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Abstract

The effect of Pt and Ru (∼ 0.6%) added to Mo/Al2O3 sulfide catalyst on the simultaneous hydrodesulfurization (HDS) of thiophene
hydrogenation (HYD) of cyclohexene was studied. The addition of Pt and Ru significantly increased the HDS and HYD activitie
Mo/Al2O3 catalyst. The addition of Pt led to a weaker synergy in HDS, which was almost independent of the reaction tempera
addition of Ru led to much stronger synergy in both reactions, which increased at higher reaction temperatures. The synergy in
Ru-promoted catalyst occurred between 240 and 320◦C, approaching values of up to 6. The strong synergy in HYD (up to 4) appeared
at temperatures 300–330◦C and was accompanied by a more than twofold increase in the apparent activation energy. As the most
explanation, a change in the quality of the sites participating in HYD was proposed. HYD mainly proceeds on separate Ru and M
at lower temperatures and while on mixed Ru–Mo–S sites at above 300◦C. This change is ascribed to a partial release of Ru–Mo–S site
desorption of thiophene or H2S at the higher temperatures, which compete for the adsorption and reaction with HYD.
 2005 Elsevier Inc. All rights reserved.
Keywords: Mo sulfide catalyst; Platinum; Ruthenium; Hydrodesulfurization; HDS; Hydrogenation; Synergetic effect; Thiophene; Cyclohexene
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1. Introduction

Transition-metal sulfides of the second and third ro
possess high activity in reactions such as hydrodesulfu
tion (HDS), hydrodenitrogenation (HDN), and hydrogen
tion (HYD). It was demonstrated more than two deca
ago that Ru sulfide is the most active in the HDS of dib
zothiophene[1]. Later, Ru sulfide, unsupported, deposi
on different supports, or in combination with the Mo s
fide phase, has frequently been studied from the poin
view of hydrorefining as a potential promoter[2–6]. Such an
interest can be ascribed to its favorably high activity, a
atively good knowledge of its chemistry, and its lower pr
compared with other noble metals. Pt sulfide was ano
often studied sulfided noble metal, again supported as a
* Corresponding author. Fax: +420 220 920 661.
E-mail address: vit@icpf.cas.cz(Z. Vít).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.04.006
-

gle phase[7,8] or as possible dopant for the convention
NiW/Al 2O3 catalyst[9].

Some transition-metal sulfides, in addition to their go
HDS activity, also show a high capacity for hydrogenati
Hydrogenation is key reaction in hydrorefining because
involved in the reaction scheme of many compounds. A r
tion between HDS and HYD catalyst functions is an imp
tant issue in connection with the deep HDS of FCC naph
where selective sulfur removal without the loss of olefi
components is desirable in order to keep the high oc
number of gasoline[10,11]. On the other hand, the high
hydrogenation activity of the catalysts could be valuable
the production of diesel fuel, in which refractory sulfur co
pounds undergo direct HDS with difficulty and need to
hydrogenated before C–S bond cleavage[8–10].
It seems that the use of catalysts based on noble met-
als as such is practically excluded because of their excep-
tional price. Combination with a suitable conventional phase

http://www.elsevier.com/locate/jcat
mailto:vit@icpf.cas.cz
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could mean a reasonable solution, provided that the re
ing activity is much higher than that achieved with the s
gle components, that is, when a significant synergetic e
takes place. Data from the literature show that modifica
of the conventional Mo or CoMo/Al2O3 systems by smal
amounts of noble metals around 0.5 wt% led in some c
to synergetic effects in HDS and HYD[5,12]. Recently, the
significant improvement of the activity of the HDS of be
zothiophene and HYD of naphthalene was achieved by
deposition of Pt, Pd, and Ru on the presulfided Mo/Al2O3
catalyst[12].

In recent years we have systematically studied the
alytic properties of noble metal sulfides and the effec
their addition to a Mo/Al2O3 catalyst, first with the Ir sulfide
[13,14]and then with Pt, Pd, Ru, and Rh sulfides[15], on the
activity in the simultaneous HDS of thiophene and HDN
pyridine. In accordance with the work of Meriño et al.[12],
we showed that the synergetic effect of noble metals ca
substantially strengthened by their deposition on the pre
fided Mo/Al2O3 instead of the oxidic catalyst[14,15]. This
was ascribed to the higher dispersion of the Ir sulfide ph
achieved on the sulfided Mo/Al2O3 and to a possible protec
tion of the Mo phase against partial reduction to MoO2 in the
presence of Ir[14]. In our preceding paper we showed th
the addition of Rh, Ru, and Pd had the most significant ef
on the HDS of thiophene, and the addition of Pt influen
more the HDN of pyridine. This led to the strong synergy
HDS over the Ru–Mo(S) system and in HDN over the
Mo(S); the latter was probably due to the high capacity o
to hydrogenate pyridine[15]. This difference in catalytic be
havior of the two groups of noble metals was in line with
experimental results obtained by other authors earlier
was explained by periodic trends observed in different
drotreating reactions[1].

