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In order to estimate the behavior of sulfur on hydrodesulfurization catalyst, the **S-labelled
dibenzothiophene (*S-DBT) was hydrodesulfurized on sulfided Co—-Mo/Al,O; and Co/ALO; in a
fixed-bed pressurized flow reactor. During the reaction, the radioactivities of unreacted *S-DBT
and formed **S-H,S were monitored. The rate of the release of sulfur on the catalyst was estimated
from the rates of an increase and a decrease of the radioactivity in formed ¥S-H,S. The activation
energies of the release of sulfur were 3.7 and 9.9 kcal/mol for sulfided Co-Mo/Al, O, and Co/Al,O;,
respectively. The amount of labile sulfur (Sy), which could be calculated from the maximum amount
of ¥S accommodated on the catalyst, increased with increasing temperature. When it was assumed
that sulfur in sulfided Co-Mo/Al,O; existed in the form of CoySg—MoS,/ALQ;, the ratio of labile
sulfur to total sulfur did not exceed 50%, even under conditions where the rate of DBT HDS is
relatively high. On the contrary, the ratio of labile sulfur to total sulfur for Co/AlLO, exceeded

80%.

© 1993 Academic Press, Inc.

INTRODUCTION

In recent years, much attention has been
focused on deep hydrodesulfurization
(HDS) of light oil. It has become more im-
portant to develop a new catalyst with high
activity and selectivity. For this purpose, a
series of attempts have been made to ex-
plore the reaction mechanism for HDS of
light oil (7, 2). In regard to mechanism of
HDS on sulfided catalyst, a number of stud-
ies have been performed and several models
such as the monolayer model (3—5), the con-
tact synergy model (6), the intercalation
model (7, 8) and the edge decoration model
(9, 10) have been proposed. Further, MES
(11-13) and EXAFS (/4-16), as well as con-
ventional XPS, FTIR, TPD, TPR, and TPS
methods (/7-27), and a deuterium tracer
method (22) have been used to characterize
the surface structure of HDS catalyst in situ.

' To whom correspondence should be addressed.
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Because most of these were performed un-
der static experimental conditions or under
atmospheric pressure, however, the struc-
ture of catalysts during practical perfor-
mance of HDS could not be clarified.

On the other hand, in spite of a number
of studies on HDS, problems concerning the
behavior of sulfur species on the catalyst
still remain to be solved. In order to explore
the behavior of sulfur species on the cata-
lyst, radioisotope tracer methods using ra-
dioactive S have been developed by sev-
eral researchers (23-29). Lukens et al. (23)
have measured the accessible surface area
of supported transition metal sulfides by iso-
tope exchange with a labelled H,S in liquid
scintillation solution. Kalechits and co-
workers (24, 25) have shown that in the hy-
drogenation of a mixture of benzene and
C¥S, on WS, catalyst, the catalyst sulfur
was exchanged with radioactive sulfur of
the feedstock. This labile sulfur would be a
part of the nonstoichiometric sulfur of the
catalyst which would be responsible for the
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acceleration of acid catalyzed reaction
(isomerization and cracking). Gachet et al.
(26), Isagulyants et al. (27), and Dobrovols-
zky et al. (28) have carried out the HDS of
thiophens on a Co—Mo catalyst which was
sulfided by *S-labelled H,S or radioactive
3S-labelled thiophene. By tracing change of
the **S in produced ¥*S-H,S during the reac-
tion of *S-thiophenes, it was suggested that
two types of sulfur appeared during the hy-
drodesulfurization reaction: labile sulfur
and fixed sulfur. The amount of the labile
sulfur which was progressively replaced
during the reaction was about 20 wt% of the
sulfur of the catalyst in its stationary state.
It was deduced that a fixed sulfur which
did not directly participate in the catalytic
action would be located on the molybdenum
and cobalt sulfide lattices. It was also found
that H,S was not formed directly from the
sulfur of DBT but from the sulfur on the
catalyst. Gellman et al. used radiotracer
(*S) labelling techniques to measure rates
of hydrogenation of sulfur adsorbed on the
Mo(100) surface (29). This use of S or *H
was believed to enable to clarify the behav-
ior of sulfur in catalysts. However, there
are no reports where the behavior of **S
on catalysts during practical performance of
HDS have been determined exactly.
Recently, we reported the HDS reaction
of ¥S-labelled DBT on sulfided Mo/Al,O,
where it was found that the amount of labile
sulfur increased with increasing tempera-
ture and the initial concentration of DBT
(30). In this paper, we have conducted HDS
reaction of ¥*S-labelled DBT to trace the
behavior of S on a sulfided Co—Mo/Al,O,
catalyst during practical performance of
HDS. After hydrodesulfurization of
32S-DBT reached the steady state, the re-
actant solution of ¥S—-DBT was substituted
for that of ¥*S—DBT at the same concentra-
tion of DBT. The radioactivity of unreacted
3S—-DBT and formed **S-H,S released from
a pressurized flow reactor were monitored
with time. After the radioactivity of formed
¥S—H,S reached the steady state, the re-
actant solution of **S—-DBT was substituted

