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Abstract:
Catalytic hydrodesulfurization studies were carried out on four oils in the 400 to 700-F boiling range
utilizing cobalt molybdate catalyst. All studies were made with bench scale equipment.

The effects of contact time, temperature, treat-gas composition, treat-gas rate, hydrogen partial
pressure, and oil partial pressure were studied. Desulfurization was found to increase with an increase
in contact time, but the rate of reaction decreased. The rate of desulfurization increased with
temperature; however, temperatures above 700 F tend toward catalyst deactivation. At constant
pressure an increase in hydrogen partial pressure increases desulfurization, and increasing, the treat-gas
rate from 1000 to 2000 t3/bbl also increased desulfurization. The increase with gas rate was attributed
to lower oil partial pressure at the higher gas rate. A decrease in desulfurization with an increase in
pressure at constant contact time was noted when the hydrogen concentration of the treat-gas was
greater than approximately 85% when using a gas rate of 2000 ft3/bbl, and approximately 55% when
using a gas rate of 1000 ft3/bbl.

The charge oils and three desulfurized samples were analyzed by a mass spectrometer. It was found
that thiophenes are more reactive than benzothiophenes which are more reactive than
dibenzothiophenes. Di-benzothiophene content was correlated with the ease of desulfurization.
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ABSTRACT

Catalytic hydrodesulfurization studies were carried out on four
oils in the 400 to 700-F boiling range utilizing cobalt molybdate
catalyst. All studies were made with bench scale equipment.

. The effects of contact time, temperature, treat-gas composition,
treat-gas rate, hydrogen partial pressure, and oil partial pressure were
studied. Desulfurization was found to increase with an increase in con-
tact time, but the rate of reaction decreased. The rate of desulfuriza-
tion intreased with temperature; however, temperaturés above 700 F tend
toward catalyst deactivation. At constant pressure &n increase in
hydrogen partial pressure increases_desulfurization, and increasing. the
treat-gas rate from 1000 to 2000 £t3/bbl also ifhcreased desulfurization.
The increase with gas rate was attributed to lower oil partial pressure
at the higher gas rate. A decrease in desulfurization with an increase
in pressure at constant contact time was noted when the hydrogen con-
centration of the treat-gas was greater than approximately 85% when using
a gas rate,of 2000 £t3/bbl, and approximately 55% when using a gas rate
" of 1000 ££3/bbl,

" The charge oils and three desulfurized sampleés were analyzed by a
mass spectromeber. It was found that thiophenes are more reactive than
benzothiophenes which are more reactive than dibenzothiophenes. Di-
benzothiophene content was correlated with the ease of desulfurization.
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INTRODUCTION

For many years thé petroleum industry has been confronted with

problems arising from the presence of.sulfuf compounds in petroleum.

The problems are becoming more apparent for several reasons: more high-

sulfur crudé oils aré being used because the more desirable low-sulfur

crudes are being depleted; the petroleum industry has become more

competitive with the consumer desiring high quality products; and, many

of the more recently developed refining proceéses are hampered by the

presence of sulfur.

Among the problems caused by the presence of sulfur compounds in

various intermediates and products are:

1.

Lo

The corrosive effects encountered in refining, storage, trans—
portation: ana in burning or combusting of the products

The objectionable odors of some compounds such as mercap-
tans and hydrogen sulfide

The reduction of octane number of gasolines induced by -
certain types of sulfur compounds such as disulfides, poly-
sulfides, and mercaptans

The lowering of lead susceptibility by nearly all types of
sulfur compounds (on a 60 iso-octane-40 n-heptane blend con-
taining 3 cc. of tetraethyllead per gallon, the octane number
was depressed about 4 octane numbers with thiophenes present
to 14 octane numbers with thiophene mercaptans present. These

compounds were present in concentrations equivalent to 0.1%
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sulfur in the fuel )

5. The adverse effects of sulfur compounds on product stability

6. The acrid fumes given off when burned as in the case of fuel

oils.

The consequences of most of these problems are.easily recognized,
but the manner in which the presence of sulfur alters some refining
processes is not so apparent. Catalytic processing is becoming more popu;
lar in the éetroleum industry and a variety of catalysts are in use; how-
ever, many of these catalysts arée poisoned by the presence of sulfur
éompmhhdsﬁ that is, the sulfur compounds cause a decrease in catalysﬁ.
actiﬁity, Nickel, cobalt, copper, iron, and platinum, used for dehydro-
genation, platinum and paladium, used for gasoline reforming, are some
of the catalysts poisoned by sulfur (3).

Before it was necessary to utilize the high-sulfur crudes, methods
were employed, such as doctor treatment, to convert the objectionable
odor compounds (mercaptans) to other types of compounds such as di-
sulfides, This; Of course, left the sulfur in the oil. If complete
sulfur removal wasirequired;.thé oil was generally treated with sulfuric
acid; which also resulted in the loss of some desirable constitu;nts.

Certain catalysts in an atmosphere of hydrogen (hydrodesulfuriza-
tion) will decompose sulfur compounds, the sulfur can be eliminated as
hydrogen sulfide, and losses of the feed stock are negligible. The erux
of this type of processing was an economic¢ source of hydrogen., Catalytic

reforming, in which predominately naphthenes are converted to aromatics,-
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provided this source of hydrogen.
A typical hydrodesulfurigafion reaction involving thiophene is given
below:

CLHS .+ UHy ——————m—> CHy, + HpS-

Many of the present day 0il refineries receive their crude oils from
various oil fields throughout the -world. These crudes may differ only
slightly in composition and suifur content, or they may be greatly dif- -
ferent, Because of the differing composition or other reasons, different
oils may behave:differently under siﬁilar operating conditions and can
create many problems within a refinery. Generally, the reactions of the
various oils to the processing conditions are determined before usage
and the crudes are systematically scheduled into the refinery. This is
not always possible, however; and because of the changing ecotiomic
conditions of the world today, a refinery may have its bfuﬁg'bil supply
cut off without.notice and have to resort to another souréé;

In order to determine how a particular fraction will react to the
process variables, the fraction is generally 'subjected to the variables
of -the process on a pilot plant scale. This can become a very expensive
and time-consuming operation. If the composition of the oil in question
could be determined, for instance by a mass spectrometer, a correlation
might be found between co;position and process adaptability. Oﬂce the

effects of process variables have been established on a particular

petroleum fraction or boiling range, a composition analysis may be-all

that would be needed to predict conversions at various operating condi-
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" tions. In other words, the charge oils may be characterized by a parti-
. cular constituent or constituents. |

In this paper, four different oils in the diesel and burner oil
range (L00-700 F) were studied in conjunction with a catalytic hydro-
desulfurization process. The aim of the research was to determine the
effects of the operating variables on the desulfurization reaction, and
to determine if the types of sulfur compounds present in the oil could
be linked to the ease of desulfurization.

The cataiytic desulfurization reaction has been shown to be a pseudo-
first-order reaction with respect to the cencentration of the sulfur-
bearing cempound (5, 6, 8). The reaction is termed pseudo-first-order
because tﬁe concentration of the hydrogen is kept high enough at all
times to be considered constgnt (approximately 70 moles of H, per mole
of sulfur com.pound)o In view of this evidence a first-ordef reaction was
assumed for the desulfurization reaction studied in this research.

The rate equation used was |

dCa = -kCa (1)
at _

in which Ca = the concentration of the sulfur-bearing compound,

t = contact time,

k rate constant.

The actual contact time will be proportional to the apparent contact
time and can be expressed in terms of space velocity, i.e., grams of oil

per hour pér gram of catalyst (g/hr/g). The reciprocal of space velocity

has the units of time (hr). However, a better approach to the apparent
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contact time is to use a function of the total vapor rate, which is a
combination of treat-gas and oil vapor passing over the catalyst in a
given time. This allows for variation in contact time due to temperature
and pressure. Since 100 grams of catalyst were used in all the runs, the
vapor rate was expressed as ftha or . The reciprocal of the vapor rate

| Zm(-%o—dg) -
was used for apparent contact time.

