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Abstract

The effect of the Cs addition on the H2S inhibition and subsequently on the DBT HDS activity over Ru-based catalysts was invest
In good agreement with a previous study, the HDS activity over a Ru catalyst containing cesium was much higher than that over
Ru catalyst without cesium. On the other hand, the HDS activity of the Ru–Cs catalyst was more inhibited by H2S than that of the Ru
catalyst at 260◦C. Thus, kinetic parameters were calculated using a Langmuir–Hinshelwood model to determine the mechanism o2S
inhibition over Ru and Ru–Cscatalysts. We found that the heats of adsorption of DBT and H2S on the Ru–Cs catalyst were higher than
the Ru catalyst, indicating that the sulfur-containing species adsorb more strongly on the catalyst containing cesium. Subsequen
of cesium in the Ru–Cs catalyst on the DBT HDS activity was investigated by using35S-tracer experiments. The results suggested that w
the Ru–Cs catalyst was more inhibited by H2S, the Ru–S bonds were more stable on this catalyst than on the Ru catalyst. This Ru–
stabilization was responsible for the stabilization of the active phase, which allowed creation of a greater amount ofsulfur atoms potentially
labile. Thus, that explained the better HDS activity over the Ru–Cs catalyst than over the Ru catalyst, despite a greater H2S inhibition on the
former.
 2004 Elsevier Inc. All rights reserved.

Keywords:Inhibiting effect of H2S; Hydrodesulfurization; Dibenzothiophene; Ruthenium; Cesium; Sulfide; Alumina
en-
dee
he
to

di-
mal
ean

by
era-
ur-
lop
ci-
riza
pts,

nium
cies
tal
ed
:
of
ts
e-

ts
to
the
,

cies,
f

f ac-
or an

orted
he
1. Introduction

In recent years, due to more and more strict environm
tal regulations, much attention has been focused on the
hydrodesulfurization (HDS) of light gas oils. From 1997, t
maximum sulfur content in light gas oils has been limited
500 ppm in most parts of the industrialized world. In ad
tion, Japan decided recently to further reduce this maxi
content to only 50 ppm until the year 2004. The Europ
Union also recently proposed a reduction to only 50 ppm
the year 2005. Moreover, due to environmental consid
tions it will become necessary to lower these limitations f
ther and further in the future. Thus, it is essential to deve
novel highly efficient catalysts and to concomitantly elu
date the reaction mechanism under deep hydrodesulfu
tion reaction conditions. Among a large number of attem
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much attention has been focused on unsupported ruthe
sulfides, which were found to be the most active spe
in hydrodesulfurization of thiophenes using transition me
sulfides [1–5]. Actually, some of our recent studies aim
at optimizing ruthenium-basedcatalysts by different ways
investigation of the effect of the precursor [6]; addition
alkali [7]; and modification of the carrier [8]. These effor
permitted us to improve the HDS ability of the Ru sulfid
based catalysts. Especially, the alkali-promoted Ru catalys
(with Ru:Cs= 1:2) exhibited HDS activities comparable
that of a conventional Co–Mo catalyst [7]. Further, by
combined use of FTIR analysis and35S-tracer experiments
we found that in a Ru–Cs system (with Ru:Cs= 1:2) the Cs
atoms strengthen the Ru–S bonds of the Ru sulfide spe
with the consequence thatS0 (representing the amount o
labile sulfur on the catalyst, assumed to be the number o
tive sites) increases and this increase was responsible f
increase in activity [9].

On the other hand, many research groups have rep
that H2S, which is a product of the HDS reaction, inhibits t
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HDS reaction of organic sulfur compounds such as dib
zothiophene (DBT) and 4,6-dimethyldibenzothiophene (
DMDBT) [10–14]. However, from our knowledge, the i
hibiting effect of H2S on the HDS of DBT using nobl
metal-based catalysts has been only scarcely studied. Thu
in the present work we investigated the inhibiting effect
H2S on HDS of DBT over a Ru–carbonyl-basedcatalyst s
ported on alumina and a Ru–Cs-based catalyst support
alumina. A Langmuir–Hinshelwood model for the reactio
rates was applied in order to examine the kinetics of the2S
inhibition. Further, the results were compared to the res
obtained by35S-tracer experiments in order to give a mo
detailed picture of the DBT HDS reaction mechanism o
Ru-based catalysts.