KABE ET AL.

for that of ¥*S—DBT at the same concentra-
tion of DBT again. The mobility of sulfur
on the catalyst was estimated from the rates
of an increase and a decrease of formed
3S-H,S. This method allowed us to under-
stand more exactly how sulfur in DBT is
translated to H,S and how sulfur in the cata-
lyst participates in the actual HDS reaction.

EXPERIMENTAL

Materials. Decalin (Kishida Chemicals)
was the commercial GR grade and was fur-
ther purified by passing column (i.d. 20 mm;
30 cm) containing activated alumina
(0.063-0.200 mm). *S-DBT was synthe-
sized by the following method: In order to
obtain ¥S-labelled sulfur, the commercial
toluene solution of **S (total radioactivity:
1 mCi) (Amersham, Co. Ltd.) was mixed
sufficiently with 8.7 g sulfur (**S), then the
toluene in mixture was evaporated at room
temperature, and the sulfur mixture was
dried for 24 h in vacuo until the toluene was
entirely removed. Using this **S-labelled
sulfur, DBT was synthesized according to
the method developed by Gilman and Ja-
coby (31). After the crude DBT was crystal-
lized from ethanol, colorless needles (purity
more than 99.9%) were obtained. ¥S-DBT
was synthesized by the similar method. Hy-
drogen (99.99%) was obtained from Tohei
Chemicals. Hydrogen sulfide in hydrogen
(H,S 3.0%) was obtained from Takachio
Chemicals. The commercial Co—-Mo/Al,O,
(Ketjen fine 124: MoO;, 12.5 wt%; Co0, 3.8
wt%; surface area, 274 m?/g) was supplied
as a 1/32 extrudate which was crushed and
screened to provide 20 to 34 mesh granules
used in this work. Co/ALO, (Co0, 3.8 wt%)
were prepared by the conventional impreg-
nation method using cobalt nitrate,
calcinated at 450°C over 24 h, crushed and
screened to 20 to 34 mesh granules.

Apparatus and procedure. The reactor
was a 8-mm-i.d. stainless-steel tube packed
with 1.0 g of catalyst particles diluted with
quartz (30-50 mesh) sand to 3.5 cm® bed
volume and 7 cm bed height. The single
charge was used throughout the entire series
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FiG. 1. Operation procedure in hydrodesulfurization of *S-DBT.

of experiments. After the catalyst bed was
heated for more than 24 h at 450°C in air, it
was presulfided with a mixture of 3% H,S
in H, flowing at 30 liter/h at atmospheric
pressure and 400°C for 3 h. After these
pretreatments, the reactor was cooled
in a H,S/H, stream to expected tempera-
ture and was pressurized by hydrogen.
Then, the solution containing DBT was sup-
plied to the feed pump (Kyowa Seimitsu
KHD-16).