The aim of this work was to determine whether synerg
effect of noble metals added to the presulfided Mo/Al2O3
also occurs in the hydrogenation reaction and compa
with the synergy achieved in the HDS. The noble me
studied were Pt and Ru, which were selected because of
high hydrogenation and HDS catalytic efficiency. The nob
metal-modified catalysts contained 9 wt% Mo and aro
0.6 wt% Pt or Ru. Hydrogenation of cyclic olefins was ch
sen as a test reaction and cyclohexene as a model comp
The simultaneous HDS/HYD reaction was performed at
low sulfur level of 200 ppm in the feed. The catalytic pro
erties of the samples promoted by Pt and Ru were comp
with those of the conventional CoMo and NiMo/Al2O3 cat-
alysts.

2. Experimental

The preparation and characterization of the catalysts

been described in detail elsewhere[15]. Theγ -Al2O3 (CS-
331, Süd-Chemie AG) and sulfided Mo/Al2O3, both of 0.16–
0.32 mm particle size, were impregnated by solutions of Pt
sis 232 (2005) 447–455

r

d.

Table 1
Composition and surface area of catalysts

Catalyst Composition (wt%) Surface are

(m2/g)Noble metal Mo S

Mo/Al2O3 – 9.0 5.9 204
Pt/Al2O3 0.30 – 1.2 242
Ru/Al2O3 0.34 – 1.7 249
Pt–Mo(S)/Al2O3 0.52 9.0 7.2 221
Ru–Mo(S)/Al2O3 0.63 9.0 7.3 215

or Ru acetylacetonates in ethanol. The dried catalyst pre
sors were sulfided ex situ with 10% H2S in H2 at 400◦C for
1 h. The catalysts were cooled to room temperature in2
and stored under argon. The promoted catalysts are fu
denoted by the symbols Pt–Mo(S) and Ru–Mo(S), wh
S means the preparation from the sulfided Mo/Al2O3. The
actual contents of Mo, noble metals and sulfur in the c
lysts, were determined with the inductively coupled plas
method (ICP). The surface areas of the sulfided cata
were evaluated on a Flowsorb III Instrument (Microme
ics). The composition and surface areas of the prepared
lysts are listed inTable 1. The content of Mo was 9 wt%, an
the amount of noble metals was between 0.3 and 0.6 w
The content of sulfur in the freshly sulfided catalysts c
responded to a S/Mo ratio of 2.0 for the Mo/Al2O3 and to
an average value of 2.3 for the promoted catalysts, ind
ing the complete sulfidation of the MoS2 phase. The nomina
surface area of the startingγ -Al2O3 was 255 m2/g. The de-
position of the small amounts of noble metals had practic
no effect on this value. The smaller decrease in the sur
area to about 204–221 m2/g in the case of Mo/Al2O3 and
both promoted samples can be ascribed to the higher am
of the deposited Mo phase. The pulse H2 adsorption on the
catalysts containing noble metals was performed at 22◦C as
described elsewhere[13]. The H2 uptake on the Pt/Al2O3,
Ru/Al2O3, and both promoted Pt–Mo(S) and Ru–Mo(S) c
alysts was suppressed to zero after sulfidation, which sh
that the noble metals were completely covered by sulfur
did not possess free Pt (or Ru) metallic sites. Two comm
cial catalysts, CoMo/Al2O3 (Shell 344, 2.4 wt% Co, 9.2 wt%
Mo) and NiMo/Al2O3 (Shell 324, 2.8 wt% Ni, 11.8 wt%
Mo), were included in this study for comparison. The surf
areas of CoMo and NiMo catalysts were 178 and 157 m2/g,
respectively.

The activity of the catalysts in simultaneous HDS of th
phene (TH) and HYD of cyclohexene (CHE) was evalua
in an integral flow microreactor with fixed bed of the ca
lyst at temperatures of 230–330◦C and an overall pressur
of 2 MPa. The catalyst was placed in a stainless-steel r
tor tube (i.d. 2 mm) between two layers of glass wool a
was sulfided in situ with 10% H2S in H2 (0.05 mol/h) at at-
mospheric pressure. The temperature was gradually ra
to 400◦C at a rate of 6◦C/min and held at 400◦C for 1 h.