Equation (1) can also be written as

dax = k(A=) (2)
-db

in which A = initial concentration of sulfur,
x = amount of sulfur reacted at any time, t,.
(A-x) = the amount of sulfur remaiﬁing. (It can be determined
by a simple analysis.)

In the desulfurization reaction, the reaction rate constant is
affected Ey all the process variables and should therefore be restricted
to the operating conditions in each instance; To be spécifica then, the
reaction rate constant, k, in Equation (2) should be restricted by the
subscripts as indicated in Equation (3).’

dx (A-x) (3)

& = ppH,.p0i1.H,.D.C.Ca

The subscripts indicate, respectively, temperature, hydrogen partial pres-
sure, oil partial ﬁressure, hydrogen concentration, the type of diluent
or diluents (gases other than hydrogen) in the treat-gas, the type of

catalyst employed, and the catalyst activity, all of which affect the
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velocity of the desulfurigzation réaction. The effects of catalyst particle
" size and catalyst hed depth have been left out, assuming that they are
both of such dimensions so as to have no effect on the reaction., In some
cases, decreasing catalyst pahticlé size and inoréasing catalyst bed
depth will increase desulfurization, It is desirable to operate where
both of these factors will give maximum»desulfurization provided the -
pressure drop across the catalyst bed.does not become troublesome.

Reorrangement and integration of Equation (2) between limits

(t =0tot =1t, and x = 0 to x) gives .

Ind = kt (4)
A-x
or 2,3 log, . & kt
i (5)
If the reaction is first-order, a plot of log A vs. t should give a
A-x
straight line with slope k and passing through the origin.

2.3
Several rather lengthy terms are used frequently throughout the

paper and for convenience the following abbreviations will be useq:

Term .- Abbreviation...
Aramco Light Waxy Distillate _ Aramco
Carter Railroad Diesel Oil RRD
Carter Medium Cycle Oil MCO
Husky No. 350 Burner Oil . Husky
Benzothiophene . | BT

Dibenzothiophene ' DBT
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EQUIPMENT

All experiments were carried out in a l-~inch stainless steel reactor
36 inches long. The catalyst was supported by 1/8-inch alundum pellets
énd the pre-heat 'section above the catalyst was also filled with the pel-
lets. The reactor was electrically heated by 4 nichrome heating coils.
Current was supplied to the coils by four 120~volt autotransformers. Five
iron~constantan thermocouples in a coaxial 1/L4-inch stainless steéel thermo-
well were used to measure the reactor temperature. The reactor ﬁreséure
was controlled by a Masoﬁ-Neilan small volume air-to-close back pressure
valve in conjunction with a FisherTWizérd proporﬁional controller,

A schematic diagram of the conventional high pressure flow system
is given - in Figure 1. The oil‘waé pumped to the top of the reactor by a
proportioning plunger pump. The hydrogen was taken from a commercial

hydrogen cylinder and metered to the reactor through a rotometer.

MATERIALS

The catalyst employed was designated Harshaw COMO-0301T (Harshaw
Chemical Comﬁany). This is a mixbure of cobalt’and molybdenum oxides
supported on alumina, éhe catalyst was crushed and sized to 10/14 mesh
and calcined for 12 to 20 hours at 1100 to 1200°F in an atmosphere of
nitrogen. |

The four oils used were namely:

1. Aramco Light Waxy Distillate from the Arabian-American Oil

Company, Arabia
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2. Carter Railroad Piesel 0il and
3. Carter Medium Cycle Oil from the Carter Oil Company, Billings,
Montana
4. Husky No. 350 Burner Oil from the Husky 0il Company, Cody,
Wyoming. '
In addition to these four oils, a blend of 50 wt.% Carter Railroad Diesel
011 and 50 wt.% Carter Medium Cycle 0il was used The inspeétion data
of the charge oils are glven in Table I,
Hydrogen was obtained in No. 1-A cylinders from the Whitmore Oxygen
Company, Sélt Lake City, Utah. Mixed gases with compositions of 60%
hydrogen-40% methane and 30% ﬁydfogeh-?O%:hethane by volume were obtained

'in No, 1-A cylinders from the Matheson Company, Joliet, Illinois.

METHODS
One hundred grams of catalyst were used in the reactor throughout
the experimental work with the exception of Run Husky-5 (Table III), in
which 50 grams were wused, The 100-gram catalyst charge occupied approx-
imately 10 inches of the reactor length.
The start-up pfoceduré consisted of charging the reactor with cit-
alyst, heating under hydrogen flow at the operating pressure to the del‘
. sired operating btemperature, and then starting the oil flow.. Approx-
_imately 50.to 70 hours were ﬁecessarily allowed after the oil was started
for the catalyst to become fully activated (Table VI, Aramco-5). The

hydrogen was single~passed through the reactor and vented.
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The product oil was reéeiveq in a 1000-ml flask, caustic wéshed to
remove hydrogen sulfide, water washed, and analyzed for sulfur content.
The sulfur was determined by combustion of the oil in a lamp (ASTM method
DéO-AlT), absorbtion of the oxides in hydrogen pepoxide, and titration of
the sulfuric acid formed with sodium hydroxide. Where highly aromatic
charge 0ils were used (Runs Carter-2, and -3) the lamp method was unsatis-
factory, and the sulfur was determined by the Carter 0il Company by com-
busting the sample in a quartz “boat!.

In general, four samples were taken for each set of reactor condi-
tions and the third and fourth samples were analyzed for sulfur contentof.
One and two sulfur aeterminations were made on the third and fourth
samples, respectively. This procedure ﬁas used to determine if the system
was lined out.

A bench mark was referred to throughout the runs tb_check on catalyst
activity. The conditions of the bench mark werezvspaée.velocity, 2 g/hr/g;
pressure, 200 psig; temperature 650 F; treat-gas rate, 1000 ftB/bbl of
hydrogen. The runs were designed to keep the effects of catalyst de-
activation negligible. )

The mass spectrometer analyses of the charge oils and the Aramco
samples (Tables XIII and XIV) were made by the Esso Research and Engineer-
ing Qompaﬁy, Linden, New Jersey.

.The charge oil for all the Aramco runs was Aramco Light Waxy Distil-
late, and the charge oil for all the Husky runs was Husky No. 350 Burner

0il. The charge oil for Run Carter-l was Carter Railroad Diesel Fuel,
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for Run Carter-2 was Carter Medium Cycle 0il, for Run Carter-3 was a 50
wt.% blend of the Railroad Diesel and Medium Cyecle 0il.

From the operating conditions of the experimental work (200-400 péig;
600-700 F).and the boiling range of the charge oils (400-700.F), it is
apparent that all the oil’ Wlll not be vaporlzed in the reactor. The
method used to calculate the percentage of the oil vaporized was taken

from the..Esso...Blue.Bon...(l,.)° This involves some empirical correlations

that have been developed for predicting edpilibrium vaporization curves

from distillation data. To quote from the Esso Blue Book, the.method is

outlined és follows:

ul, Determlne the Flash Reference Line (FRL) and the Flash
Vaporization Curve (FVC) from the ASTM distillation of
the feed stock used.

2. Calculate the number of moles of hydrocarbon and gas
entering the reactor.

3. By the method of trial and error, assuming a giveft per-
centage of the oil vaporized, calculate its partial’
pressure under the prevailing reactor pressure.

L. Shift the flash curve parallel to itself from atmospherlc
‘pressure to the calculated partial pressure of the hydro-
carbon in the mixture as determined under (3). The amount
by which the flash curve should be shifted is most con~
venlently determined from the LOF FRL point and the partial
pressure of the oil by means of Chart 4~53 of the.Blue Book.