A typical reaction was carried out under
the following conditions: H, 25 liter/h,
WHSYV 28-56 h™!, reaction pressure 50 kg/
cm?, concentration of DBT in decalin 1-3
wt%, and reaction temperature 260-300°C.
The produced H,S was absorbed with a
commercial basic scintillator solution (Carb-
sorb, Packard Co. Ltd.). The liquid product
was collected from a gas-liquid separator.
For each run, a liquid product and an ab-
sorbed H,S solution samples were collected
every 15 min. The components of liquid
products were analyzed by gas chromatog-
raphy with FID detector (Hitachi 163) using
a commercial capillary column (G-column

250). Radioactivities of unreacted *S-DBT
in liquid product and the formed *S-H,S
in scintillator solution were measured by a
liquid scintillation counter (LSC-1000,
Aloka, Co. Ltd.) (32).

Typical two operation procedures were
applied. Operation Procedure 1: (a) A de-
calin solution of 1 wt% »S—DBT was
pumped into the reactor until the conversion
of DBT became constant (about 3 h). (b)
After that, the decalin solution of 1 wt%
¥S_DBT was substituted for that of
2S_DBT. The reaction with *S-DBT was
performed until the amount of ¥*H,S re-
leased into exit of the reactor became con-
stant. (c) Then, the reactant solution was
returned again to the decalin solution of 1
wt% 32S-DBT. This reaction of **S-DBT
was continued for 4-5 h.

Operation Procedure 2: (a) and (b) in this
procedure are the same as those in Opera-
tion Procedure 1. (¢) The reactant solution
of ¥S-DBT was replaced by decalin. The
reaction was continued for about 4 h; (d)
after that, *S-DBT solution was substituted
for decalin and the reaction was continued
for about 4-5 h.
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TABLE |

Conversion of DBT and Kinetic Parameters at Various Hydrodesulfurization Conditions
on Co-Mo/Al,0, and Co/Al O,

Catalyst
CO—MO/AhO} CO/Ale]

Reaction pressure (kg/cm?) 50 50 50 50 50 10 50 50
Reaction temperature (°C) 260 270 290 300 300 300 360 400
Concentration of DBT (wt%) 1.0 1.0 1.0 1.0 3.0 1.0 1.0 1.0
WHSV (h7) 28 28 28 28 28 56 28 28
Conversion from GC analysis 23.4 39.4 62.6 9.4 53.9 59.8 11.0 28.0
Conversion from radioactivity of S~ 23,7  37.8  59.7  90.1 53.0 57.2 11.5 28.8
Labile sulfur, S, (mg/g-cat) 5.8 12.6 19.9 26.1 30.3 29.5 7.15 11.4
Ratio of S¢/ S\t (%)° 8.27 18.0 28.4 37.2 43.2 2.0 36.2 60.5
Rate constant of the release of 2.26 2.45 2.71 2.92 4.65 3.34 1.26 2.00

BS—H,S, k (x 10~%/min)
Rate of the release of H,S, 0.13 0.31 0.54 0.76 1.41 0.99 0.09 0.23

Sy X k (mg/min/g-cat)
Rate of DBT HDS, r 0.19 0.32 0.51 0.76 1.32 0.98 0.09 0.23

(mg/min/g-cat)

@ The ratio of the labile sulfur to total sulfur on CoyS3—MoS,/AlO; or CoySy/ ALO; is given.

RESULTS AND DISCUSSION
Co-Mo/AlLO,

(a) Reaction following operation proce-
dure 1. The changes in radioactivities of un-
reacted **S-DBT and produced *S-H,S
with the reaction time during the hydrode-
sulfurization (HDS) reaction at 270°C is
shown in Fig. 1. After replacing the decalin
solution of ¥»S-DBT by that of *S-DBT,
the radioactivities of unreacted **S-DBT in
liquid products increased with the reaction
time and reached a steady state immedi-
ately. In the case of produced **S-H,S,
however, the time delay to reach the steady
state was about 100 min. When the solution
of ¥S—DBT returned to that of *>S—-DBT, the
radioactivities of unreacted ¥S—-DBT also
decreased immediately from the steady
state to normal state. The time delay for
produced *S~H,S from its steady state to
normal state was about 100 min. The result
indicates that the sulfur in DBT is not di-
rectly released as hydrogen sulfide, but ac-
commodated on the catalyst.