Then the H2S was switched off and the catalyst was cooled
to reaction temperature in a flow of H2. Then H2 was re-
placed by means of a six-port valve with the feed containing
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equimolar amounts of TH and CHE (200 ppm of each)
H2 (0.4 mol/h) at an overall pressure of 20 bar. The fe
was generated in a pressure flow evaporator filled wit
mixture of liquid reactants. Their concentrations in the
phase were adjusted, in addition to the proper compositio
the liquid, by the ratio of H2 flowing through the evaporato
above the liquid and via the bypass regulated by a fine ne
valve. The H2 flow and pressure in the reactor system w
stabilized with a mass flow controller (Sierra Instrumen
Inc.) and a back-pressure regulator (Tescom Corp.), res
tively. The on-line analyses of the feed and reaction mixt
were alternatively performed by an automatically opera
sampling valve (VICI AG). The samples were taken ev
15 min, and the analyses proceeded isothermally at 5◦C
on a 4890D gas chromatograph (Agilent) equipped wit
30-m capillary DB-5 column (J&W Scientific) and a flam
ionization detector. The composition of the reaction mixt
was expressed by the conversionsxi = 1−ni/n0

i , wherei is
TH or CHE, andxj = nj/n0

i , wherej is butane (BU) or cy-
clohexane (CA);n andn0 are the numbers of moles in th
reactor effluent and the feed, respectively.

The steady state was usually achieved after 2–3 h
stream. The majority ofxi,j varied in the range 0.25–0.8
The space timeW/Fi was changed by the amount of the c
alystW(5–70× 10−6 kg) while the flow ratesFi of TH and
CHE were kept constant (each 8× 10−5 moli/h). Samples
differing greatly in the HDS and HYD activities, were test
several times with different catalyst amounts. This was n
essary for the evaluation of the activity in a broad range
reaction temperatures. Blank tests with the empty rea
gave the valuesxTH = xC4 < 0.03 andxCHE = xCA < 0.01
for temperatures of 300–330◦C and 20 bar, showing that th
effect of the reactor material on both reactions was sm
The valuesxi,j evaluated during catalytic tests were c
rected by the values given above. At reaction temperat
of 280◦C and less, the contribution of the reactor ma
ial was almost zero and was neglected. Both reactions w
described by pseudo-first-order rate constants for thioph
HDS (kTH) and cyclohexene HYD (kCHE). They were calcu-
lated as follows and expressed in moli/(h kgcat):

(1)ki = −(Fi/W) ln(1− xi).

The selectivity of butane formation during HDS was defin
by 100nBU/

∑
nC4, where

∑
nC4 is the overall number o

the moles of C4 hydrocarbons. The HDS/HYD selectivit
was defined by the ratio of the rate constantskTH/kCHE.

3. Results and discussion

3.1. Model reactions
The activity of the majority of the catalysts was tested in
the range of reaction temperatures of 250–300◦C. The pre-
liminary experiments showed that some catalysts could not
sis 232 (2005) 447–455 449

-

practically be tested at the higher or lower temperatures
cause their activity was too high (HDS over CoMo, NiM
or too low (HDS over Pt/Al2O3). However, all of the cata
lysts could be compared at the temperature of 280◦C. The
Ru-based catalysts were studied in the broader range of
330◦C, because of the unusual activity feature of the R
Mo(S) sample. The activity of all of the catalysts was sta
during catalytic tests. The Ru–Mo(S) catalyst did not d
play any observable loss of its activity after 13 h on stre
This agrees with our earlier experience obtained with th
catalysts in the simultaneous HDS/HDN[15].

Tetrahydrothiophene as the intermediate of HDS of th
phene was present in the reaction products only in s
amounts of 1–2% over the majority of the catalysts. Hig
amounts (3–5%) were found over the monometallic Mo
Pt/Al2O3 catalysts at reaction temperatures of 280◦C and
less. The main reaction products of HDS were H2S and C4
hydrocarbons (C4), with butane (BU) and 2-butenes as ma
components. The HDS followed the first-order reaction w
respect to thiophene, in agreement with our earlier resul

Cyclohexene was hydrogenated to cyclohexane ove
catalysts without the formation of other products. T
shows that isomerization or splitting does not occur
the alumina-supported noble metal systems, as on alum
supported NiMo catalysts[16]. The order of the reactio
with respect to cyclohexene was mostly assumed in the
erature to be 1[6,17] or was found experimentally to be b
tween 0 and 1[16]. In the present work, the fit of experime
tal data on the HYD of cyclohexene over the Mo/Al2O3 and
RuMo(S) catalysts is shown inFig. 1, where− ln(1− xCHE)

is plotted versusW/F . The points corresponding to the Ru
Mo(S) catalyst gave a straight line, confirming first-ord
behavior. The fit of the data obtained with the Mo/Al2O3
catalyst was a little worse, suggesting that some devia
from the first-order behavior could not be excluded. Nev
theless, to describe both simultaneous reactions in the s
simple way, we decided to use the first-order description
the HYD of cyclohexene.