5. Compare the temperature at the assumed per cent vaporlzed
on the shifted curve}w1th the actual reactor temperature.
If this temperature is higher than the reactor temperature,
then less oil is vaporized than had been assumed; con-
versely, if the temperature on the shifted curve is lower
than the reactor température, more oil was vaporized.
Accordingly, repeat steps (35 (4), and (5) with another
assumed percentage of oil: vaporlzed until the correspondlng
temperature on the shifted flash curve coincides with the
- reactor temperature.?
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. Figures 2 and 3 are plots of percent vaporized vs. temperature for
the five charéé oils° These figures show that thé percent vaporigzed in-
creases as temperature and gas rate inecrease, but decre§ses as pressure

increases,
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DISCUSSION
In the study of a éatalytip reaétion, it‘is desirable to know if
the reaction is affected by diffuéion. The reaction may be limited by .
the diffusion of the reactants from the main gas stream to the catalyst
surface and the diffusion of the products from the catalyst to the main
gas stream. The effects of this type of diffusion may be kept to a mini-
mun by using high velocities through the patalyst béd and thus lowering
the film resistance on the catalyst surface, The effects of diffusion
across the surface film can be tested by‘making two series of runs with
& different weight of catalyst in each series, preferably tﬁe catalyst
charge differing by a factorlof two (2). The same operating.conditiohs
are used in each series and_by varying the space velocity a set of pairs
§f points are obtained; the points in eacﬁ pair are at the same space
velocity butlat different linear velocities. If diffusion is limiting,
a plot of the data from the two series will give two sgparate curves;
but, if diffusion is not limiting, the points from both séries should
fall on the same curve. This method was used with 100 grams and 50 grams
of catalyst and Husky oil for charge oil. The results of the runs
(Husky-1, Table II and Husky-5, Table III) are plotted in Figure A, which
shows that withiﬁ experimental accuracy the conversions were the same
for both ruas and that £ilm diffusion is not a limiting factor in this
study. The reaction may also be limited by diffusion from the catalyst
surface to the active sites in the pores of the catalyst. As the catalyst

.size is decreased, the resistance to internal diffusion is decreased until
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an optimum sigze is reached where a further decfease in catalyst size will
no longer increase the reaction rate. It was believed that the catalyst
size used in this research (10/14 mesh) was within this optimum size.

Catalyst activity is a variable in catalytic reactions and it be-
comes necessary to take into account unless it is constant. Figure 5
shows that tﬁe cobalt molybdate catalyst deactivateé very rapidly with
Aramco charge oil at 850 F, 2 g/hr/g, 200 psig, and 1000 £t3/bbl of
hydrogen; these conditions, exceptttemperature, are representative of
those used in. the experimental runs.. Deactivation was noted.at 750 F,
also, (Table V), but was negligible at 700 F and loﬁero The experimental
rﬁns were carried out at 600 650, and 700 F.

Assuming that the desulfurization reaction is pseudo-first-order,
the data for the five charge oils were plotted according to first-order
kinetics (Figures 6, 7, 8, 9, 10, 11). These figureé show at once the
plot of log _A vs, coﬁtact time is not a straight line but is definitely
curved and'iﬁaiéates that the desulfurization of these oils does not be-
have as a pseudo-first-order reaction. These figures also show that the
rate of desulfurization is dependent on contact time, temperature, pres-
sure, treat-gas rate, and treat-gas composition. Although the effects.
of pressure, gas rate, and gas composition were studied only on the Aramco
oil, it is expected that these variables will affect all four oils, quali-
tatively, the same.

Figures 6, 7, 8, 9, 10, and 11 show that as contact time increases,

the conversion increases but the rate of desulfurization decreases. This
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is probably due togahe several sulfur compounds in the oil, each desulfu-
rizing at.a different rate. Initially the ﬁore easily desulfurized com-
pounds are reacting very readily leaving the less reactive sulfur .com-
pounds representing a greater percentage of the remaining sulfur. . There
is no indication that the less reactive compounds react -only after the
more reactive compounds have been.exhausted, but rather, that they are
all‘feacting simulﬁaneousiy, This would, of course, explain why the
overall desulfurization reactions of these oils do not adhere to first-
order kinetics,

An increase in pemperature iﬁcréases the rate of desulfurization.
In order to obtain some type of temperature-conversion correlation, an
Arrhenius-type temperature plot was made (Figure 12). Two rate constants,
ki and k,, were estimated for each curve by drawing tangents to thg curves

3

in Figures 6, 7, 8, and 9; the initial rate constants, k., were obtained

12
by drawing tangents to the curves where they intersécted the origin, -and
the rate constants at a contact time of 3(hr)(100g), k3, were obtained by
drawing tangents to the curves where they crggsed the abscissa value of
3. The units of k are 3 __, and it shoﬁid be remembered that k
is restricted by the operating.conditions as mentioned before.

The logarithms of the k values are ﬁlotted versus reciprocal absolute
| temperatures for each chérge oil in Figure 12. It may be seen from this
figure that the slopes of the ki pléts are greater that the slopes of the

k3 plots for all four oils. These differences in slopes indicate that an

increase in temperature has less effect on increasing desulfurization as
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the desulfurizetion becomes more complete. This is probably due to a pre-
ponderance of the less reactive, or more refractory, sulfur compounds re-
maining in the oil;

The effects .of hydrogen. concentration in.the treat-gas, treat=gas:.:..:
rate, pressure, hydrogen partial pressure, and oil partial pressure on the
desulfuriZatiéh of the Aramco oil were studied at 650 F, and the effeéts
of pressure and gas-rate at 700 F. The diluent in the treat-gas was
methane., All the data were compared at a constant contact time of
2§hr2§100g) since most of the data were obtained near this value., The
con%ggsion values at the contact time of 2 were taken from the eurves of
Figures 10 and 11. The data are tabulated in Table XII.

Figure 13 shows that at ; given pressure and gas rate, an increase
in hydrogen concentration increaSes'desulfurization, which is the same as
saying that at a constant oil partial pfessure, an increase in hydrogen
partial pressure increases desulfurization (Figure 14). However, when
operating at 400 psig and a gas rate of 2000 £t>/bbl, increasing the
hydrogen concentration above 60% appears to have no effect on increasing
desulfurization. Figures 13 and 14 also show that at constant ﬁressure,
increasing the gas rate from 1000 to 2000 ftB/bbl increases desulfurization.
. The effect of increasing conversion with an increase in hydrogeh par-
tial pressure is also indicated in Figure 15, in which the log_4 is
plotted versus the ratio of hydrogen partial pressure to oil paﬁgigl pres—

sure at 200 psig. This plot holds for gas rates of 1000 and 2000 ftB/bbl

of 100% H,, 60% H, - 40% CH,, and 30% H, - 70% CH,, indicating that the
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ratio of the hydrogen partial pressure to the oil partial pressure is more
important than the absolute value of the hydrogen partial pressure. Similar
data scattered quite badly at 400 psig (Table XIV). |
When comparing desulfurization at different pressufes the reaction
appears more complex. In Figure 16 the log _Ké_ is plotted versus re-
-X

actor pressure; all the data are compared at a constant contact time,

(reciprocal vapor rate) of 2 _(kr)(100g)  (Table XII), Figure 16 shows’

that where 100% hydrogen treat-gagtgaé used, and where 60% Hy - 40% CH),
treat-gas at 1000 fts/bbl was used, an increase in pressure decreased
desulfurization. (This decrease in desulfurization with an increase in
pressure ﬁay appear confusing at first since it is génerally accepted
that an increase in pressure increases desulfurization, which is trué if
the data at different pressures are compared at constant space velocities
(Table XI). The increase in desulfurization with pressure at conétant
.space velocit& is due to an increase in contact time with an increase in
pressure. For instance, 200 psig, 650 F, 1000 fts/bbl, and a space veloc-
ity of 2 g/hr/g gives a contact time of 3.6 (hr)(100g), while 400 psig and
the same conditions give a contact time of 7.35 fﬁi)gloog)c However, when
the data at different pressures are compared at consiznt contact time the
effects of pressure may show up as having an adverse effect on desulfuriza-
tion.) Since both hydrogen partial pressuré and oil partial pressure in-
crease with reactor pressure, and since it has been shown that deéulfuri-
zation increases with increased hydrogen partial pressure, and yet de-

sulfurization decreases, then some type of preférential,adsofption of oil
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molecules is indicated. In other words, the decrease in desulfurization
with an increase in pressure at constant contacf time is attributed to
the iﬁcréase in oil partial pressure., .Figure 17, which is a plot of
logz_é_ vs. oil partial pressure, shows this adverse effect of increasing
oil ;:rtial pressure when using 100% hydrogen or when operating at 1000
£63/bbL of 60% Hy - 403 CH, .

