5650 34,8 0,163
- 25 208 1065 776 1.370 6040 3he7 0,154
26 216 1125 780 1.448 5740 3h.7 0,156 353
Av, 25 & 26 : 778 1,409 5890 34T . 0,155
9 27 - 224, LT77 730 0,613 7320 345 0,153
28 232 L6 725 0.575 7800 34.5 0,134
29 2L0 480 723 0,618 7260 343 04139 303
Av. 28 & 29 721, 0,596 7530 3hey 0,136
10 30 248 848 785 1.102 5610 348 0,157
31 256 761, 777 0.981 6180 348 0,152 '
32 261, 780 T7h 1,000 6180 3he8 0,155 189

hv, 31 & 32 776 0,990 6180 34.8 015}




Run
No.

11

12

13

Samp.
No,

33

3L -

35 :
Av, 34 & 35

36
37
38

Av. 37°& 38

39
10
L1

o Av. 4O & 41

14

15

L2
43
L

Av. 13 & 41;

L5
46
L7

Ave 46 & 4T

16

48
49
50

Av, 49 & 50

TABULATED DATA FOR COBALT MOLYBDATE STATISTICAL RUN (SET 3)

Total Hrs
on Stream

272
280
288

296
304
312

320

328
336

3hd
352
360

368
376
384

392
400
408

Sample
Wt Gms

6
783
768

1079
1097
1091

1099
1099
1099

798
804

- 786

L6
452
470

1061
1095
1118

TABLE .IX (cont'd)

Av, Cat.
Temp OF

728
727
725
726

726
727

723

725

722

727
723

725

722
724
723
7L

730
727
727
727

723
2L

T2

724

Space Vel.
1bs oil/
1b eat hr

1.000
1,005
0,987
0,996

1.388

‘1410

1.400
10405

1.413
1.413

1.413

1.413

1,026
1.033
1,012

1,022

04600
0,582
0,605
0,594

1.360
1410
1.440
1.425

Regycle

8490
8920
9070
8995

6040
5930
5930
5930

7270
7410
7460
Th35

5880
5980
5980
5980

6040
6280
6040
6160

8480
8830
8730
8780

Product
Ft3/bbl ®A.P.I. % S Consumed

34,3
34420
3L.0
34,0

338
33,7
33,7

3.7

33.8
33.8
33.8

33.8 °

33.8
33,9

- 34,0

3440

3he2
3he2
3h4e2
3he2

34,0
3349
33.8
3308

0,193
0.217
0.216

0,216°

0,298
0,320
0.328
0324

0,311
0,292
0,360
0.296

0,274
04232
0.220

Av, Gas

pe§ samp.
Ft3/bbl 0il

230
173
208

16

0,226

0,131
0,105
0,095
0,100

0,231
0,264
04260
0,262

319

. 240

...817-.




. TABLE IX (cont'd) , .
TABULATED DATA FOR COBALT MOLYBDATE STATISTICAL RUN (SET 3)

Bun  Samp.  Total Hrs Sample  Av. Cat. Space Vel, Recycle  Product

Av, Gas
No, No, on Stream Wt Cms Temp OF  -lbs oil/ Ft3/obl  “A,P.I. %S Consumed
1b cat hr : ’ ‘per samp.
| : Ft3/bbl oil
17 51 416 804 754 1:033 8580 34s3 04207
52 L2k, - 635 ACE 0,817 11050- 34.9 0,080
53 432 631 T 10,812 - 11100 34,9 0,078 364
hv, 52 & 53 : 776 0,815 C11075 34,9 0,079
18 5 . 44O - 493 728 0.634 8480 347 0,096
55 L8 439 2L 06563 9570 . 3L.6 0,100 N
LB, 156 166 721, 0,600 8930 . 34s5 0,104, 161
Av. 55 & 56 ' 724 0,582 9250 3he6 0.102 -
“Recycle Gas Analyses: . - : ; 7
: At Start of Run 0: Hp 86.7% At End of Run 18: H, 79.,2%
: CH, 10,37 : CHy,  10.9%

Cot  3.0% - G 9.9




Run
No.