3.2. Activity and HDS/HYD selectivity

Table 2summarizes the activity and HDS/HYD sele
tivity of all of the catalysts evaluated at a reaction temp
ature of 280◦C. The Mo/Al2O3 catalyst exhibited almos

Table 2
Activity and HDS/HYD selectivity of catalysts in simultaneous HDS
thiophene and HYD of cyclohexene at 280◦C and 2 MPa

Catalyst kTH
(mol/(h kgcat))

kCHE
(mol/(h kgcat))

kTH/kCHE

Mo/Al2O3 3.0 2.5 1.20
Pt/Al2O3 0.24 14.2 0.02
Ru/Al2O3 0.41 3.0 0.14
Pt–Mo(S)/Al2O3 7.9 9.7 0.81
Ru–Mo(S)/Al O 9.4 8.6 1.09
2 3
CoMo/Al2O3 26.9 7.7 3.49
NiMo/Al 2O3 48.4 46.9 1.03
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Fig. 1. Plot of− ln(1 − xCHE) versusW/F for HYD of cyclohexene at
280◦C over Ru–Mo(S) (Q) and Mo/Al2O3 (").

the same HDS and HYD activities. The monometallic
and Ru/Al2O3 catalysts generally showed much lower HD
and higher HYD activity compared with the Mo/Al2O3.
Pt/Al2O3 showed the highest HYD by far and, at the sa
time, the lowest HDS. A much higher HYD activity of th
Pt/Al2O3 in comparison with the Ru/Al2O3 was previously
observed in hydrogenation reactions of different arom
compounds[18]. This result observed by us in the reacti
of cyclohexene therefore agrees well with this trend.

The deposition of about half a percent of Pt and Ru o
the sulfided Mo/Al2O3 led to an improvement of the ac
tivity by factors of 3–4. In the case of HDS, the activiti
of both bimetallic systems highly exceeded the activi
of their single components. This also holds for the HY
over the Ru–Mo(S) system. However, the HYD activity
the Pt–Mo(S) combination was between the activities of
Pt/Al2O3 and Mo/Al2O3 catalysts. The HDS activities of th
noble-metal-promoted catalysts did not achieve those o
conventional CoMo and NiMo catalysts. In HYD, they we
slightly above the activity of the CoMo catalyst and bel
the activity of the NiMo catalyst. The activity differences b
tween the two groups of promoted catalysts can probabl
explained by much higher amounts of Co and Ni promo
than noble metals.

The data inTable 2show that the HDS/HYD selectivit
of the catalysts greatly depends on the kind of active ph
The CoMo catalyst showed markedly the highest selecti
value in favor of HDS. This result corresponds well to
cent observations of other authors in the case of reactio
thiophene and cyclohexene[5,19] or 1-hexene[3], or reac-
tions of benzothiophene and naphthalene[12,20]and shows
that Co in combination with Mo has a much greater effec

HDS than on HYD. On the other hand, the monometallic no-
ble metal sulfide catalysts represented the opposite extrem
because their HYD activity strongly exceeded the HDS ac-
sis 232 (2005) 447–455

.

f

Fig. 2. Dependence of lnk versus 1/T for HDS of thiophene and HYD
of cyclohexene over Pt–Mo(S) (1,2) and Mo/Al2O3 (!,"). HDS (open
points), HYD (full points).

tivity. In general, the data inTable 2show that the addition o
small amounts of Ru and Pt decreased the HDS/HYD se
tivity in comparison with Mo/Al2O3. This effect was smalle
over the Ru–Mo(S) catalyst, in agreement with the fact
the Ru addition improves both HDS and HYD well[2,5].
The selectivity of the Pt–Mo(S) sample was substanti
lower than the selectivity of the Ru–Mo(S), which we e
plain by the much higher HYD activity of the Pt/Al2O3 com-
pared with the Ru/Al2O3. Both catalysts promoted by nob
metals therefore have enhanced hydrogenation efficienc
sulting in lower HDS/HYD selectivity. The selectivity of th
Ru–Mo(S) was similar to that of the conventional NiMo c
alyst.

3.3. Effect of reaction temperature on activity

Fig. 2 shows temperature dependences of the logarit
of the rate constants corresponding to HDS and HYD o
the Mo/Al2O3 and Pt–Mo(S) catalysts. A specific chara
ter of these dependences allows us to draw two conclus
First, the slopes of the plots corresponding to HDS w
substantially higher than those corresponding to HYD. T
shows that the apparent activation energies of HDS (EHDS

a )
were higher than the apparent activation energies of H
(EHYD

a ). The consequence of this is that the hydroge
tion was prevailing at the lower reaction temperatures,
the HDS was predominant at the higher temperatures.
other interesting aspect is that the slopes correspondin
Pt–Mo(S) were almost the same as those for the Mo/Al2O3
catalyst. TheEa of both reactions therefore remained u
changed after the addition of Pt to the Mo/Al2O3.