If a diluent is used in the treat-gas (60% H, - LO% CH,, and 30% Hy -
70% CHA) an increase in pressure increases desulfurization- (except for
1000 £t7/bbl of 60% H, - 4O CH,) as indicated in Figures 16 and 17.
This change in the effect of pressure may bé explained by referring'to
Figure 13. This figure shows that for a given contact time when 6perating
at 650 F énd a gas rate of 2000 fts/bbl, an inerease in pressure will in-
crease desulfurization when the concentration of hydrogen in the treat-gas
is less than approximately 85%; but, when the concentration of hydrogen
in the treat-gas is greater than 85%, an increase in pressure will de-
crease desulfurization. When operating at a 650 F and a gas rate of 1000
£t3/bbl, an increase in pressure will increase desulfurization when the
hydrogen concenbration is less than approximately 55%; and will decrease
desulfurization if the hydrogen concentration is greater than 55%. These
values of 85% and 55% may vary with different diluents in the treat-gas.
The curve in Figure 16 at 1000 ftB/bbl of 60% H, - LO% CHA is above the
55% value, and therefore an increése in pressure decreases déesulfurization.

The results of the pressure effects may be explained with the fol-

lowing assumptions: The desulfurization reaction is the result of the
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sulfur-bearing compound reacting with hydrogen atoms which are formed by
activated adsorption of hydrogen molecules on-the catalyst. If the oil
molecules are preferentially adsorbed, there would be less surface for the
adsorption of the hydrogen molecules. The result:of a decrease in desul-
furization with increasing oil partial pressure could be expiained this
ﬂwaya The decrease in desulfurization with an increése in pressure may
also be due to more liqguid being present at the higher pressures, and thus
a higher density of liquid oil molecules per catalyst site.. However,.the
adverse effect of pressure on desulfurization at constant contact time
has been noted in similar catalytic desulfurization reactions whgre the
process was a vapor phase operation (6, 7). The results indicate that at
a ‘constant pressure an increase in hydrogen partial pressure increases
desulfurization, and this is probably due to the higher hydrogen concen-
trations pfeventing the o0il molecules from being so readily adsorbed. If
‘a diluent is present in the treat-gas, in this case methane, it will com~
pete with the hjdrégen for the catalyst sites and the amount of hydrogen
adsorbed will be decreased. The effect of increasing total pressure will
then increase desulfurization (if it is below the concentrations mentioned)
since the increasing effect of the hydrogen'paftial pressure is more pro-
nounced than the decreasing effect of the oil partial pressure (Table
XII), It is not known whether the methane actually competes for the cat-
alyst sites or merely "shields' the hydrogen from the catalyst.

The compositions of the four oils used and three samples of the de-

sulfurized Aramco oil were determined by mass spectrometer analyses. The
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aromatic fractions weré separated from the saturate fractions by silica
gel percolation.. These analyses are tabulated in Tables XIII and XIV. |
."Essentially no sulfur was present in the saturaﬁe fractions and where
small amounts are ihdicated, they were neglected. The mass spectrometer
could not analyze for thiophenes, and s0, presumably, the sulfur not ac-
céunted for by benzothiopheneé and dibenzothiophenes is in the form of
thiophene and its homologues. .For convenience, the BT and DBT will be. re-
ferred to as aromatic sulfur in this paper, and the sulfur unaccounted fér
by the mass spectrometér analysis will be referred to as thiophenes.

Aromatic sulfﬁr compounds'are harder to remove than aliphatic sulfur
compounds, and it was believed that the more aromatic. the charge gil, and:
hence thé more aromatic the sulfur éompounds, the more difficult it would
be to desulfurize:. A 50-50 wt.% blend of MCO and RRD was desulfurized;
the MCO is 78% aromatic and has 2,66 wt.% sulfur, while the RRD is only
30% aromatic and has 1.0 wt.% sulfur. The rate of desulfurization of the
"blend was expectgd to be less than the rate of the RED and greater than
the rate of the MCO; instead, the revérse was noted. When the compositions
of the oils were examined it was seen that 82% of the sulfur in the MCO
was aromatic sulfur, BT, whereas 68% of the sulfur in the BRD was aromatic.
but was a combination of BT and DBT. It appears thén that the aromaticity
of the sulfur compounds in the oil is not.so much the criteria for desul-
furization, but more explicitly the type of aromatic sulfur compounds in-
volved., Since BT is common to both the MCO and RRD but DBT is only pres-

ent in the ERD, the decrease in the rate of desulfurization of the blend
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is evidently due to the presence of the DBT. A small amount of DBT is
apparentl& quite effective in retarding the desulfurization rate because
the DBT in the aromatic fraction of the blend was approximately 0.72 wt.%.

When comparing the estimated rate constants of the four oils in Table
X or the log _A values at constant contact time in Table XV, it is seen
that the oilsAazéulfurize with increasing difficulty as followss: MCO, ERD,
A?gmco, Husky. The bBT content of the oils increases in this same order :
(Table XIII) with the exception of the Aramco, which has 0.6% more DBT
than the Husky. However, the Husky oil is only slightly more difficult
to desulfurize than the Aramco and is probably due to the large quantity
of BT (10.4 wt.%) associated with the DBT (6.8 wt.Z), (the Aramco has 7.8
wt.% BT and 7.4 wt.% bBT).

Although'the presence of all the various sulfur compounas in the
charge oil effects the rate of desulfurization, the presence of DBT seems
to particularly limit the reaction rate dnd the degree of desulfurizaiién
can be approximated from the-DBT content §f the oil. The correlation be-
tween desulfurization and DBT content was made by comparing the degree of
desulfurization at constant contact time for the five charge oils at 600,
650, and 700 F, 200 psig, and 1000 ft3/bbl of hydrogen (the data for the
MCO was cbmparéd only at 600 and 650 F). The contact times (1/V.R.) of
1.0 and 3.0 (hr)(100g) were compared for eéch'oil; ﬁhe data are tabulated
in Table XV. Figgre 17 shows that the degree of desulfurization can be -
estimated from the DBT content of oils boiling in the 400-700 F range.

Correlation is quite good at the lower conversions, but some scattering
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is evidenced at the higher conversions.
The effects of the sulfur compounds in the oil are tabulated below

in Table XVI. When 49% of the-initial sulfur had béenlremoved (Aramico-5,
‘Sample 27), 79% of the thiophenes, 60% of the BT, and-35%‘of_£he DBT had
been removed. When 89% of the initial sulfur had been removed (Aramco;5,
Sample 12), all the thiophenes, 91% of .the BT, and 63% of the DBT had been
removed. These values indicate that fhé thiophenes are more reactive than
the BT, more reactive than the DBT.

| TABLE XVI

~

COMPARISON OF SULFUR REMOVAL FROM ARAMCO LIGHT WAXY DISTILLATE

Run . Aramco-9 Aramco-5 Aramco-5
Sample 26 12 27
W.% S in Sample - . 0,09 0.145 0.65
% of Init. S (1.27 wt.%) Removed .93 89 49
Ar¢matic Fraction (Wt.%Z) ,
Benzothiophenes 0.6% 0.7 3.1
Dibenzothiophenes 1.3 2.7 4.8
Sulfur - 0.36 0.61 2,01
% S as BT : 37 23 36

% S as DBT . 63 77 43

% S as "Thiophenes" 0 0 _ 21
% BT removed ‘ : 92 . 91 - 60

% DBT removed ' 82 63 35

% "Thiophenes" removed 100 100 79

#This value uncertain

It.is not. known.exactly why these compounds..react at.different.rates;. -
it may be due to steric hindrance or to an increase in specific adsorba-
bility with increésing molecular weigﬁt of the sulfur-bearing compounds.

