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Abstract

The effects of preparation process and starting material on hydrodesulfurization (HDS) activity of alumina supported
ruthenium, molybdenum and ruthenium–molybdenum hydrotreating catalysts were investigated. Conventional impregnation
method and gradual gas phase adsorption were compared as a preparation route. The HDS tests showed that controlled gas
phase deposition is advantageous in the preparation of the monometallic catalyst systems. The most promising HDS activity
was achieved with the RuMo/Al2O3 catalyst prepared from binuclear organometallic complex. This suggests that the direct
ruthenium–molybdenum bond in the structure of the catalyst precursor favors the formation of highly active surface phase.
The oxidation and reduction behavior of the catalysts was studied by oxygen pulse chemisorption (PCO) and temperature
programmed reduction (TPR). A clear relationship was observed between the method of preparation and the reactivity of the
surface species. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hydrotreating processes are of critical importance
in petroleum refining to remove the harmful sulfur,
oxygen, nitrogen and metal containing compounds
from products. Particularly important are the hy-
drotreating processes developed to purify crude oil
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from air-polluting emissions of sulfur and nitrogen
oxides. Besides the environmental aspect, removal of
these compounds assists further processing, where
they tend to act as catalyst poison [1].

One of the most widely studied and effective cata-
lysts for hydrodesulfurization (HDS) is Co–Mo/Al2O3
[2–4]. Alumina-supported catalysts with ruthenium
as active metal have also been the target of a wide
variety of studies, owing to their importance in hy-
drotreating reactions [5–17]. Investigations by Ishi-
hara et al. to achieve higher catalytic activity and
selectivity in HDS reactions have led to the prepa-
ration of catalysts derived from alumina-supported
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ruthenium carbonyl-alkali metal hydroxides [18–23]
and from anionic ruthenium carbonyls [24,25].
Promising activities were obtained when ruthenium
was applied as a promotor for Mo/Al2O3 catalysts
[26–29]. A few studies on the use of ruthenium as a
secondary promoter have also been reported [30–32].

The precursors most commonly used for ruthenium
based catalysts are RuCl3·H2O [5–9,11–15,17–19,24,
25,27–29], Ru(acac)3 [5,8,18–25,28] and Ru3(CO)12
[5,16–19,24–26,28]. Common molybdenum precur-
sors are molybdenum hexacarbonyl and ammonium
heptamolybdate [27,29,31]. Traditionally, these cat-
alysts have been obtained by impregnation of the
alumina with individual solutions of the metal com-
plexes or salts [5–32]. Alternatively, Ru3(CO)12 based
catalysts have been prepared by gradual gas phase
deposition [33]. This method has the advantages of
allowing control of the catalyst preparation steps and
avoiding the solvent effect. Good dispersion of the
active particles is easily obtained and the high surface
area can be exploited more effectively than with the
conventional liquid phase preparation methods.

The aim of the present work was to study the ef-
fects of precursor and preparation method on HDS
activity of alumina-supported ruthenium, molybde-
num and bimetallic ruthenium–molybdenum cata-
lysts. One of the precursors is a recently synthesized
hetero-binuclear organometallic complex [34], which
appears to be of some importance. No studies have
been reported on a catalyst preparation starting from
a RuMo complex with direct metal–metal bond be-
tween the molybdenum and ruthenium atoms. Inter-
esting properties could result in a situation where
each molybdenum atom interacts closely with ruthe-
nium atom. The structure of novel complex is shown
in Fig. 1. To investigate the importance of the prepa-

Fig. 1. Structure of the heterobinuclear catalyst precursor.

ration method for the activity of the catalysts, gas
phase deposition technique was studied. Temperature
programmed measurements were carried out to study
the effect of preparation conditions on the reactivity
towards oxygen and hydrogen treatment.