2. Experimental

2.1. Materials

Commercially available Ru3(CO)12 (Aldrich Co.), ce-
sium hydroxide (CsOH·H2O), tetrahydrofuran (THF), de
calin, and methanol (purity: 98%) (Kishida Chemicals) w
used without further purification. DBT was supplied fro
Tokyo Kasei Industry Co., Ltd. Hydrogen and hydrog
sulfide (0–0.6 vol%) in hydrogen were supplied by To
Chemicals,γ -Al2O3 (specific surface area= 256 m2 g−1;
pore volume= 0.76 cm3 g−1) was supplied by NIPPON
Ketjen Co., Ltd.

2.2. Preparation of the catalysts

γ -Al2O3 was crushed and screened to obtain 20–30 m
grains. The alumina was then dried under vacuum at 35◦C
for 4 h and stored under an Ar atmosphere prior to use.

2.2.1. Ru3(CO)12–6CsOH/γ -Al2O3 catalyst (Ru:Cs= 1:2;
Ru wt%= 8)

The Ru3(CO)12–6CsOH/γ -Al2O3 catalyst (Ru:Cs= 1:2)
was prepared as follows: 0.1686 g of Ru3(CO)12, 0.2657 g of
CsOH, H2O, and 20 mL of methanol were introduced into
50-mL reactor. After the mixture was stirred for 1 h, 0.920
of Al2O3 was added into the obtained solution, which w
stirred for 2 h more. The solvent was removed under vac
and the solid was stored under an Ar atmosphere prio
use. As a remark, while only a small amount of Ru3(CO)12
can be dissolved in methanol, CsOH is completely disso
in this solvent and reacts easily with Ru3(CO)12 to give a
Cs+[HRu3(CO)11]− ruthenium anion carbonyl complex
a methanol solution that reacts further with the Lewis a
sites of the alumina.

2.2.2. Ru3(CO)12/γ -Al2O3 catalyst (Ru wt%= 8)
The Ru3(CO)12/γ -Al2O3 catalyst was prepared as fo

lows: 0.1686 g of Ru3(CO)12 and 10 mL of THF were intro
duced into a 50-mL reactor. After the mixture was stirred
n

1 h, 0.9200 g of Al2O3 was added into the obtained solutio
which was stirred for 2 h more. The solvent was remo
under vacuum and the catalyst was stored under an A
mosphere prior to use. Here, the solvent was chosen as
because it dissolves Ru3(CO)12 unlike methanol. Therefore
it is used to dissolve and deposit the Ru3(CO)12 species on
the Al2O3 surface without any destruction of its structu
Furthermore, these solvents used in the present researc
not affect the HDS of DBT because they were entirely
moved by vacuum when the catalysts were prepared.

2.3. Apparatus and procedure

The experimental apparatus was designed to work u
high pressure. A fixed-bed flow reactor (stainless-steel
with an internal diameter of 8 mm) was packed with 1.0 g
catalyst particles. The catalyst was presulfided using a mix
ture of 3 vol% H2S in H2 at 300◦C for 3 h. After the presulfi-
dation, the reactor was cooled down in the H2S/H2 stream to
the desired temperature and then the reactor was pressu
with hydrogen. The reactant solution was then introduce
into the reactor by a high-pressure liquid pump (Kyo
Seimitsu KHD-16). The DBT HDS reaction was carried o
under the following conditions: temperature, 240–320◦C;
total pressure, 5 MPa; WHSV, 28 h−1; flow rate of liquid,
32 mL/h; flow rate of H2, 25 L/h; initial concentration o
DBT, 0.1–1.0 wt%; H2S partial pressure, 0–0.3 × 105 Pa.
After steady state was reached (about 2 h), the first t
samples of liquid products were collected from a gas–liq
separator every 15 min. The activity was taken as the m
value obtained for three samples. Then, the reaction tem
ature was increased and after a further stabilization time o
1 h and 30 min the next three samples were collected an
analyzed. The same procedure was performed at each
perature. For each set of experiments (including the effec
of H2S) a back point was taken to check if any deact
tion occurred. In any case the activity value calculated
the back point was the same as that of the initial point.
collected samples were analyzed by a gas chromatogra
(Hitachi 163) equipped with a flame ionization detector a
a G column 250 (i.d., 1.2 mm; film thickness, 1.0 µm; leng
40 m). The temperature of the column, the injector, and
detector were 210, 250, and 150◦C, respectively. The prod
ucts were identified by GC-MS (QP2000/2000A).