At 700 F the plot of the log _A_vs. contact time (Figure 8) for the

A—:X . ’ .
MGO is nearly a straight line, which is approaching a first-order reaction.
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This qould be expected since 82% of the éulfur is present as BT, the re;
mainder being thiophenes. At this temperature the thiophenes are convert-
ed very readij.;; and the desulfurization would be that of one coinpoun(i.
The desulfurization of BT has been shown to be a pseundo-first-order re-

_action (5, 8).
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SUMMARY

If the effects of the variables involved in the catalytic hydro-

. desulfurization of petroleum fractions boiling in the range of 400 to

700 F are established, an analysis of the types and guantities of the
sulfur compounds in the fraction will permit the prediction of‘the con-
version to be expected at a given set of operating conditionms. ThiOpﬂene '
apa its homologues are more easily removed than benzothiophenes which are
more easily removed than dibengzothiophenes. The presence of dibenzé-
thiophenes, even in small quantities, appears to particularly retard the
rate of desulfurization of oils.in the 40O to 700 F range. With the know-
ledge of the dibenzothiophene content in the charge oil, it is possible
to estimate the‘degree of desulfurization.
The effects_of the 6perating variables may be summarizea as follows:
1. As contact time increases, conversion increases but the
rate of reaction decreases.
2., An increase in temperaﬁure~will increase the rate of
reaction; however, this increasing effect of temperature
is less pronoﬁnced at higher conversions. Temperatures
of 700 F and lower are compatiblé with prolonged cataiyst
activity.
3. At a constant pressure an increase in hydrogen partial
. pressure increases desulfurization, but the ratio of
hydrogen partial pressure to oil partial pressure appears

more important than the actual value of hydrogen partial
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pressure.
If the effects of pressure are coﬁbared at conétant space
velocity, an increase in pressure will iﬁcrease desulfuri-
zation., However, if desulfurization is compared at apparent
constant contact time, pressure may or may not have an in-
creasing effect on desulfuxjization° The decrease,in de-
sulfurization with an increase in pressure at constant
colitact time is attributed to an increase in oil partial
pressure; however, the presence of a diluent in the treat-
gas may reduce the hydrogen partial pressure to a point
where increasing the tétal pressﬁre is more beneficial
from the standpoint of increasing hydrogen partial pres-
sure than is the adverse effect of increasing oil partial
pressure, and an increase in pressure then increases

desulfurization.
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TABLE I

GHARGE GIT. INSPECTTON DATA

Carter BR

Carter_Medium

50Wt% Carter

;-

2.11

Charge 0il  Aramco Light Husky No.350 iy
: Waxy Distillate Burner 0il Diesel 0il. Cycle 0Oil - RR Diesel
‘ ‘ 50Wt% Carter
-MCO
Gravity °A4.P.I.  34.6- 30.6 3hoks 16.7 25
Vol. % Distilled
at OF
1.B.P. 301 458 406 468 . 392
¥ 401 526 L53 488 471
10 L46 547 L73 L9k 483
20 L99 568 485 499 499
30 530 582 497 502 509
40 555 591 511 506 518
20 578 601 - . 527 508 - 525
60 602 611 - 542 512 53},
70 " 629 623 556 516 542
80 656 638 570 521 551
90 687 663 585 528 567
95 689 — 596 535 573
E.P. 693 671, 620 546 579
W. & Sulfur 1.27 1.0 2,66 1.76

~2g~ .




_ TABLE II .
- TABULATED DATA FROM RUNS HUSKY-1, -2, -3
HUSKY-1 (200 psig)

3 .
Sample - Temp Total Space Pt° /bbl Avg. W, A Log 1
No. °F  Hrs. Velocity Treat Gas &S (A-x) 10 Vapor
(s/nr/g)  (100% Hy) in Prod. A=init.§ A/(&-x) ~rate 3
R _ o A=x) - A L {hr=100g/£17)

2 651 50 2.0 1000 0.53 3.98 0.60 . . 3.8

6 650 82 1,01 1990 0.30 7.03 0,847 7,85

10 648 90 3.92 1020 0.97 2,18 0.338 1.9

i . 69 107 1.48 1010 0.52 L.06 0,608 51 -
18 650 111 7.97 1000 1.32 1.6 0.203 0.95

22 649 128 1.99 1005 0.63 3.35 0.52l 3.85

26 650 138 3.29 915 . 0.78 2,71 0.432 2.7

30 652 - 170 1.17 1065 0.35 6.03 0.78 7.4

34 650 183 2,48 1010 0.68 3.11 0.492 3.1

38 650 200 1.95 1020 0.60 3.52 0.546 3.8

o HUSKY-2 (200 psig) -

4 605 228 1.96 1000 - 1.15 1.84 0:263 4.3

8 603 260 1.00 1000 0.83 2.5 0.405 8.4

13 600 270 3.00 1000 1,31 1.61 0.207 2.85

18 601 280 3.95 1010 146 - 145 0,161 2.1

22 601 289 7.9 1010 1.74 1.21 0.083 1.05

26 648 305 1.98 1010 0.58 3.6l 0.561 3.8

. - HUSKY=3 (200 psig)

3. 700 317 1.95 . 1020 0.215 9.81 0.992 3.45
7 702 3145 1.03 970 0.12, - 17.0 © 1,231 7.05

11 702 360 2,95 1020 0.38 5:55 - 0.745 2.3

15 646 376 2,02 990 0,653 3.23 0.51 3,9

19 702 386 3.93 1020 0.477 Loh2 0.646 1.75
23 702 391 7.87 1020 0.863 2,45 0.39 0.85

_Eg_




TABLE III

TABULATED DATA FROM RUN HUSKY—-E WITH 50 GRAMS OF CATALYST

(200 psig)
Sample Temp. Total Space Ft”/bbl Avg.Wt, A Log 1
No. op Hrs. Velocity Treat Gas % S ix)y = 0 “Fapor
(g/hr/gg (100% Hz) in Prod. A=init S5 'A/(A<x) ‘rate 3
: . L (Ax) . {hr-100g/ft°)
2 650 67 1.99 1000 . 0.585 3,6 0.556 3,85
6 650 131 1.00 1000 0.320 6.6 _ 0+820 _  7.75
10 651 147 3.04 990 0,887 2387 0.376 T 2.6
14 650 165 4,.00 1000 . 1,08 | 1.95 . 0.290 | 1.95
18 651 197 1.99 1000 - 0,640 3.30 0.518 3,85 -
22 651 227 1.50 1000 06490 L.31 0,63k~ 5,15
25 650 235 7.90 1010 1,39 1.52 0.182 0.95
29 650 21,0 15.44 1040 1.65 1.28 0.107 0.hly
648 272 2.02 3.14 0.497 3.8

33

990 0.673

_17£ .