Fig. 3 shows analogous dependences for the Mo/Al2O3
e
and Ru–Mo(S) catalysts. The temperature dependence of
ln kTH for the Ru–Mo(S) catalyst showed a good linearity
over the whole range of the reaction temperatures, 230–
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Fig. 3. Dependence of lnk versus 1/T for HDS of thiophene and HYD
of cyclohexene over Ru–Mo(S) (P,Q) and Mo/Al2O3 (!,"). HDS (open
points), HYD (full points).

330◦C. In contrast to this, the analogous plot of lnkCHE fol-
lowed a trend that was almost parallel to that for Mo/Al2O3
up to about 280◦C and then significantly deviated upwar
The experimental points in the 300–330◦C range gave an
other linear fit with the substantially greater slope. Su
a course clearly shows thatEHYD

a significantly changed a
temperatures near 300◦C. This behavior is clearly unusu
and evokes a question about its origin. Taking into acco
that hydrogenation reactions are exothermic, one can a
that the observed effect could be ascribed to catalyst o
heating, leading to a much higher increase in HYD activ
However, we consider such a possibility improbable, for
following reasons. A sudden increase in the catalyst t
perature should also have an impact on the simultaneo
proceeding HDS, in a parallel increase in the HDS ac
ity. However, such a change was not observed. Second
values of the rate constantskCHE over the Ru–Mo(S) cata
lyst at 300–330◦C were between 15 and 40 mol/(h kgcat),
still lower than kCHE for the more active NiMo catalys
(Table 2), which itself did not show any unusual activi
features. Moreover, the feed contained only 200 ppm of
clohexene, in addition to thiophene, diluted by H2. Such
a composition rather supports a good transfer of the r

tion heat from the catalyst instead of its accumulation. We

a For temperature range 230–280◦C.
b For temperature range 300–330◦C.
sis 232 (2005) 447–455 451

The valuesEHDS
a and EHYD

a evaluated from Arrheniu
plots are summarized for all catalysts inTable 3. These
data show that theEHDS

a values were almost always high
thanEHYD

a , with the lone exception of the Ru–Mo(S) ca
alyst in the range of 300–330◦C. This result is in a fairly
good agreement with the results obtained by other auth
The higher values ofEHDS

a for HDS of thiophene and
lower EHYD

a for HYD of 1-hexene were found over th
CoMo/Al2O3 and Ru/Al2O3 catalysts earlier[3]. Low val-
ues of 21–25 kJ/mol were also reported for the HYD o
cyclohexene over monometallic Pt[21,22], which are close
to the values for the sulfided Pt and Ru/Al2O3 observed in
the present work. On the other hand, the higher value
EHYD

a around 157–193 kJ/mol were reported for the HYD
of cyclohexene in the absence of thiophene over NiMo
alysts, performed at temperatures of 310–350◦C and 50 bar
of pressure[16]. The valuesEHDS

a in Table 3evaluated by
us for the conventional catalysts are well in the range of
114 kJ/mol reported in the literature[2,3,23–25].

The valuesEHDS
a for the Mo/Al2O3 and Pt–Mo(S) cata

lysts were found to be 65 and 63 kJ/mol, respectively, tha
is, within the limits of experimental error (Table 3). The
same situation obviously occurred in the HYD of cyclohe
ene, whereEHYD

a values of 36 and 33 kJ/mol were found
for Mo/Al2O3 and Pt–Mo(S), respectively. Such an agr
ment clearly shows that the addition of Pt to Mo/Al2O3
did not change the apparent activation energy of eithe
action. On the contrary, the addition of Ru to Mo/Al2O3
significantly changedEHDS

a , which approached a value o
92 kJ/mol. The effect of Ru addition on HYD of cyclohex
ene performed at lower reaction temperatures was simil
the effect of Pt; theEHYD

a was again practically the sam
as that for Mo/Al2O3 (Table 3). A significant increase in
EHYD

a to 100 kJ/mol occurred when the reaction tempe
tures exceeded 300◦C. The value of 100 kJ/mol is highest
among those evaluated for HYD in this work, but still with
the limits found for the same reaction over the conventio
NiMo catalysts used by us (67 kJ/mol) and other author
(157–193 kJ/mol) [16].