2.4. Brief description of the kinetic models

The results of the DBT HDS reactions carried out un
various H2S concentrations were treated using appropr
kinetic equations. The selected model was the Langm
Hinshelwood kinetics that has been widely used for the H
of DBT [15,16],

(1)rHDS = kHDSKDBTPDBTKH2PH2

(1+ KDBTPDBT + KH2SPH2S)(1+ KH2PH2)
,

whererHDS is the rate of HDS;kHDS is the rate constant o
HDS; KDBT, KH2S, andKH2 are the adsorption equilibrium
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constants of DBT, hydrogen sulfide, and hydrogen, res
tively; PDBT, PH2S, andPH2 are the partial pressures of DB
hydrogen sulfide, and hydrogen, respectively.

According to the experimental conditions of the pres
study, Eq. (1) can be simplified. Indeed, as the hydro
pressure is constant, the terms relative to hydrogen ca
included in the rate constant. Based on the above ass
tion, Eq. (1) can be simplified into Eqs. (2) or (3):

(2)rHDS = kHDSKDBTPDBT

(1+ KDBTPDBT + KH2SPH2S)
,

(3)
1

rHDS
= KH2SPH2S

kHDSKDBTPDBT
+ (1+ KDBTPDBT)

kHDSKDBTPDBT
.

In the case of the DBT HDS reactions performed wi
out the addition of H2S, the amount of H2S formed was very
small due to the low DBT concentration (0.1–1.0 wt%) u
der a high hydrogen pressure (5MPa). Thus, the inhibition
effect due to H2S was not significant, and the retarding te
KH2SPH2S can be neglected. Based on the above assump
Eq. (3) can be further simplified into Eq. (4):

(4)
1

rHDS
= 1

kHDSKDBTPDBT
+ 1

kHDS
.

By plotting 1/rHDS against 1/PDBT, kHDS, andKDBT can be
calculated by determination of the relevant slope and in
cept with they axis.

3. Results

3.1. DBT HDS activity without addition of hydrogen sulfi

It has previously been found that ruthenium exhibits
highest HDS activity among unsupported transition m
als [4]. Further, the HDS activity of alumina-support
ruthenium species could be increased by the additio
alkali metal [9]. In the present work, we decided to co
pare the H2S inhibition over a Ru–alumina-based catal
to the H2S inhibition over the same catalyst containing C
First, DBT HDS reactions over the Ru/Al2O3 catalyst and
the Ru–Cs/Al2O3 catalyst were performed without add
tion of hydrogen sulfide with various DBT concentratio
to confirm the high HDS activity upon alkali addition (pr
sented on Figs. 1 and 2). The conversion of DBT over b
catalysts increased with increasing the temperature and d
creasing the initial DBT concentration. The HDS activity
the Ru/Al2O3 catalyst was more influenced by the init
DBT concentration than the alkali-containing one. Mo
over, while the DBT conversion of the Ru/Al2O3 catalyst
was only about 37% at 320◦C in the case of the exper
ment performed with 1 wt% DBT, the Ru–Cs/Al2O3 catalyst
exhibited an activity of about 88% for the same experim
tal conditions. Further, we presented the evolution of
fraction of DBT converted as a function of the DBT co
centration in the feed for various experimental temperatur
in Figs. 3 and 4. As shown in Fig. 3, the amount of DB
-

,

Fig. 1. Effect of the temperature on DBT conversion for various DBT c
centrations (Ru/Al2O3 catalyst).