L

TABLE X
TABULATED DATA FOR COBALT MOLYEDATE STATISTICAL RUN (SET 1)

Catalyst: 100 gms of Union Oil Co, Cobalt Molybdate 3/16" Catalyst
Oil Charge: Husky #3 Fuel Oil°A,P.I. 29.7 and containing 2,176% Sulfur
Recycle Gas: Catforming (89% Ho)

Reactor Pressure: 500 psig

Samp,  Total Hrs ‘Sample  Av. Cat. Space Vel, Recycle Product  Av. Gas

No. on Stream Wt, Gms Temp OF 1bs 0il/ Ft3/bbl ©°AB.I, %S Consumed
1b cat hr per samp,
' ) ' _ _ Ft3/bbl oil

1 8 1017 75 . 1,300 9660 36.2 0,094

2 16 1107 777 1.415 8740 35,7 0.075 278
3 2l 1132 781 1.450 8590 35,7 0,074
L 32 1096 778 1,400 . 8910 35,5 0,075

5 L0 - 1085 777 - 1.389 9060 35.6 - 0,077 234
CAv. L &5 ‘ 777 1,39 8985 35.6 0,076
6 L8 513 772 0,656 5800 35,5 0,082
7 56 kb T . 0,568 6550 36.1 0,046

-8 T k] 776 0,565 6450 36,0 0,033 216
Ave 7 & 8 776 0,566 - 6500 36,0 0,040
9 72 L . 775 0,989 7640 35.6 0,047
10 80 755 775 0,967 - 7840 35.4 - 0,066

11 ) 88 757 775 0,970 7830 35.3 0,062 202
Av, 10 & 11 775 0,968 7835 35.4 0,064
12 96 L8l 715 . 0,620 7340 35.5 0,047
13 104 L91 77 0,628 . 7220 35.5 0,040

14 ©o112 498 77 0,635 7020 35.5 0,042 237

Av, 13 & 14 776 0,632 7120 35.5 0,041




/
TABLE X (contid) _
TABULATED DATA FOR COBALT MOLYBDATES STATISTICAL RUN (SET 4)

Run Samp. Total Hrs Sample Av, Cat. Space Vel, Recycle Product Av. Gas

No, No, on Stream Wt. Gms Temp OF  1lbs oil/ FtB/bbl °4.P.I, %-S Consumed
1b cat hr per samp.
: ' ‘ Ft3 /bbl oil
5 15 120 46 726 T 06955 7900 3hL.6 0,062
16 128 769 723 . 0,982 . 7730 . 3k, 0,108
17 136 787 722 1,010 470 3hedy 0,136 211
Av, 16 & 17 722 0,996 7600 3he 0,122 .
6 18 14 1,86 780 T 0.622 8450 35.4 0,032
19 152 T L8l T - 06616 8660 35.6 0,025
20 . 160 L76 775 0,609 8740 35.6 0,035 290
Ave 19 & 20 776 0,612 8700 35.6 04030
7 21 168 989 - 766 1.265 82170 348 0,095
- 22 176 1087 782 1,389 . 7540 34,9 0,095
23 184 1107 - 775 1,415 7400 348 0,09 247
Av. 22 & 23 778 1,402 7470 34,8 0,094 .
8 2L 192 1087 775 1.389 5850 3he6 0,124
25 200 1094 779 1.400 5820 34,6 0,124
26 208 1084 775 1,389 6120 34,6 0,133 196
Av, 25 & 26 T 1.394 5970 34,6 0,128
9 - 27 216 489 716 0.625 7160 3L 0,137
28 22l L77 728 0,610 7350 346 0,087
29 232 LT 726 0,606 74,10 34,7 0,080 318
Av, 28 & 29 27 0,608 7380 3L.6 0,08,
10 30 240 783 L 1,000 . 6060 35.0 0,058
31 21,8 739 777 0,944 6390 34.9 0,075
32 256 781, Tk 1,000 6020 35,0 0,080 226

Av. 31 & 32 776 0,972 6205 35,0 0,078




Run

" No,

11

13

14

15

16

37
.38

Av, 37 & 38

39
LO
41

v 40 & K1

42
43
L,
Ave L3 & b

L5
L6
47

Av. 46 & L7

L8
49
50
Av. 49 & 50

Lotal Hrs
on Stream

261,
272

280_

288
296
304

312
320
328

336
344
352

360
368
376

384
392
40O

Sample
W, Gms

807
776
776

1083
1008
1179

1077
1089
1088

799
813
812

483

463
146

1033
1031
1054,

TABLE X (cont'd)

Av, Cat.
Temp OF

n
728
724
726
2L
725
7214
724

728
727

723

725

722
727
722
2L

730

726
723

725

728

720

721
721

Space Vel,
1bs oil/
1b cat hr

1.030

. 0,994

0s99L

o9 .