2. Experimental

2.1. Reactants and pretreatment

Commercial aluminium oxide (75–60 mesh,
195 m2/g) supplied and reported by Akzo was used
as support material. For the partial dehydroxylation,
Al2O3 was preheated at 500◦C for 10 h. After pre-
treatment, all handling of the support material was
done in a nitrogen glove box (O2 ∼ 0.5 ppm and
H2O ∼ 0.2 ppm) without exposure to air or moisture.
Mo(CO)6 (98%) and monometallic dimer of molyb-
denum ([Cp(CO)3Mo]2) (98%) supplied by Aldrich
were used as reactants without further purification.
Ru3(CO)12 was synthesized according to a standard
method reported in the literature [35]. A detailed de-
scription of the process of preparing [Cp(CO)3Ru]2
and Cp(CO)3MoRu(CO)2Cp compounds can be found
elsewhere [34].

2.2. Catalysts and preparation methods

A series of ruthenium, molybdenum and ruthenium–
molybdenum catalysts were prepared by two differ-
ent methods. In the first method, alumina support
was impregnated with a hexane solution of precursor
compound (Ru3(CO)12, Mo(CO)6, [Cp(CO)3Mo]2,
[Cp(CO)3Ru]2 or Cp(CO)3Mo–Ru(CO)2Cp). The
mixture was stirred overnight under inert nitrogen
atmosphere at room temperature. After deposition
the flask was heated by water bath (50◦C) and the
solvent was evaporated under vacuum. Carbonyl
precursor (Ru3(CO)12, Mo(CO)6) based bimetallic
RuMo/Al2O3 catalysts were prepared by two succes-
sive impregnation steps: Mo(CO)6 was deposited first
and after removal of the solvent the process was re-
peated with solution of Ru3(CO)12. After removal of
the solvent, carbonyl and Cp ligands of all the cata-
lysts were eliminated by heating the samples at 200◦C
for 1 h and finally at 400◦C for 4 h. Ligands were
eliminated under hydrogen (99.999%, AGA) flow.
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Table 1
Composition of catalysts

Catalyst designation Catalyst Catalyst precursor Preparation method Metal content (wt.%)

Ru/(Co) Mo

Cat. 1 Ru/Al2O3 Ru3(CO)12 Impregnation 1.6 –
Cat. 2 Ru/Al2O3 Ru3(CO)12 Gas phase 1.1 –
Cat. 3 RuRu/Al2O3 [Ru(CO)2Cp]2 Impregnation 2.3 –
Cat. 4 Mo/Al2O3 Mo(CO)6 Impregnation – 0.9
Cat. 5 Mo/Al2O3 Mo(CO)6 Gas phase – 2.7
Cat. 6 MoMo/Al2O3 [Mo(CO)3Cp]2 Impregnation – 1.2
Cat. 7 RuMo/Al2O3 Mo(CO)6 + Ru3(CO)12 Impregnation 1.8 0.7
Cat. 8 RuMo/Al2O3 Mo(CO)6 + Ru3(CO)12 Gas phase 2.0 2.7
Cat. 9 RuMo/Al2O3 Cp(CO)3Mo–Ru(CO)2Cp Impregnation 0.6 1.7
Commercial CoMo/Al2O3 – – 3.9a 10.0a

a Metal contents of the commercial catalyst are average values reported by the manufacturer.

In the second method, monometallic carbonyl pre-
cursor based Ru/Al2O3, Mo/Al2O3 and RuMo/Al2O3
catalysts were prepared by controlled vapor phase ad-
sorption in a fluidized bed reactor (the low vapor pres-
sure of Cp(CO)3MoRu(CO)2Cp did not allow it to be
prepared by gas phase method). The vaporized start-
ing materials were transferred from reactant vessel to
reactor in carrier gas flow. A more detailed descrip-
tion of the reactor equipment and the gradual methods
employed has been reported elsewhere [36,37].