Fig. 2. Effect of the temperature on DBT conversion for various DBT c
centrations (Ru–Cs/Al2O3 catalyst).

converted on Ru/Al2O3 exhibited an increase up to 0.4 wt
DBT in the feed but leveled off when the feed was m
concentrated in DBT (except for the experiments perform
at 320◦C for which a further slight increase in conversi
was observed for 1 wt% DBT in the initial feed). In co
trast, the amount of DBT converted on the Ru–Cs/Al2O3

catalyst increased linearly with the DBT concentration in
the initial feed. This means that the surface activity s
present on the Ru/Al2O3 catalyst were saturated with DB
for a concentration of DBT of 0.4 wt% while they remain
available in a sufficient quantity to perform the reaction
the Ru–Cs/Al2O3 catalyst even for a concentration of DB
of 1.0 wt%.
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Fig. 3. Effect of the DBT concentration on the amount of DBT conver
(Ru/Al2O3 catalyst).

Fig. 4. Effect of the DBT concentration on the amount of DBT conver
(Ru–Cs/Al2O3 catalyst).

3.2. Results of the kinetic treatment

In order to examine whether Eq. (4) is actually adequ
for the present study or not, we used it to treat our d
Figs. 5 and 6 show plots representing 1/rHDS versus 1/PDBT
for the Ru/Al2O3 catalyst and the Ru–Cs/Al2O3 catalyst, re-
spectively. The figures obtained for both catalysts exhib
a linear relationship, indicating that Eq. (4) could be relia
used for the present study. Thus,kHDS andKDBT were ob-
tained upon determination of the slopes of the lines and
intercepts of the lines with they axis.

Further, the DBT HDS was carried out while adding va
ous concentrations of H2S that were varied in the range fro
0 to 0.51 vol% (0–0.3 × 105 Pa). Eq. (3) was used to tre
the obtained results. The obtained lines in Figs. 7 and 8
a DBT initial concentration of 1.0 wt%) exhibited linear r
Fig. 5. 1/rHDS as a function of 1/PDBT (Ru/Al2O3 catalyst).

Fig. 6. 1/rHDS as a function of 1/PDBT (Ru–Cs/Al2O3 catalyst).

lationships for the plots representing 1/rHDS versusPH2S
for both catalysts, indicating that Eq. (3) is adequate for
present study.KH2S could be estimated from the slopes af
calculatingkHDS andKDBT from Eq. (4).

3.3. Inhibiting effect of H2S on the DBT
hydrodesulfurization

To investigate the effect of H2S on the DBT HDS rate
over Ru/Al2O3 and Ru–Cs/Al2O3, HDS reactions were ca
ried out under different H2S partial pressures. Figs. 9 and
show the effects of the H2S partial pressure on the DB
HDS rates over the Ru/Al2O3 catalyst and the Ru–Cs/Al2O3
catalyst, respectively. The HDSrates obtained over both ca
alysts decreased with increasing the H2S partial pressure
which signifies that the addition of H2S inhibited the DBT
HDS reaction to a certain extent. As shown in Fig. 9, o
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Fig. 7. 1/rHDS as a function of 1/PH2S (Ru/Al2O3 catalyst).

Fig. 8. 1/rHDS as a function of 1/PH2S (Ru–Cs/Al2O3 catalyst).

the Ru/Al2O3 catalyst the DBT HDS rate under a H2S partial
pressure of 0.05× 105 Pa decreased about 65% when co
pared to the rate obtained without addition of H2S at 260◦C.
In contrast, using the Ru–Cs/Al2O3 catalyst, the DBT HDS
rate under a H2S partial pressure of 0.05× 105 Pa decrease
about 80% when compared to the rate obtained without a
tion of H2S at 260◦C. These results show that the DBT HD
over the Ru–Cs/Al2O3 catalyst was more strongly inhibite
by H2S than over the Ru/Al2O3 catalyst. Moreover, while
the inhibiting degree of H2S over the Ru/Al2O3 catalyst was
quite independent of the temperature, that observed ove
Ru–Cs/Al2O3 catalyst became lower with increasing te
perature (Figs. 9 and 10). This implies that the absolute v
of the adsorption equilibrium constant between DBT a
Fig. 9. Effect of the H2S partial pressure on DBT HDS activity (Ru/Al2O3
catalyst, 1.0 wt% DBT).

Fig. 10. Effect of the H2S partial pressure on DBT HDS activit
(Ru–Cs/Al2O3 catalyst, 1.0 wt% DBT).

H2S on the Ru–Cs/Al2O3 catalyst was more influenced b
an increase in temperature than the Ru/Al2O3 catalyst.