To the best of our knowledge, a similar change of the
parent activation energy of the HYD of cyclohexene o
sulfide catalysts has not yet been reported in the litera
Changes in the apparent activation energy have rece
been observed in HDS of thiophene over a conventio

CoMo/Al2O3 catalyst performed at temperatures of 177–

tion

therefore conclude that the effect observed on the Ru–Mo(S)
catalyst cannot be ascribed to side thermal effects.

512◦C by Leliveld et al.[25]. An approximately twofold
increase of the apparent activation energy of HDS at reac

Table 3
Apparent activation energies of HDS of thiophene and HYD of cyclohexene

Reaction Ea (kJ/mol)

Mo/Al2O3 Pt/Al2O3 Ru/Al2O3 Pt–Mo(S)/Al2O3 Ru–Mo(S)/Al2O3 CoMo/Al2O3 NiMo/Al 2O3

HDS 65 44 72 63 92 76 108
HYD 36 16 17 33 41,a 100b 53 67



ataly

re.

-
sed
tive

r
r ac-

s in
cted
ac-
30–

ting
tors
ob-

e
n in
ig-

em-
tion

t.

is

ver
at
ave

ower
llic

f the
own
lo-
e to
-

his

oo
he

ex-
oted

Mo
452 Z Vít et al. / Journal of C

Fig. 4. Selectivity HDS/HYD as a function of reaction temperatu
CoMo/Al2O3 (+), Mo/Al2O3 (!), NiMo/Al 2O3 (�), Ru–Mo(S) (Q),
Pt–Mo(S) (2), Ru/Al2O3 (e) and Pt/Al2O3 (a).

temperatures above 400◦C was explained by the participa
tion of the second type of the active site. It was propo
that the sulfur vacancies on the Co atom were the ac
sites at temperatures below 400◦C, and the bridging sulfu
vacancies between the Co and Mo atoms with the highe
tivation energy were active at temperatures above 400◦C.
This shows that the number and quality of the active site
sulfide catalysts are not constant and can be strongly affe
by the reaction conditions used. In our case, the HYD re
tion was studied over a broad range of temperatures (2
330◦C) and in the presence of thiophene and H2S, originat-
ing from thiophene decomposition, both strongly compe
in adsorption and the reaction. We believe that both fac
were decisive for the appearance of the catalytic effect
served over the Ru–Mo(S) catalyst.

3.4. Effect of reaction temperature on HDS/HYD selectivity

A comparison of the HDS/HYD selectivities of all th
catalysts as a function of reaction temperature is show
Fig. 4. The data show that the HDS/HYD selectivity is s
nificantly temperature dependent. ThekTH/kCHE ratios in-
crease for all of the catalysts with increasing reaction t
perature, which is given by the higher apparent activa
energies of HDS compared with HYD (Table 3). The HDS
activity of some catalysts, such as Mo/Al2O3, Ru–Mo(S)
and NiMo, prevails at temperatures above 300◦C but greatly
diminishes below 250◦C, where HYD becomes dominan
CoMo and both monometallic Pt/Al2O3 and Ru/Al2O3 cata-

lysts keep their own specific selectivity features over a broad
range of reaction temperatures, the former in high HDS and
the two latter in high HYD.
sis 232 (2005) 447–455

Fig. 5. Selectivity of butane formation in HDS of thiophene at 280◦C as a
function of thiophene conversion. Notation of catalysts as inFig. 4.

3.5. Selectivity for butane formation

The percentage of butane in C4 hydrocarbons formed
during HDS, that is, the selectivity of butane formation,
compared as a function ofxTH for all of the catalysts in
Fig. 5. The content of butane was almost the same o
the Mo/Al2O3 and Ru–Mo(S) catalysts and increased
the higher thiophene conversions. The CoMo catalyst g
much less butane than the other ones, suggesting its l
hydrogenation activity. On the other hand, the monometa
noble metal sulfides, especially Pt/Al2O3, produced much
more butane even at very lowxTH.

Some selectivity features common toFigs. 4 and 5sug-
gest a parallelism between the hydrogenation activities o
catalysts in the two reactions. Such a correlation is sh
in Fig. 6, where the conversions of cyclohexene to cyc
hexane are plotted versus the conversions of thiophen
butane. The data for Mo/Al2O3 and all of the promoted cata
lysts fall more or less into one curve, clearly confirming t
hypothesis. The experimental points obtained for Pt/Al2O3
and Ru/Al2O3 were out of this correlation, because their t
low HDS activities were the limiting factor, in contrast to t
other catalysts (Table 2).