TABLE IV

TABULATED DATA FROM RUN ARAMCO-2

© (200 psig)
Sample Temp. Total Space - Ft> /bl © Avg. W, % Conversion
No, OF Hrs. Velocity Treat Gas %S x/A (100)
. (g/hr/g) (100% Hy) in Prod.
e e o (Ax)
I 650 43 1.98 1000 ~ 0.31 S T5.6
5 650 L7 1.95 1010 0.30 - 76,3
8 851 59 2.02 990 .27 78.8
9 853 63 = 2.0 1000 0,31 ‘ 75.6
12 8liks 75 1.93. 1020 0,40 68.5
15 851 87 2.0 - 1000 0.44 65.3
19 846 - 103 2,0 1000 0,51 59.8
25 847 127 1.98 1000 0.58 5403
30 8147 147 2.0 1000 0.59 - 53.6
3l T 8L 163 1.91 '1020 , 0.60 52,7
1.93 1020 0.62 51,2

37 81,6 175

_gg_




TABLE V

TABULATED. DATA FROM RUN ARAMCO-9

(200 psig)
Sample Temp. Total Space Ft3/bbl Avg, Wo, A . Tog L1
No, OF,  Hrs. Veloeity Treat Gas  $.S iz~ 0 Vapor
: . (g/hr/g) (1004 H2) in Pred. Asinit & A/(A-x) rate
' T ax - ' " (nro100g/£t2)
L 650 65 2.6 970 0.217 5.85 0,767 3.5
6 750 . 72 9.80 1020 0,396 3.21 0.508 0.55
8 T 77 7.93 1010 0.359 - 3.54 0.549 0.7
13 752 87 4,06 990 0.204 6,22 0.79% 1.4
17 - 650 105 © 1.99 1000 0.277 " 4,58 0,661 3,55
21 752 121 1:98 1010 0.096 13.23 1.122 2.85
26 750 139 1.51 990 0.093 13.65 1.135 3.85
30 64,8 155 1.99 1000 0.360 3.53 0.548 3.55

_95..




o TABLE VI :
TABULATED DATA FROM RUNS ARAMCO-1, -3, -5, -10, ~12, =13, -14
™ ARAMGCO-1 (400 psig)

Sample Temp. Total Space Ft3/obl  Avg. Wo. _ A Log: ) 1
No. °F. Hrs., Velocity Treat Gas % S (A-x) 10 Vapor
' (g/hr/g)  (100% H2) in Prod. A=init S A/(4-x). rate

. R S S ¢ | o (nr-100g/rt3)
L 700 ... ...36.. .. 2.08 970 . 0.07.. 18,2 1.259 . . 6.8 -
8. 702 60 0.92 1040 0.02 63.7 1,802 13.0
11 702 66 3.8 920 0,12 10.6 1,025 3.5
18 696 91 0.90 1050 0,02 63.7 1.802 13.0
2l 700 99 5.1 990 0.18 7.1 0,849 2.75
29 698 109 3.7 950 0.14 9.1 0.958 - 3.45
33 700 127 2,06. 970 0.06 21,2 1,326 6.8
- L -~ . .ARAMCO-3.(200.psig)
8 650 50 2,02 990 0.309 4.10 0,612 3.6
13 © 650 70 1,02 980 0.158 8.03 0.92 7.15.
17 651 = .86 1.5 - 1000 0,234 5.42 0.743 L.7
23 650 “98 4,05 980 0.502 2.53 0.403 1.8
31 703 124 2,05 490 0.156 8.13 0,91 5,95
37 702 137 4.03 990 0,253 5.02 0.701 1.6
L5 700 - 145 7.9 1010 0454 2.80 0.448 0.75
50 650 165 2,01 1000 0.277 L.58 0,661 3,55
ARAMCO~5 {200.psig)
1 650 29 2,02 990 0.295
2 648 37 2.02 990 0.273
3 650 L5 2,02 990 0.274
b 646 53 2,03 990 0.276
5 648 61 2,01 . 1000 0.280
6 651 . 69 2.03 - 990 0.272
S A YY- S ] 1.99 ~ 1000 - 0.2L9 5.1 0,707 3.55
12 650 97 0.99. " 1000 0,146 8,69 0,938 7.05

_Z‘g_




TABLE VI (Cont.) ~
TABULATED DATA FROM RUNS ARAMCO-1l, -3, -5, =10, -12, -13, -14
ARAMCO-5 (200 'ps:Lg) Cont.

1
Sample Temp, Total Space - Ft3/bbl Avg. Wo. A Log Vapor
No. SF . Hrs. Velocity Treat Gas % 8 (A=x) - 10 rate
(g/br/g)  (100% H,) i? rrgd.‘ A=init S A/(A-x)  (hr-100g/ft2)
A-x .
17 61,8 107 4.08 . 980 _ 0.483 .  2.63_ 042 1.8
21 648 123 1.52 990 0.219 5,79 0,762 La175
27 651 129 7,97 1000 0.645 1.97 0,294 0.9
31 650 145 2,0 1000 0.238 5.33 0.727 3.55
36 655 155 3.01 1000 0.370 3¢43 0535 2.35
43 651 185 1.24 1010 0,152 8.35 10,921 5.5
L7 655 201 2.5 1000 0.295 La31 0.634 2.85
51 650 217 2.05 970 0.231 5.5 0.7k 3.6
56 . 650 227 L +Ok 990 0,476 2,67 0.426 1.63
61 648 21,6 1.45 1030 0.202 6.28 0.798 Lob
65 650 262 3.0 1000 0.365 3.48 0.541 2.35
68 651 27l 2.58 970 - 0,30 b.23 0.626 2,9
72 648 290 2.05 980 0.275 bo62 0.66L 3.6
76 655 30L 8.02 1000 0.667 1.9 0.279 0.9
80 650 328 1.22 1020 0.156 8.14 0.91 5,5
8l 651 351, 1.0 © 1000 0.10 12,7 1.104 7.05
88 651 370 2.01 1000 0.253  5.02 0.70 3.55
‘ ARAMCO-10. (400 psig, ##200 psig)
sek 651 63 1.99 1000 0.318 3.99 601 3.55
93 650 8k 1.05 960 . 0.122 10.40 1,017 14,8
13% 642 92 3.95 1010 0.346 3.67 565 3.65
17 655 109 1.48 1010 0.137 9.27 967 9.85
21% 648 114 8.08 990 0.61 2,08 .318 1.85
258 6L6 130 2.0 1000 0.325 3.91 592 3.55
32% 658 1l 1.95 .-1010 0.188 6.76 .830 7.3
3P 648 167 2.49 1000 0.243 5,22 718 5.9
L% 650 183 1.95 1010 - 0,263 4,83 .68l 3,53

_85_




TABLE VI (Cont.)

TABULATED DATA FROM RUNS ARAMCO-1, -3, -5, -10, -12, =13, -1i

ARAMCO-12 (200 psig)

Sample Temp. Total Space Ft~ /bbl Avg. W, A ILog 1
NoI: OF, ‘Hrs. Velocity Treat Gas %.S (A=x) ;10 Vapor
(g/nr/g) (1003 H2) in Prod. A=init S A/(A=x) _  rate

e : (Aex) N ~ (hr-100g/£t3)

2 651 334 1.99 1000 0.26  L.88 _  0.688 3,55

7 597 354 2,0 1000 0.622 2,04 0,310 11+05
12 - 600 380 0.97 1010 0.420 3,02 0.480 7.8
16 601 ' 396 1.49 1000 0.520 2ol 0.387 . 5,3
20 590 406 3.97 1000 0.851 1.49 | 0,173 2.0
2l 653 522 2,03 990 0.253 5,02 070 3.6
30 . 601 427 8.06 990 0,98 1.30 0,114 1.0
34 597 L36 2.96 - 1010 0.76 1,67 0,222 2.6
38, 603 448 2.48 1000 0,646 1.97 0,296 3.25
L2 64,8 461 1,98 1010 0,280 lo5L .0.657 3.5 .