In addition, for a comparison of the inhibiting effec
of H2S between different types of catalysts, some res
that we previously obtained over Mo and CoMo cataly
[17,18] are reported in Fig. 11 together with the results
tained in the present study over the Ru catalyst and
Ru–Cs catalyst. Thus, Fig. 11 shows the effect of H2S on
the HDS reaction of DBT over various catalysts at reac
temperatures of 260◦C. The results clearly indicate that th
inhibiting effect of H2S on the DBT HDS over various cat
lysts increased in the order Ru< Ru–Cs� Co–Mo< Mo at
260◦C.
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Fig. 11. Effect of the H2S partial pressure on DBT HDS activity (alumin
supported Mo, Co–Mo, Ru, and Ru–Cs catalysts).

3.4. Arrhenius and Van’t Hoff plots

To elucidate the mechanism of the inhibiting effect
H2S on the HDS activity over Ru and Ru–Cs catalysts,
estimated the activation energy of the HDS reaction from
activity results and subsequently calculated the heats o
sorption of DBT and H2S using the Langmuir–Hinshelwoo
model (see the details in Section 2). The rate constan
HDS (kHDS) and the adsorption equilibrium constant of DB
(KDBT) were calculated using Eq. (4), while the adsorpt
equilibrium constant of hydrogen sulfide (KH2S) was calcu-
lated using Eq. (3). Fig. 12 shows the Arrhenius plots
the DBT HDS reaction over Ru and Ru–Cs catalysts.
activation energy calculated from the slopes for the Ru
the Ru–Cs catalyst were 126 and 109 kJ/mol, respectively
Then, Figs. 13 and 14 show the Van’t Hoff plots for the D
HDS over Ru and Ru–Cs catalysts, respectively. The hea
adsorption calculated from the slope of each line are s
marized in Table 1. The heats of adsorption of DBT a
H2S on the Ru/Al2O3 catalyst were 13 and 29 kJ/mol, re-
spectively, while the heats of adsorption of DBT and H2S
on the Ru–Cs/Al2O3 catalyst were 38 and 126 kJ/mol, re-
spectively. While the value of the activation energy refle
the relative difficulty of the desulfurization of DBT, the va
ues of the heat of adsorption reflect the relative strengt
the adsorption of DBT or H2S on the catalysts. Conside
ing this, from the values of the heat of adsorption of D
and H2S over Ru and Ru–Cs catalysts, it seems that in b
cases the adsorption of H2S on the catalysts is stronger th
DBT, which means that the DBT HDS is hindered to a c
tain extent. In particular, the heats of adsorption of DBT
H2S were higher on the Ru–Cs/Al2O3 catalyst than on th
Ru/Al2O3 catalyst, suggesting that the addition of cesium
Ru/Al2O3 catalysts makes easier the adsorption of sulfu
the surface of said catalysts.
-

f

f

Fig. 12. Arrhenius plots.

Table 1
Results of the kinetic treatments for various catalysts

Catalysts Conversiona Ea
b QDBT

c QH2S
d S0

e kRE
f NOg

Ru 14 126 13 29 4.2 2.6 130
Ru–Cs 74 109 38 126 31 1.9 910
Mo 22 105 42 88 13 1.4 110
Co–Mo 92 105 42 71 26 2.9 260

a DBT conversion (%) at 300◦C for 1 wt% of DBT.
b HDS activation energy (kJ/mol).
c DBT heat of adsorption (kJ/mol).
d H2S heat of adsorption (kJ/mol).
e Labile sulfur quantity (mgS/gcat).
f H2S release rate constant (10−2 min−1).
g NO adsorption (µmol/gcat).

Fig. 13. Van’t Hoff plots for the DBT and the H2S adsorption equilibrium
constants (Ru/Al2O3 catalyst).
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Fig. 14. Van’t Hoff plots for the DBT and the H2S adsorption equilibrium
constants (Ru–Cs/Al2O3 catalyst).