1,390
1,290
1,508
1,399

1.375

1,390

1,390
1.390

1,021
1.040
1,039
1,040

0,617
0,592
0,572
0,582

10322
1.320
1,350
1,335

Recycle
Ft3 /bbl

8690
9040
9040
90LO
6050

6550

5580

6065

7600
7520
7520
7520

5970
5830
5810

5820

5900
6100

6360

6230

9450
9540
9290
9415

TABULATED DATA FOR COBALT MOLYBDATTS STATISLICAL _RUN (SET h)

Produet
AoPan %S
3L.2 0,150
3L.2 0,161
3L.2 0,150
342 0,156
33.9 0,210
33,9 04246
33,9 0.233
33,9 00240
33.9 0,210
33,9 0.249
33,9 0.255
33,9 0.252
34.0 0,228
34,2 0,193
3L4e2 0,186
34.2 0,190
3L4e4 0103
3he 0,102
3Lhe5 0,090

o 3Ly 0,096
343 o175
34.0 0.2%1
33,8 0,263
33,9 0,252

Av, Cas
Consumed

’ per samp,.

Ft3/bbl 0il

163

_917..

97

271

609

236




Run
No,

17

18

"Samp.
No.

- 51

52

53
Av,. 52 & 53

Sl
55
56

Av, 55 & 56

Total Hrs
on Stream

408
116
Lol

Sample

Tk

794 -

762

458

L6l

466

. TABLE X (cont'd) . ) _
TABULATED DATA FOR COBALT MOLYBDATES STATISTICAL RUN (SET L)

Av. Cat.
Wt. Gms Temp OF

779
780
775
778

726
727
725
726

Space Veio
1bs oil/
1b cat hr

0,987
1,013
0.97k
0,994

0,586
0:593
0,596
0e59L

Recycle
Ft3/bbl

9000
8660

9150

8905

. 9240

9150
9080

9115

Product
A.P.I, . %8

35.1
3542

- 35.0

35.1

34.5
34,7
347

3h.7

0,113
0,097
0.092

0.09%

09132
0,103
0,100
0,102

Av, Gis
Consumed -
per samp.
Ft3/bbl oil

229

332




-48m

TABLE XTI .
RANDOMIZED ORDER OF STATISTICAL RUNSH*

REPLICATE I : REPLICATE. IT
Order for Statistical Runs © Order for Statistical Run
Sets 1,3 & 4 o et 2 -
B4 | R, By B Ry, Ry
oS 15 9. 18 1L 15 9
S, 1 5 1k 1. 8 10
83 12 13 16 7 3 13
Tp S 2 b 6 1 1 16
53 10 3 17 2 6 5
S3 & 7 1 L8 12

¥Symbols for Tables XI, XII and XIII
By, By, & Rg are Recycle Rates of 6000, 7500 and 9000
cubic feet of catformlng gas per barrel of charge oil
respectively.

S1s S55 & S; are space velocities of 0.6, 1.0 and 1.k
grams of charge oil per gram of catalyst per hour
respectively. :

Tl & T2 are temperatures of 725 and 775°F respectively.




Replicate (Set 1)

L9

TABLE XII

DATA FOR ANALYSES OF VARIANCE TABLES
TAKEN FROM TABLES VII & VIII
FOR MOLYBDENUM OXIDE STATISTICAL RUNS SETS 1 & 2

Dependent Variable % Sulfur in Product
-. Replicate (Set 2)

0,604 0.571
0.858 0.717
1.022 0,961
0,199 0.253
0482 0,351
0.548 0.534
Mean = 0,580

R

1 2
33.4 33.6
32.8 33.6 .
32,6 3246
35.2 35,0
34.1 3Le6
33.7 3h4.1
Mgan = 3308

Dependent Variable Gravity in °A.P.I.