ARAMCO-13 (200 psig)

6 = 698 L67 7.98 1600 0,495 - 2.56 0.408  0.75
10 703 L75 4.0 1000 0.266 L7 0,678 1.6
1, 703 18l 3.1 970 0.19 6.68 0.825 . 2,15

17 650 495 2:08 960 0.32 3.97 0,599 3.65
22 700 514 1,98 1010 0,126 10,06 " 1,003 3.15
26 700 526 2.48 1000 0,171 7.2 0.871 2,55
29 700 545 1.05 1950 0.0258  49.2 1,692 6,65
33 653 559 1.93 1020 0.28 Lo5h 0,657 3.5

‘ . ARAMCO-14- (200 psig)

8 650 69 2,08 960 0.31 Lol 0.613 3465
12 596 101 0,51 . 910 0.25 5,08 0,706 16.2
17 599 121 °1.02 980 . 0.37 3.43 0.535 8.1
22 649 . 137 1.0 1000 O.14 - '9.06 - 0957 7.05
26 650 .. - 153 - 1.95 - 1030 0:27 - L7 0.672 3.5
30 702 168 1.99 . 1000 - . 0,12 i 10,6 - 1,025 3.2
35 . . 702 178 . R 970 0,28 ¢ 453 1.65

0,656

_6€_




TABLE VIT

TABULATED DATA FROM RUN CARTER-1

‘ (200 psig)
Sample Temp. Total Space Ft”/bbl Avg, Wt. A Log. 1
No, OF. Hrs. Velocity Treat Gas %S A=x) 10 Vapor
(g/hr/g) (100% Hs) in Prod. A=init S A/(A-x) rdte
(Ax) -  (nr-1008/£t°)

L 648 62 1.97 1015 0.1 8.77 | 0,944 3435
8 651 3 92 1,02 980 090112 .'_‘- 23.80 R 10377 ) ’ 608
12 649 . 112 1.53 980 0.0727  13.75 1.138 Lo55
16 651 - 120 3.92 1020 0,2135 L.68 0,670 1.65
20 653 125 | 7.85 1020 0.385 2,60 © 0.415 0.8
24 651 . 1yl 1.96 1020 0.101 9.91 0,997 3.35
28 603 157 1.98 1010 0.278 3.59 0.555 3.8
32 603 189 0,965 1035 Olhly . 6.9 0.842 745
36 600 197 3.9 1015 0452 2,23 0.348 1.9
L1 599 - 203 7.85 1020 0.629 1.90 0,279 0.9
L5 649 219 1.96 1020 0.081 12,34 1,091 3.35
L9 702 233 1,96 1020 0.0348 28,70 1.458 2.9
53 697 253 1.49 1010 0.0261 38,30 1,583 3.9
57 700 - 263 3.92 1020 0,098 °~ 10.204 1.009 145
63 700 .. 269 7.86 1020 0.213 . L.69 0,672 0.7
68 651 285 1.99 - 1005 0.116 8.62 0.936 3ek
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TABLE VIII
TABULATED. DATA FROM RUN CARTER-2

(200 psig)

Sample Temp., Total Space -  Ft3/bbl Avg, W, A Log 1
Nolj OF, Hrs. Velocity Treat Gas %S (A-‘-xs _ 10 Vapor
. - (g/nr/g) (100% Hy) in Prod. A=init S A/(A-x) ~ rate
: e Ay o (nridigog/e3)
6 648 309 1.97 - 1020 10,085 313 . 1.496_ 3.25
10 650 337 1.03 970 0,021 126.7 2,103 6,65

S 14 648 357 141 1060 L 0,040 65,5 - 1,817 o3
19 64,2 367 3.98 1000 0.311 856 0,933 1.6
25 . bL6 373 7.87 1020 0.820 3.25 0.512 0.8
29 648 389 2,00 1000 0.126 211 1.32) 3.3
33 601 405 2,03 990 0.289 19,20 0,96k 3,9
37 597 433 1,06 950 - 0.121 21., 1.331 7.9
L1 599 442 3.98 1000 0.860 3.09 0.490 1.9
46 603 418 8,07 1990 . 1,21 - 2,20 0,343 0,97 -
50 64,6 L6l 2.00 1000 0.103 25.8 1.412 3.3
54 700 480 2,02 990 0.027 98.5 1.994 2.7
58 700 l}.88 LI— @ 03 ’ 99@ . -0 0301 8 a'8l|-. 0 ° 9&-7 1 035 ‘
63 709 493 8,02 1000 0,410 6,48 0.812 0.67
bl 709 196 8:05 990 0.5106 5,22 0,718 0.68
68" 700 524 1.02 980 0,014 190,0 2,279 5.45
72 651 5.0 2,03 13,0 3.9

990 0.205 1,140

T




TABLE IX -

TABULATED DATA FROM RUN CARTER-3

(200 psig)
Sample Temp. Total Space Ft3 /bl Avg. Wb, A Logyg 1
No., -- C°F, Hrs. Velocity Treat Gas % S. A-x ~ Vapor °
L (g/hr/g) - (100% Hy) in Prod. A=init § A/(A-x) rate
T . (nr-100g/rt>)
5 650 131 1.98 1010 0.142 12., _  1.094 3,3
9 649 159 1.06 . . 940 0,022 80,2 _  1.905 _  6.75
13 650 175. 1,50 1000  0.062 28.5 _ L.439 L.
19 647 188 4,01 1000 ~ . 0,303 5,82 0.765 1,65
25 645 193 7.82 1020 0.585 3.02 0.480 0.8
29 650 . 210 2002 990 0.152 . ;Iloé .. 10065 . 3035
33 701 . 226 1,99 1000° 0.034 49.0 1.690 2,85
L1 - 700 263 1,04 9% 0.145 12.2 1.086 1.45
647 279 1,99 1000 0.158 11,2 ‘1049  3.35

A5
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logy oKy

“'10002
-0.468
"Oo l7l|'

.—l,bAE
0,657

-0,187

~0.585
~0,045
0.188

-05393w

0.114
0.268

TABLE X

TABULATED DATA FOR. ABRHENIUS-TYPE PLOTS

Ky lqgloKB | Temp. °F
_ Aramco Light Waxy Distillate
Ono7 : . "‘101511- 600
0.135 - -0.87 650
0,215 ~-0,667 ,700
Husky No. 350 Burner 0il
. 0,052 ~1.28. "~ 600
0,108 -0,.966 650
0,155 -0,809 . 700
| Carter Railroad Diesel 0il
0,108 0,966 600 .
0.16 0,795 - 650
0.218 -0.661 700
: Carter Medium Cycle 0il
0.18 =07k - 600
0.26 -0.552 650
0.53 -0.275 - 700

°p~Lagh

9ubly
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TABLE XI

TABULATED DATA FROM RUNS ARAMCO-4, -11, -15

ARAMCO-~J, (6500F)