4. Discussion

In a previous study, from FT-IR results [7] we show
that when Ru3(CO)12 was treated with sixfold CsOH in
methanol, all the Ru3(CO)12 species were converted into C
[HRu3(CO)11]. Further, after the Cs[HRu3(CO)11] species
were supported on alumina, they were stabilized for
Ru � 2. Then, the experimental results showed that
preservation of the formed anionic species on the alumin
(effective consequently to their stabilization for Cs/Ru� 2)
as well as the proximity of the Cs and the Ru species per
ted the increase in the HDS activity. In the present stu
the Ru–Cs/Al2O3 catalyst (with Cs/Ru= 2) exhibited ef-
fectively a HDS activity higher than that of the Ru/Al2O3
catalyst.

Figs. 3 and 4 showed that the amount of DBT conve
over the Ru/Al2O3 catalyst increased with increasing t
DBT concentration up to 0.4 wt% DBT for which it stab
lized (only for 320◦C, further increase in DBT concentratio
up to 1 wt% led to a slight increase in conversion). In c
trast, the amount of DBT converted over the Ru–Cs/Al2O3
catalyst increased linearly up to 1 wt%. Further, we repo
the amount of NO chemisorption over Ru/Al2O3 and Ru–
Cs/Al2O3 catalyst [7] in Table 1 with the data obtained f
Mo/Al2O3 and Co–Mo/Al2O3 catalysts [19,20]. Indeed, th
amount of coordinatively unsaturated sites (CUS) on a
alyst is often related to the catalytic activity and can
estimated, for instance, by NO chemisorption. In the afore
mentioned NO chemisorption experiments, the quantity
Ru and Mo was about the same (about 7.9 × 102 µmol)
and all the catalysts were presulfided (at 300◦C, 3 h for the
Ru/Al2O3 and the Ru–Cs/Al2O3 catalysts and at 400◦C, 3 h
for the Mo/Al2O3 and the Co–Mo/Al2O3 catalysts, respec
tively). As shown in Table 1, the amount of NO chemisorb
on the Ru–Cs/Al2O3 catalyst was much higher (7 times) th
that on the Ru/Al2O3 catalyst. This result explains why th
amount of DBT converted on the Ru–Cs/Al2O3 catalyst in-
creased up to 1 wt% DBT contrary to the Ru/Al2O3 for
which stabilization was observed for 0.4 wt% DBT. Ho
ever, as shown in Fig. 11, at 260◦C the value ofr/r0 for the
Ru–Cs/Al2O3 catalyst decreased more rapidly than for
Ru/Al2O3 catalyst with increasing the H2S partial pressure
indicating that the Ru–Cs/Al2O3 catalyst was more inhib
ited by H2S than the Ru/Al2O3 catalyst. In order to explain
this phenomenon, some kinetic parameters were determ
We found that the heat of adsorption of H2S calculated from
the Langmuir–Hinshelwood equation was larger than tha
DBT on both catalysts (Table 1). This indicates that H2S
was adsorbed more strongly on the catalysts than DBT
thus inhibited the DBT HDS reaction through competit
adsorption. In addition, the heats of adsorption of H2S and
DBT on the Ru–Cs/Al2O3 catalyst were higher than on th
Ru/Al2O3 catalyst. This means that the sulfur species w
more strongly adsorbed on the Ru–Cs catalyst than on
Ru catalyst.

To have an idea of the sulfide state of each catalyst du
HDS working conditions, the results of35S-tracer experi-
ments were also given in Table 1 and then compared
the kinetic data. Here,S0, the amount of labile sulfur on
each catalyst, means the amount of active sites andkRE, the
[35S]H2S release rate constant, indicates the relative ease
migration of the sulfur from the catalyst. While the relea
rate constant of H2S on the Ru/Al2O3 catalyst was highe
than on the Ru–Cs/Al2O3 catalyst, the amount of labile su
fur on the Ru–Cs/Al2O3 catalyst was much higher than th
on the Ru/Al2O3 catalyst. These results suggest that wh
the addition of cesium to the Ru/Al2O3 catalyst decrease
the lability of the active sites,it increases their amount. Th
fact that the S species are more strongly adsorbed on
Ru–Cs catalyst and that a greater number of active sit
present allows us to negate that these Ru–Cs catalyst
dergo a reduction into the Ru metallic form. When Cs
not present, due to the large quantities of H2 in the reac-
tor, the RuS2 active phase is unstable and can be parti
reduced into metallic Ru, which is not favorable for the
tivity. When adding Cs, the “RuS” active phase is stabiliz
through an increase in the RuS bond strength, and th
fore the existence of the active sites is preserved. Furthe
strengthening of the RuS bond indicates that the velocit
cleavage of the DBT C–S bond increases and therefore
HDS activity of the Ru–Cs/Al2O3 catalyst globally increase
to give a performance better than that of the Ru/Al2O3 cata-
lyst.