R

Ry |
- 0.572

Oa‘778 :
0,927

0,270
Oolh7 .
0.351

AVeragé Mean = O,

. R3
33.6

' 33.2
32.6

3408
3ol
3he8

!

fa

0,605 0.645

0,870 0,340

0,990 0,878

0,390 0,291
0,466 0,517
0.585 0,638

605

By,

3304
32,6
32.4

34,1
34.0
3346

Average Mean = 33.6

Mean = 0.630

RZ
33,2
32.6
32.8

3he7

33.8

3363
Mean = -3304-

R
0,617
0.762
0.878

0,356
Ooly76
0,515

33.2
32.8

- 32.8

34,2

34,0

33.8
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TABLE XITI
DATA FOR ANALYSES OF VARIANCE TABLES
TAKEN FRCM TABLES IX & X .
FOR COBALT MOLYBDATE STATISTICAL RUNS SETS 3 & 4

Dependent Varlable 7 Sulfuf in Product

Harshaw CoMo(Set 3) Union 0il CoMo (Set h)
Ry Ry R, Ry R, Ry
0,100 - 0,136 . 0,102 0,096 * 0,084 0,102
0,226 0.181 0,216 0,190 0,122 0,156
0.324 0,296 0,262 0240 0,252 0.252
0,074 0,075 0,074 0,040 0,041 0.030
0,154 . 0,118 0.079 0,078 0,064 0,094
0,155 0,145 0,09h 0,128 0,094 0,076
Mean = O 156 _ _ . Mean = 0 »119
Dependent Varlable Grav:.’c,y in °A.P.I.

Harshaw CoMo (Set 3) : Union 0il CoMo (Set 4)
Rl R2 R3 | Rl R2 R3
34e2 - 3k 3heb 3hsk - 3he6 347
34.0° 34,2 34.0 34e2 3hoky 34.2
33.7 33.8 338 33,9 33.9 -~ .33.9
3505 35.4 35,3 36.0 35.5 35.6
34,8 - 35,0 34,9 -35.0 35.4 35,1
34e7  34.8 34.9 34.6 34,8 3546

Mean = 3L.6 Mean = 34.8




=b5]le '

TABLE XTIV
ANALYSES OF VARIANCE TABLES

Molybdenum Oxide Catalyst (See Table XII)

Source of Variation Dependent Variable % S. Dependent Variable °4,P,I,
Degrees of Mean Square Degrees of ' Mean Square
Freedonm Freedom
Replications : 1 0,0213% - 1 1,4,0033%
Space Velocity 2 0,025L46%* 2 . 1.8686%¢
Linear regression 1 049713 1 3,.60383%¢
Dev. about regression 1 0,0120 1 0,1334
Recycle Rate ‘ 2 0,0096 2 0,1111
Linear regression 1 0,0187¢ ‘ 1 00,1667
Dev about regression 1 0,0005 1 0,0555
Temperature 1 11471k 1 / 13, 5669 a4
Temp. X Recycle Rate 2 . 00,0013 .2 0o OOhh
Temp. X Space Velocity 2 0,008/, 2 0,0086
Recycle Rate X Space - ‘
" Veloeity 4 - 0,0050 L 0,0932
Temp., X Recycle Rate X : .
Space Velocity 4 0,0031 - L 0,0748
Error . 17 0.0031 17. 0,0826

Total 35 . 35

Harshaw ColMo (See Table XIII)

Space Velocity 2 0,021 }y=¢ 2 ' 0,59383%¢
Linear regression 1 0,0426%3% 1 1,1408%
Dev, about regression 1 0,003 1 0,0469

Recycle Rate 2 0,0018- 2 S
Linear regression 1 0,0035% 1 0,0300
Dev. about regression 1 0,0001 1 - 0.0177

Temperature 1 0,04 25%% 1 b, 10883k

Temp, X Recycle Rate 2 0,0002 2 0,0073

Temp, X Space Velocity 2 0,0059% 2 0,0173

Recycle Rate X Space

Velocity L 00,0008 L 0,0072

Temp., X Recycle Space ' :

Rate X Space Vel. _4 0.,0004 L © 060205

Total 17 ' 17




Source of Variation

Space Veloc

~

~52m

TABLE IV (cont'd)

ANALYSES OF VARIANCE TABLES

 Union 0il CoMo (See Table XIII)

Dependent Variable # S

Dependent Variable °A.P.I.