. Sample Space Press. Ft3/bbl -Treat Gas Avg Wb, A Logiy . 1
No. Velocity (psig) Treat Comp. % S A-x Vapor
(g/hr/g) Gas #H,~%CH ), -in Prod Ainit S. A/ (A-x) = rate
| - , e (bx) oL (hr-100g/t3)
5 T2.22 200 910 _ 100-0 - 0.335 - 3.78 . 0.578 3.7
. 10 1.98 o 1010 60~40 0.504 2.52 0. A02 3.6
14 1.99 M 2000 60-40 0,50 2,52 0.402 1.85
34 1,96 - " 1020 30-70 0,774 1.64 0.216 3.52
38" 1,97 " 2030  30-70  0.7hb 1.70  0.23 1,87
12 1.96 " 1020 © 100-0  .0.226 5.62  0.749 3.5
18 2.04 400 970 - 60-40 0,38 3.35  0.525 7.5
22 2.03 " 1970 60-40 0,296 4,29 0.632 3.9
26 2,0 " 1000  30-70 0,582 2.18 0,338 735
30 . 2.04 " 1960 30-70 O;Béh . 2.29° 0.36 3.9
-  ARAMCO-11 (50°F)
b 2,06 400 970 60-40  0.43 2.95 0,47 7oy
10 0.97 " 1010 60-40 0.22 5.77 0.761 14,65
14 L4.11 " 970 60-40 0.565 2425 0,352 3.7
18 1.45 " 1020 - 60-40 0,269 L.72 0.674 9.8
22 1.98 200 1000  100-0  0.207 6,13 0,787 3.55
28 7.87 LO0 1010 60-40 0.778 1.63. 0.212 1.8
32 3.08 n 980 60-40 . 0.477 2.68 0,428 L.95
36 2.45 n 1010 . 60-40  0.426 2,98 0474 5,85
40 1.97 200 1010 1060-0 0.25 5.08 0,706 3.5
. ARAMCO-15 (650°F)
L 1.96. - 200 1020 100-0 0,276 Leb 0,663 3.5
8 1.97 " 2030 ; 0.226 5.62 0.75 1.85
12 2,01 400 -~ 1990 u 0.162 7.84 0.894 3.8
o 16 1.98 - " 1010 -1 0.202 6.3 0.799 7.3
.20 1.96 100 - 1020 m 0.426 2,98 0.475 1,75
o 24 1.95 - 200 S1025 oM 0.276 "~ hob 0,663 3,5

..1717_




TABLE XIT :
TABULATED DATA FOROPRESSURE AND HYDROGEN C?NCENTRATION STUDY
All Data at 650°F, Contact Time (1/V.R.) = 2 hr(100g)
4 v

Space Treat-gas Treat-gas Ft2/hr Ft?/bbl Total ppH, — ppOil  ppCH, ppHy Logy,

Velocity Rage Gomp. 0il Treat—- press. (psia) (psia) :

' ££7 /bbl %HZ"%CHA Vapor gas = .psia ...(psia) pp0il A/(A-x).
1.75 .1000 0100-0 . 0,115 0.383 115 = 89 26 - 3.42 0,54
3.53 " 100-0  0.084 0,413 215 179 36 == k97 0.49
.3.53 u 60-40 " " " 108 " 71 3.0 0,25

1 BN 30-70 " " " 5L " 125 1.5 0,14
1.85 2000 100-C 0,063 00%33 " 188 27 — 6.95 0.77

1 n 60-10 1 , " 113 " 75 Log Oeh&

"o " . 30-=70 " o " 56 4 132 2,07 0.25
7.35 1060 100-0 0,054  O.h45 415 370 L5 — 8.2 0.36

o " 60-40 " U u 222 no 148 4.93 0.23

u 1 30-70 " "o u 111 " 259 2.46 0.21
3.75 - .2000 160-0 0.044  0.455 " - 378 37 --  10.2 0.6l

" n 5 60=40 n " " 227 i 151 6.1 0.64

n n . 30~-70 u n " 11, b 261, 3.1 0.39

700%F, Contact Time (1/V.R.) = 2 hr(100g)
) "t
3.2 1000 100-0 0,11 0.39 215 168 L7 .- 3.58 0.78
5.8 500 L 0.137 0.354 215 155 60 - 2,58 0.38
6.65 1000 " - 0,073 0.42 - 415 354 61 — 5.8 0.73

_g‘l?_




 TABIE XIII - |
MASS SPECTROMETER ANALYSES OF CHARGE OILS

SATURATE FRACTIONS

Sample Carter R.R. Carter Med. Husky #350 Aramco Light
. Diesel - Cyecle Oil Burner 0il Waxy Distillate

W% of Total Sample ) 0.4 21.9 - 56 67
Paraffins W% 43,9 58,9 40.0 68
Non-~cond. Naphthenes " 23.1 17.4 22,2 16
2 Ring Cond. Naph. " 18,3 13.0 14.9 10
3 Ring. " n " 10.5. 7.6 11,6 L
% Ringm W w 1.9 1.3 5.6 2
5 Ring " " y - 0.3 0.3 3.4 -

N 6 Ring ] 1 !_I  —— — . 203 -
Mono Aromatics " S 2.0 1.5 — -
Total:Sulfur (Dietert)® --- .01 .03 .01

AROMATIC FRACTIONS

Wt .% of Total. Sample 29,6 78,1 hhy 33
Alkyl Benzenes W.% : 2ol 6.0 17.2 29,8
Indans & Tetralins " 20.6 6.9 14.0 17:.1
Dinaphthene/Benzenes ¥ 11.3 bol 13.5 7.6
Naphthalenes " 15,7 L7.6 12.6 13,3
Acenaphthenes S 8.1 14.2 9.8 . 6.0
Acenaphthylenes " 6.7 7.4 9oy 6.2
Phenanthrenes "o 3.2 1.4 6.3 4.8
Benzothiophenes: u C Tk 12.4 10.4 - 7.8
Dibenzothiophenes u 2.6 _— 6.8 7.4
Total Sulfur (Dietert)" 3.37 3.46 b9 3.9
% -of Total Sulfur Accounted 6804 82 . 76.3 81.7

for by M.S. analysis

..9'07_.




TABLE XIV ,
MASS SPECTROMETER ANALYSES OF DESULFURIZED ARAMCO LIGHT WAXY DISTILIATES

SATURATE FRACTICNS

Run Aramco-9 Aramco-5 Aramco-5
Sample 26 12 27
Wt .% of Total Sample , 78 77 66
Paraffins .2 71 69 66
Non. Cond. Naph, " 13 1 16
2 Ring Cond. Naph. . 9+ 10 10+
3 Ring L] n it ll- 5 5
I Ring " woo w _ 1+ 1+ 2
5 Ring * - " a {1 {1 {1
Sulfur (In Saturate Fraction) {0.005%
ARQMATIC FRAGTTONS
Wt. % of Total Sample - 22 - 23 3L
Alkyl Benzenes W .2 33.5 34.8 34.8
Indans/Tetralins ki 17.1 19.4 18.6
Dinaphthene/Benzenes " 7.6 8.7 7.7
Naphthalenes " "13.9 11.7 13.0
Acenaphthenes " 10,4 8.9 6.7
Acenaphtylenes n 9.3 8.4 6.9
Phenanthrenes " 5.3 4.7 4.3
Benzothiophenes . " 0.6 0.7 3.1
Dibenzothiophenes " 1.3 2.7 4.8
Total Sulfur (Dietert) , 0.36 . 0.61 2,01
% Sulfur (Total) in Product 0,09 O.145 0.65
% of ‘Total Sulfur Accounted '
for by M.S. analysis 100 100 - 82

- Z‘17._




f TABLE XV
TABULATED DATA FOR DIBENZOTHIOPHENE CORRELATION

_'817..

Charge Avg, Log A Log A Wt .% Dibenzothiophene

0il M.W. C l(_) (A-x) 10 (A=x) in Aromatic Fraction

at 1 = 1.0 at 1 =3.0 of Charge Oil
V.R. __V.R, .
. 600°F

MCO 183 0.33 o 0.77 0,0

RRD 208 0.21 0.48 2.6

Husky 250 0.08 0,22 : 6.8

Arameco 220 0,09 0.26 7ok

’ 650°F

MGO 183 _ - 0.6l _ 1.34 0.0

50-50 Wt . % :

MCO-RRD 197 0.55 1.09 . 2.6

RRD 208 ©0.48 ' 0.93 : 0.72

Husky 250 - 0.20 046 6.8

Aramco 220 0.29 0.63 7.4

S : 700°F ‘

MCO 183 0.87 2,18 .

50-50 W .%

MCO-RRD = 197 0,76 1.74. .

Husky 250 0.45 0.9

0.0

¢ . 2.6
RED 208 0.82 1.43 0,72
- 6.8

Aramco 220 0.46 1.0 Tk
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Figure 18. Effect of Dibenzothiophcne on Desulfurization.
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