For comparison, the values obtained for Mo and Co–
catalysts are also shown in Table 1. No significant dif
ence in the heat of adsorption of DBT or H2S [17,18] was
observed between the Mo and the Co–Mo catalyst. Ne
theless, both the amount of labile sulfur and the release
constant of H2S on the Co–Mo catalyst [21,22] were high
than on the Mo catalyst, explaining the higher activity of
Co–Mo catalyst. In other words, while the promoter Co



250 A. Ishihara et al. / Journal of Catalysis 224 (2004) 243–251

s a
cat-

tive

tive
.
r 3
hens
cies
sul
ina

e
.

ay
ith

eg-
ely
the
acid
trix.
lue
ion

-
ults
the
the

d.

the
an

t but
iliz-
e by
er

-

S

ion
pro-
ible
epre-
and
a).
tal-
Fur-
pro-
ree
cat-
r
ing a
BT
e as

d in
16d.
the
the

dom-
n
Cs

ob-
ong
orp-
ion
sites
here.
der
in

ults,
sses
ts

the
gher

(c)
lobal
the
r of
Fig. 15. Sulfided Ru–Cs/Al2O3 catalyst structure. (a) RuS2; (b) RuS1.5.

duces an increase in the active site numbers as well a
increase in the reactivity of the active sites of Mo-based
alysts, the beneficial effect of the addition of Cs to Ru/Al2O3

catalysts is of a different type as the reactivity of the ac
sites is decreased and their number increases.

Further, we previously reported the structure of the ac
phase on sulfided Ru–Cs/Al2O3 catalysts [9,23] (Fig. 15)
For the catalysts with Cs/Ru ratios superior to 2 o
(Fig. 15a) the interaction between Cs and Ru strengt
the Ru–S bond [9] and thus three types of sulfur spe
can be distinguished as represented in Fig. 15a. The
fur present between the ruthenium layer and the alum
surface (Sb) might be the most difficult to move while th
sulfur over the ruthenium layer (Sa) might be the most labile
Two sulfurs in other position (Sc and Sd), which form trian-
gles parallel to the alumina surface together with Ru, m
have an average lability. In contrast, for the catalysts w
Cs/Ru= 1, the RuCs complex is destroyed after impr
nation [7], and the structure of the catalysts is very lik
to be like the one in Fig. 15b. Indeed, in this case all
introduced Cs is consumed to neutralize the alumina
sites and most of them are located in the alumina ma
Furthermore, the results from NO chemisorption, the va
of S0 (Table 1), and Fig. 3 indicate that the Ru dispers
on the Ru/Al2O3 catalyst (Cs/Ru= 0) is like to be quite
low. That means that the Ru/Al2O3 catalyst is certainly sin
tered during the sulfidation procedure. In brief, these res
show that the addition of adequate quantities of cesium to
Ru/Al2O3 catalyst strengthens the Ru–S bonds and thus
sulfur species Sa, Sb, Sc, and Sd of Fig. 15a are preserve
As a consequence, a greater amount of labile sulfur (S0) can
be potentially created with a high dispersion of Ru on
Cs-promoted Ru/Al2O3 catalysts. Indeed, the addition of
adequate quantity of cesium to the Ru/Al2O3 catalyst allows
not only an increase of the Ru dispersion on the catalys
also a promotion of the C–S bond cleavage while stab
ing the Ru–S bonds and consequently the active phas
avoiding its overreduction when the catalyst is placed und
n

-

Fig. 16. Mechanism on hydrodesulfurization catalyzed by alumina
supported ruthenium system catalysts.

HDS working conditions. This explains why a higher HD
activity was obtained on the Ru–Cs/Al2O3 catalyst.