The conversion can be calculated from
the radioactivity of **S-DBT at steady state

as well as GC analysis of DBT and products.
The conversions at various reaction condi-
tions are listed in Table 1. The conversions
derived from GC analysis were in good
agreement with the determination from ¥S-
radioactivities of the liquid products.

The steady state for the radioactivity of
3*S—DBT was immediately achieved at ev-
ery reaction temperature. At the replace-
ment of ¥S—DBT to 3S-DBT, the radio-
activity of *S—DBT also decreased immedi-
ately at every temperature. The conversion
obtained from the value of radioactivities at
the steady state agreed with the conversion
of DBT as shown in Table 1. Figure 2 shows
the change in radioactivities of formed
3%S-H,S with reaction time at 260, 270, 290
and 300°C. Compared with the case of
¥S-DBT, the time delays observed for
35§-H,S were drastically affected by the re-
action temperature. As the reaction temper-
ature was lower, the time delays for 3*S—H,S
became longer.

(b) Reaction following operation proce-
dure 2. Instead of the replacement of the
3S—DBT solution to the *?S-DBT solution,
the ¥S-DBT solution was replaced by de-
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FiG. 2. Change in radioactivities of formed ¥*S-H,S

with reaction time. Co—Mo/AlLO;, 50 kg/cm?.

calin solvent (operation procedure 2). Fig-
ure 3 shows the change in radioactivities of
the unreacted ¥S-DBT in liquid product
and the produced **S-H,S with the elapse
of time at 300°C. When *S-DBT was re-
placed by *2S—DBT (operation procedure 1),
¥S—H,S was released (@). On the contrary,
when ¥S—-DBT was replaced by decalin (op-
eration procedure 2), the radioactivity of
$S8-H,S decreased immediately (O). This
indicates that sulfur accommodated on the
catalyst can not be released without supply
of sulfur in DBT to the catalyst. Even
though decalin was provided in hydrogen
stream for about 4 h, 3°S was retained on
the catalyst and ¥*S—-H,S could be hardly
detected. When decalin solvent was re-
placed again by solution of 3S-DBT, *S
was released as ¥*S—-H,S and a peak of radio-
activity was made as shown in Fig. 3. This
peak area (D) was equal to the area (C).

ColAlLO,

Hydrodesulfurization of ¥S—DBT cata-
lyzed by Co/Al O, was performed with the
operation procedure 1. The conversions de-

Decalin

Radioactivity ( x10”? dpm/15min )

0 100 200 300

400

500 600 700 800 900

Reaction Time ( min )

Fic. 3. Changes in radioactivities of unreacted “S-DBT and formed *S-H,S with reaction time.
Co-Mo/ALO,. temperature 300°C and pressure 50 kg/cm®. (0) Unreacted *S-DBT; (@) formed
$S—H,S in operation procedure 1, and (O) formed ¥S-H,S in operation procedure 2.
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rived from GC analysis were also in good
agreement with the determination from 3S-
radioactivities of the liquid products (Table
1). In the case of Co/Al,0, as well as
Co-Mo/AlLO,, the steady state for the ra-
dioactivity of *S-DBT was immediately
achieved at every reaction temperature,
while the time delay of produced *S-H,S
to reach the steady state was about 150 min.
This time delay for Co/Al,O, at 400°C (Fig.
4) was longer than that with Co-Mo/Al,0,
at 270°C (Fig. 1). This result clearly shows
that the time delay of ¥S~H,S is not due to
the adsorption of H,S on Al,O; but to the
sulfur exchange within the sulfide.

Calculation of the Rate Constant of
BS-H,S Release and the Amount of
Labile Sulfur

Data for Co-Mo/ALLO, and Co/AlO;
were treated as follows: The first-order plot
(Fig. 5) of the radioactivity of the decreasing
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F1G. 4. Operation procedure in hydrodesulfurization
of ¥S-DBT. Co/ALQ,, temperature 400°C and pres-
sure 50 kg/cm?.
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FiG. 5. First-order plots of ¥*S-H,S with reaction
time. Co-Mo/Al,O,, temperature 270°C and pressure
50 kg/cm?.