3.6. Synergetic effect of Pt and Ru

The magnitude of the synergetic effect (SE) was
pressed by the ratio of the rate constants over the prom
catalyst (kprom) and the sum of the rate constants over
and noble-metal catalysts (Me= Pt or Ru), according to

(2)SE= kprom/(kMo + kMe).
The monometallic Pt/Al2O3 catalyst showed the lowest HDS
activity. A deposition of 0.5% Pt on the Mo/Al2O3 led to a
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Fig. 6. Correlation between conversion of cyclohexene to cyclohexane
thiophene to butane for reaction at 280◦C. Notation of catalysts as inFig. 4.

significant increase in the HDS activity and to a weaker s
ergy slightly above 2. This value was almost independ
of the reaction temperature (Fig. 7). On the other hand, th
Pt/Al2O3 catalyst exhibited by far the highest HYD activit
which exceeded that of the original Mo/Al2O3 catalyst (Ta-
ble 2). The activity of the bimetallic Pt–Mo(S) combinatio
was between the values for Pt/Al2O3 and Mo/Al2O3 cata-
lysts, and the synergy in the HYD of cyclohexene did
occur. The Ru/Al2O3 catalyst was also of rather low HD
activity. The addition of about 0.6% Ru to the Mo/Al2O3
led to a synergy between 2 and 3 at reaction tempera
of 280◦C and lower (Fig. 7). This is close to the value
obtained with the Pt–Mo(S) system. However, the SE
ues rose significantly to about 6 at the higher temperatu
Such behavior differs greatly from that observed over
Pt–Mo(S) and shows that the synergetic effect of Ru
strongly temperature dependent. A similar situation also
ists for the HYD of cyclohexene. Almost no synergy w
observed at the lower reaction temperatures, whereas a
300◦C it became apparent and increased to about 4. T
results demonstrate the different behaviors of Pt–Mo(S)
Ru–Mo(S) systems in HDS and HYD reactions.

The results obtained in this work concerning the reac
of thiophene and cyclohexene complement well our rec
results obtained over the same catalysts in the simultan
reaction of thiophene and pyridine[15]. First, both stud-
ies show that the Ru–Mo(S) combination is more effici
than the Pt–Mo(S) from the point of view of HDS of thi
phene. The synergetic effect in HDS was much higher o
Ru–Mo(S) combination, regardless of the presence of cy
hexene or pyridine in the feed. Because of the tempera
dependence of the synergy, the HDS activity of the R

Mo(S) system evaluated in this work was about 2.5 times
higher than that of the Pt–Mo(S) catalyst at 320◦C. The sec-
ond aspect is that the synergy in HDS over the Ru–Mo(S)
sis 232 (2005) 447–455 453

.

e

s

Fig. 7. Synergetic effect in HDS of thiophene and HYD of cyclohexe
as a function of reaction temperature over Ru–Mo(S) (P,Q) and Pt–Mo(S)
(1,2). HDS (open points), HYD (full points).

catalyst was always stronger than in simultaneously
ceeding HYD. This was observed in HYD of cyclohexe
in this work and recently in the reaction of pyridine[15].
However, in contrast to expectation, the high activity a
synergy of the Pt–Mo(S) system in pyridine transformat
were not observed in the reaction of cyclohexene. Altho
the monometallic Pt/Al2O3 showed by far the highest HYD
activity, the catalyst promoted by Pt did not show any s
ergetic behavior. We ascribe this result to different catal
sites required for HYD of aromatics and cyclic olefins,
recently proposed[26].

The most striking finding in this work is the chan
in the EHYD

a of HYD of cyclohexene over the Ru–Mo(S
catalyst, for which we propose the following explanatio
A change in the apparent activation energy could refle
change in the quality of catalytically active sites particip
ing in the reaction, as recently observed in HDS over
and CoMo catalysts by Leliveld et al.[25]. In our case, this
could mean the formation of some kind of surface spe
created from the sulfided noble metal and Mo atoms, a st
ture analogous to the so-called CoMoS phase. Such a m
explaining a strong synergetic effect in conventional H
catalysts, is at present most widely accepted[27]. An as-
sumption of the existence of mixed Ru–Mo–S sites co
explain the differences observed in the course of the
simultaneous reactions. In HDS of thiophene over the R
Mo(S), the value ofEHDS

a was markedly higher than tha
corresponding to the nonpromoted Mo/Al2O3 catalyst. Then
it can be assumed that HDS over the Ru–Mo(S) catalyst
ceeds on sites different from those present on Mo/Al2O3 and
Ru/Al2O3 catalysts, that is, on mixed Ru–Mo–S sites, in

◦
range of temperatures as broad as 230–330C.
In contrast to this, the HYD of cyclohexene proceeds over

the Ru–Mo(S) catalyst with anEHYD
a almost the same as that



ataly

n-
Ru

e

for
he
ion
rong
ore

in
–S

rp-
the
es-

y
onal
occ
that
ites

the
an-
hat

tic
ould
over
S

dro-
etal
ro-
in

ion
that

ro-
ains
ne
and
r
be
the

etic
t-
rast

io-
dif-

ted
re-

in
s to

)
o(S)
y in

f the
YD
lower
s at
l
t
-

rast

ther
l-
tions
ed.