Degrees of Mean Square

Linear regression

Dev. about
Recycle Rat

Linear regression

Dev. about

Temperature

Freedom
ity 2
1
regression 1
e ' 2
1
regression 1
7

Temp. X Récycle Rate 2°

Temp. X Spa
Recycle Rat

Vel
Temp, X Rec

X Spa
Tot

* S
=t 8

ce Velocity 2
e X Space
ocity 4
ycle Rate
ce Vel,

al 17

ignificant-at P
ignificant at P

-

0.0176%%
0403513

0,0006
0,0003
0,0008

0.0400%¢

0,0002
0,0035

0,0003

0,0005

Degrees of

Freedom.
2
1
1
2
1
1
1
2
2
1+.
5 ‘
17

Mean Square

057116
. 1,4008%
0.0225
0,0416
0.0833

o gz ey -~

4. 9080%%*

0,0206
0.0239

0,0808

0,1030




53
. TABLE XV- - :
TABULATED DATA FOR FIGURES 4, 5, 6, 7, 8, & 9 WHERE RECYCLE RATE WAS
CONSIDERED .TO HAVE NO EFFECT ON THE DEPENDENT VARIABLES

Data Averaged from Statistical Runs, Sets 1,2,3, & 4

Temp. °F Av. % S Space Velocity OA.P.I,
Average grams oil/gram Average
cat, hour :

Catalyst Ho=0203-T-—1/8"

725 . 0,602 . 00586 33.4
725 S 0,804 0,988 32,9
725 0,943 1.403 32,6
75 0,293 0,596 348
7'75 0,456 1,003 341

775 B . 0,528 1,384 _ 33.9
" Catalyst CoMomQ201~Tw3/16"

725 . 0,113 0,591 ' 3heks
725 o 0,208 . 1,004 - ' 3h.1
725 : 0.294 - 1a41h 33,8
775 - 0,074 . 06593 3504
775 . 0,117 0,927 3469

775 | 0,131 1,398 o 348

Catalyst Union Oil Co. CoMo

725 0,094 0.595 3h.6

725 . 00156 loolo 34—03
725 0,248 1.375 3349 .
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775 | 0,099 1,397 35,0
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SPACE VELOCITY IN Ib/Ib,*

Figure 2. Percent Sulfur in Effluent Oil Versus Space
Velocity. Molybdenum Oxide Statistical Run
Set 2).
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Figure 3.
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Upper 3 curves al 725 OF

Lower 3 curves at 775 F

PAR AMETER;
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7000 8000 9000
RECYCLE RATE in ft./bbl.

Percent Sulfur in Effluent Oil Versus
Recycle Rate. Polybdenum Oxide
Statistical Run (Set 2)
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Figure 4.

57—

temp. (25%

TEMP. 775 FE

SPACE VELOCITY IN Ib/lIb,hr

Effect of Space Velocity on Percent Sulfur in
Effluent Oil. Polybdenum Oxide Statistical Runs
(Sets 1 and 2).
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Effect of Space Velocity on the Percent Sulfur in
the Effluent Oil. Cobalt Molybdate Statistical Rxms
(Sets 3 and 4).
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Figure 6. Effect of Space Velocity on °A_P.1. Gravity.
Folybdenum Oxide Statistical Runs (Sets 1 and 2).
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Figure 7. Effect of Space Velocity on OAePel. Gravity.
Cobalt Molybdate Statistical Runs (Sets 3 and 4).



IN EFFLUENT OIL

SULFUR

Figure 8.

-61-

O Molybdenum Oxide
0 Harshow - Co. Mo.

X Union Oil- Co. Mo.

34
A.P.I. GRAVITY

Percent Sulfur in Effluent Oil Versus °A.P.l.
Gravity.
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