period ¥*S—H,S in Fig. 1 indicates the linear
relationship revealed as

Iny =1Inz — kt, (D

where y represents the radioactivity of
$S-H,S (dpm/min), z the radioactivity of
3S—H,S at steady state (dpm/min), k the
rate constant of the release of »S-H,S
(min~Y), and f reaction time (min) (30). The
slopes represent the rate constant of the re-
lease of ¥*S—H,S. The rate constants at each
temperature are also listed in Table 1. The
activation energy of the release of *S—H,S
calculated from Arrhenius plot of the rate
constants (Fig. 6) was 3.7 kcal/mol. The first
order plot of the values, where each radioac-
tivity of the increasing period of **S-H,S in
Fig. { is subtracted from that at steady state,
also shows the linear relationship (O) in Fig.
5 and two slopes at this temperature are
overlapped each other. This indicates that
the rate of release of *S~H,S is equal to
that of *2S—H,S.

After radioactivities of ¥S—H,S reached
the steady state, the difference of total ra-
dioactivities introduced from **S-DBT into
the catalyst with those of the formed
3%S—H,S is equivalent to total radioactivities
remaining on the catalyst. This corresponds
to an area (A) or (B) in Fig. 1. The area is
z/k (dpm) which can be calculated from the
integral (¢: 0—=) of Eq. (1). Since all *S on
the catalyst was originated from the desul-
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release (k), the amount of labile sulfur (Sy), and the
rate of DBT HDS (r) on temperature.

furization of **S-DBT, the concentration of
38 in sulfur introduced to the catalyst by
the HDS of DBT at the steady state should
be equal to the concentration of *S in sulfur
of ¥S—DBT because the isotope effect be-
tween **S and *’S can be assumed to be very
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small. The concentration of *S in sulfur of
3S-DBT could be defined as **SDBT/SDBT
(dpm/g), where ¥SDBT is radioactivities in
1 mol of DBT (dpm/mol) and SDBT is the
amount of sulfur in 1 mol DBT (g/mol). Ac-
cording to this, the amount of labile sulfur
on the catalyst (S;) can be presented by
(z/kK)/(**SDBT/SDBT). These are also listed
in Table 1.

If the sulfur on the catalyst was assumed
to exist in Co,Sg and MoS; under the reac-
tion condition (33), the total amount of sul-
fur on the catalyst is 70.1 mg/g.cat. At 50
kg/cm? and 300°C, the amount of labile sul-
fur was 26.1 mg/g.cat which corresponded
to 37.2% of total sulfur in the catalyst (Table
1). Thus, we could conclude that the amount
of labile sulfur on the catalyst increased with
increasing temperature, and that only some
portion of the total sulfur on the catalyst
acts as active sites for HDS.

Dependence of the Rate Constant of
B§S—-H,S Release and the Amount of
Labile Sulfur on Temperature

Dependence of S; on temperature is also
shown in Fig. 6b, where the plot of In So
against 1/T indicate the linear relationship.
This line can be revealed as follows:

InSy = InA + E/RT 2)

where S, is the amount of labile sulfur, A is
the frequency factor, R is the gas constant,
T is the temperature, and E is a constant.
Dependence of S; on temperature can be
determined by the value of E. F was 16.0
kcal/mol.

The product between the rate constant of
the release of ¥S-H,S and the amount of
labile sulfur at each temperature (S, X k)
represents the rate of the release of H,S
which was nearly equal to the rate of DBT
HDS (r) as shown in Table 1. Although the
former was determined from the kinetic cal-
culation of S transfer and the latter was
calculated from the conversion of DBT,
both values should be same because the con-
version of 1 mol of DBT forms 1 mol of
H,S in HDS. The agreement confirms the
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TABLE 2

Rate of DBT HDS on Temperature

Dependence of the Rate Constants of Release of **S—H,S, the Amount of Labile Suifur, and the

Catalyst
Co-Mo/ALO; Co/AlL Oy Mo/Al,O;
Activation energy of release of ¥S—H,S (kcal/mol) 3.7 9.9 4.2
Dependence of S, on temperature (kcal/mol) 16.0 9.9 10.7
Apparent activation energy of DBT HDS (kcal/mol) 19.7 19.8 14.9

validity of our remarks. Thus, the apparent
activation energy (19.7 kcal/mol) calculated
from plots of r vs 1/T shown in Fig. 6c is
equal to the sum of the value of E (16.0 kcal/
mol) and the activation energy of the release
of 3S—H,S (3.7 kcal/mol).