ieve
ore
s.

ort

4)

a-

.
98)

ld,
. 61

rinat,
454 Z Vít et al. / Journal of C

over Mo/Al2O3 up to 280◦C. We therefore conclude that u
der these conditions the HYD proceeds on the Mo and
sulfides more or less separately. The rapid increase inkCHE

at temperatures above 300◦C was observed only over th
promoted catalyst and not on the Ru/Al2O3 and Mo/Al2O3

catalysts. This confirms that catalytic sites responsible
high HYD activity necessarily include both Mo and Ru. T
HYD activity of the Ru–Mo(S) system at the higher react
temperatures can therefore be mainly ascribed to the st
synergetic effect of Ru, which was accompanied by a m
than twofold increase inEHYD

a . We ascribe the increase
the rate of HYD to a partial release of mixed Ru–Mo
sites by the desorption of thiophene or H2S, originating from
thiophene decomposition, which allows competitive adso
tion and cyclohexene reaction. A significant decrease in
surface coverage of the NiMo and CoMo catalysts by d
orption of thiophene at temperatures over 280 and 317◦C,
respectively, has already been documented[28,29]. At the
same time, H2S is known to strongly inhibit HYD of cy-
clohexene over NiMo catalysts[16]. We assume an analog
between the noble-metal-promoted Mo and the conventi
catalysts and suppose that the same phenomena also
on the catalysts prepared in this work. An assumption
HYD and HDS could proceed on the same catalytic s
seems to contradict some earlier studies performed on
conventional catalysts. However, this question is still un
swered[10,25]. Moreover, more recent studies propose t
interconversion between HDS and HYD sites is possible[11,
and references therein].

Alternatively, it cannot be excluded that the synerge
effect observed over noble-metal-promoted catalysts c
also be ascribed, perhaps partly, to the hydrogen spill
between the noble metal and Mo sulfides. In principle, Mo2

and noble-metal sulfides are known to readily activate hy
gen, and the spillover can originate from both noble m
and MoS2 phase. An argument in favor of possible hyd
gen spillover is a relatively low content of noble metals
modified catalysts, decreasing the probability of format
of some kind of mixed sites. It is possible to speculate
in the case of Ru–Mo(S), the adsorbed thiophene (or H2S)
blocks the sites for possible migration of activated hyd
gen at lower reaction temperatures. The hydrogen rem
available only in the vicinity of the adsorbed cyclohexe
molecule, and HYD can proceed only separately on Mo
noble-metal sites. Thiophene or H2S desorbing at highe
temperatures allows a much easier hydrogen transfer
tween noble-metal and Mo sites, accelerating in this way
HYD reaction.

The results obtained in this work show that the synerg
effects over the Mo/Al2O3 catalyst promoted by noble me
als are possible to achieve in both HYD and HDS. In cont

to HDS of thiophene, the synergy in HYD of cyclohexene is
weaker, and its occurrence is much more sensitive to the kind
of noble metal and the reaction conditions used.
sis 232 (2005) 447–455

ur

-

4. Conclusions

Modification of the MoS2/Al2O3 catalyst by Pt and Ru
sulfides improved its activities in model reactions of th
phene and cyclohexene. However, the two noble metals
fer substantially in their effects. The addition of Pt resul
in a weaker synergy in HDS, being almost the same for
action temperatures between 270 and 320◦C. On the other
hand, the addition of Ru led to much stronger synergy
HDS, which increased at the higher reaction temperature
a value of 6. At 320◦C, the HDS activity of the Ru–Mo(S
system was about 2.5 times higher than that of the Pt–M
catalyst. Over the Ru–Mo(S) catalyst, the strong synerg
HYD appeared only at higher temperatures of 300–330◦C
and was accompanied by a more than twofold increase o
apparent activation energy. It seems most likely that H
proceeds on separate Ru and Mo sulfide phases at the
reaction temperatures and on the mixed Ru–Mo–S site
temperatures above 300◦C. This could be due to a partia
desorption of thiophene (or H2S) from the Ru–Mo–S sites a
around 300◦C, which in turn become available for the com
petitive adsorption and reaction of cyclohexene. In cont
to the Ru–Mo(S) catalyst, a modification of the Mo/Al2O3
catalyst by Pt did not affected the activation energies ei
in HDS or in HYD. This indicates that the quality of su
fided Pt and Mo sites does not change during these reac
and suggests that the mixed sites are not obviously form
The synergetic effect of noble metals is possible to ach
in both HDS and HYD reactions, although the latter is m
limited by the type of noble metal and reaction condition
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