Then, the mechanism of the DBT hydrodesulfurizat
over alumina-supported ruthenium-based catalysts is
posed (Fig. 16). In the HDS working conditions, the poss
adsorption/desorption states of the sulfur species are r
sented in Figs. 16a to 16d. At the steady state, DBT
the produced H2S are both present in the system (Fig. 16
Then, DBT can adsorb on an active site and a kind of me
lathiabenzene is formed (as represented in Fig. 16c).
ther, the metallathiabenzene reacts with hydrogen to
duce biphenyl (Fig. 16d) and HDS is performed on f
active sites according to the proposed cycle. For a Ru
alyst, the heats of absorption of H2S and DBT were smalle
than the ones observed over the Ru–Cs catalyst, indicat
relatively weak sulfur adsorption. Nevertheless, some D
molecules can be adsorbed on the Ru catalyst surfac
shown in Fig. 16b and the reaction can further procee
the same matter as the one proposed in Figs. 16c and
In addition, the active sites number was lower than over
Ru–Cs catalyst. Thus, in the case of the Ru catalyst,
states represented in Figs. 16a or 16b may become pre
inant under the HDS working conditions (weak adsorptio
+ low quantity of active sites). In contrast, for a Ru–
catalyst, the heats of absorption were higher than those
served over the Ru catalyst, indicating a relatively str
sulfur adsorption state. Further, the results of NO chemis
tion and35S-tracer experiments indicated a high dispers
of the Ru species on the Ru–Cs catalyst and the active
were stable even under a pressurized hydrogen atmosp
Accordingly, for the Ru–Cs catalyst, the steady state un
HDS working conditions might be of the type of that given
Figs. 16c or 16d. Taking in consideration the above res
the reaction pathway from (d) to (a) supposedly progre
faster on the Ru catalyst (highkRE and low adsorptions hea
that suggest easy desorption of the products) than on
Ru–Cs catalyst but, as the number of active sites is hi
on the Ru–Cs catalyst, the reaction pathway from (b) to
progresses faster on the Ru–Cs catalyst and thus the g
amount of converted molecules is higher. In brief, while
H2S poisoning is lower on the Ru catalyst, the numbe
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active sites is also lower and the activity is therefore low
than the one observed over a Ru–Cs catalyst. Indeed, thi
ter exhibits a large number of active sites, which is suffici
to compensate the larger H2S hindrance.

In brief, the present kinetic results were in good agr
ment with the results of previous studies, while permitt
a more detailed picture of the working Ru and Ru–Cs c
lysts.

5. Conclusions

The activity of a catalyst derived from the alumin
supported Ru3(CO)12–alkali metal hydroxide complex wa
compared with that of a catalyst derived from Ru3(CO)12.
As observed in a previous study, we confirmed that the
dition of an alkali (here Cs) remarkably promoted the H
activity of a ruthenium catalyst. Then, the effect of H2S on
the catalytic activity was investigated. The HDS rates of b
Ru and Ru–Cs catalysts decreasedwith increasing the partia
pressure of H2S. In particular, the Ru–Cs/Al2O3 catalyst was
more inhibited by H2S than Ru/Al2O3 catalysts at 260◦C.
Thus, some important kinetic parameters were calculate
ing the Langmuir–Hinshelwood equations. We found t
the heat of adsorption of H2S was larger than that of DB
on both catalysts, indicating that H2S was adsorbed on th
catalyst more strongly than DBT with the consequence
inhibiting the DBT HDS to a certain extent. Especially, t
heats of adsorption of DBT and H2S on the Ru–Cs cat
alyst were quite high (38 and 126 kJ/mol, respectively)
compared with the Ru catalyst (13 and 29 kJ/mol, respec-
tively), indicating that sulfur species adsorb on the cataly
more easily upon cesium addition. The role of the cesium
the Ru–Cs catalyst for DBT HDS was examined using
results of35S-tracer experiments. It showed that while t
cesium-containing Ru catalyst was more inhibited by H2S,
the Ru–S bonds were stabilized supposedly by the pres
of Cs atoms in their vicinity, as previous FT-IR results su
-

-

e

gested. Consequently, the amount of labile sulfur increa
sufficiently on the Ru–Cs/Al2O3 catalyst to overcome th
enhanced H2S hindering, which finally led to a global in
crease in the HDS activity.
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