Comparison between Co—Mo/Al,O,,
Co/Al,O, and Mo/AlLO,

The dependence of the rate constant of
release of »¥S—H,S (k), the amount of labile
sulfur (S;) and the rate of DBT HDS (r) on
temperature was estimated in the cases of
Co/Al, Oy and Mo/Al,O, and the resuits are
also shown in Figs. 6a—6¢c and Table 2, re-
spectively. The dependence of the amount
of labile sulfur on temperature in the case
of Co-Mo/Al,O, was largest among three.
The ratios of the amount of labile sulfur to
total sulfur were plotted against the rate of
DBT HDS in Fig. 7 where the sulfurs on
Co-Mo/Al,0,, Co/AlL,0;, and Mo/AlO,
were assumed to exist in CoySg and MoS,,
Co,S,, and MoS, under the reaction condi-
tion. The ratio decreased in the order Co/
ALO; > Mo/ALO, > Co-Mo/Al,O;. If sulfur
in CogSg of Co-Mo/AlLO; was assumed to
move prior to the movement of sulfur in
MoS, of Co-Mo/AlL0;, the ratio of the la-
bile sulfur in Co,S; of Co—-Mo/AL, O, (O) was
very close to that in CogSy of Co/AlLO, in
the range less than r = 0.5 x 1073, Although
the ratio was almost same at the rate of
HDS, reaction temperature was quite differ-
ent from each other and that of Co-Mo/

ALO, was much lower than that of Co/
ALO;. In sulfided Co-Mo/Al,O,, it has been
shown that cobalt sulfide is deposited on
molybdenum sulfide (/7). Sulfur in cobalt
sulfide deposited on molybdenum sulfide

100
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0 5 10 15
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F1G. 7. Plots of ratio of labile sulfur vs rate of DBT
HDS. For closed symbols, it was assumed that total
sulfur in Mo/Al,O; (A) was present in the form MoS,;
total sulfur in Co-Mo/AlL,O; (M) was present in the
form Co,Sg and MoS,; total sulfur in Co/A),O; (@) was
present in the form CoySy. For open symbols which
belong to Co-Mo/Al,O,, it was assumed that sulfur
in MoS; cannot be labile until whole sulfur in CogSy
becomes labile. In the range of r less than 5 x 107*
g/(min g-cat), ratio of labile sulfur in Co-Mo/Al,04
catalyst was estimated from S/ Scogs, (O in the range
of r more than 5 X 107 g/(min g-cat), ratio of labile
sulfur in Co-Mo/AlL O, catalyst was estimated from
(Sn—SC(,‘)Ss)/S,‘,k,S2 (3. (Sc, 5, total amount of sulfur
present in the form of C09§8 in Co-Mo/Al,O, catalyst;
Spes,: total amount of sulfur present in the form of
MoS, in Co-Mo/Al,O, catalyst.)
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may be more labile than that on alumina. In
this case, the ratio of the labile sulfur in
MoS, of Co~-Mo/Al, 0, ((1) became lower in
the range more thanr = 0.5 x 1073,

CONCLUDING REMARKS

HDS reactions of *S-labelled DBT on
Co-Mo/ALO; and Co/Al,O; were con-
ducted to trace the behavior of ¥S on cata-
lysts during practical performance of HDS.
By the quantitative estimation of labile sul-
fur on the catalyst, it was found that the
amount of labile sulfur increased with in-
creasing temperature. This result suggests
that the amount of the active catalytic site
would increase with increasing temperature
and the initial concentration of DBT. As
described in previous report of HDS on Mo/
Al,O;, this result indicates that active sites
is not uniform. This is not consistent with
the known Kkinetic description, such as
Langmuir—Hinshelwood (L-H) rate equa-
tions, either (34). Because it is assumed in
L—H mechanisms that the number of active
sites for catalysis is constant and uniform,
the values such as activation energy and
heat of adsorption obtained there would be
apparent.
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