Ru/Al2O3 catalyst was prepared by depositing
triruthenium dodecacarbonyl under CO (99.997%,
Messer) flow at a sublimation temperature of 130◦C.
Duration of the single pulse was 2 h. Between the
pulses, carbonyl compound was stabilized on the sur-
face and part of the CO ligands were removed by
heating the catalyst at 200◦C for 10 h under nitro-
gen (99.999%, AGA) flow. After the third ruthenium
pulse, all carbonyl ligands were removed under hy-
drogen flow (reducing atmosphere) at 400◦C for 4 h.

In the case of pure Mo/Al2O3 catalyst, molybde-
num hexacarbonyl was deposited under nitrogen flow.
A single sublimation pulse was 2 h at 90◦C. Partial
decarbonylation, between the pulses, was achieved by
heating the catalyst at 200◦C for 10 h under nitrogen.
After three deposition pulses all remaining carbonyls
were removed by hydrogen treatment at 450◦C for 5 h.

Bimetallic RuMo/Al2O3 catalyst was prepared by
the same method, except that duration of the sin-
gle ruthenium deposition pulse was increased to 4 h.
All molybdenum deposition and decarbonylation steps
were made before the addition of ruthenium dode-

cacarbonyl. A commercial CoMo/Al2O3 hydrotreat-
ing catalyst was used as reference catalyst. A summary
of the compositions, preparation methods and metal
loadings of the catalysts is given in Table 1.

2.3. Characterization of catalysts

Ruthenium and molybdenum contents of the cat-
alysts were determined by atomic adsorption spec-
trometry (Varian SpectrA4 400 AAS device). An
air–acetylene flame was used for ionization of the
ruthenium, and measurements were carried out at a
wavelength of 349.9 nm. Ionization of molybdenum
was carried out with a N2O–acetylene flame and the
applied wavelength was 313.3 nm. Measurement time
was 5 s, with a delay time of 3 s.

Oxygen pulse chemisorption (PCO) and tempera-
ture programmed reduction (TPR) measurements were
carried out with a Micromeritics AutoChem 2910 an-
alyzer equipped with a thermal conductive detector
(TCD). Temperature during the PCO measurements
was 250◦C. Argon (99.999%, AGA) was used as car-
rier gas, at a flow rate of 10 ml/min. Dosing of oxy-
gen (99.999%, AGA) was carried out with a gas loop
(volume = 1 ml) and the flow rate through the oxygen
loop system was 10 ml/min.

Temperature programmed reduction measurements
and calibration were made under 10% H2/Ar mix-
ture gas (AGA). The flow rate of the carrier gas was
10 ml/min. A 10◦C/min temperature ramp was applied
during the TPR studies and the final temperature was
500◦C.
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The sulfur content of the spent catalyst was mea-
sured with an elemental analyzer (CE instrument EA
1110) equipped with a TCD. Before the analysis, pos-
sible unreacted thiophene was removed by washing
the catalyst sample with hexane.

2.4. Activity tests

The hydrotreating activity of Ru/Al2O3, Mo/Al2O3
and RuMo/Al2O3 catalysts was determined in thio-
phene HDS. The HDS activity was evaluated in a batch
reactor system. A detailed description of reactor ar-
rangement can be found elsewhere [37].

For comparison of the prepared and reference cat-
alysts, the amounts of metal moles were adjusted
to the same level: 0.25 g (0.057 mmol metals) for
the most active alumina supported RuMo catalyst
and 0.034 g (0.058 mmol metals) for the commercial
CoMo catalyst.

Before screening, the catalyst was packed to the re-
actor (V = 90.5 ml) and sulfided at 370◦C for 2 h
with 10% H2S/H2 mixture gas (AGA). After activa-
tion, the reactor was cooled to ambient temperature
and the catalyst bed was flushed several times with
nitrogen (99.999%, AGA).

Vaporized thiophene (0.2 ml) was transferred to the
reactor and the system was pressurized with hydro-
gen. To ensure that the reaction was not limited by
the lack of hydrogen, the molar ratio of thiophene/H2
was adjusted to 1:6. The usual reaction time was 3 h
at 370◦C and the maximum pressure at this tempera-
ture was about 10.5 bar. In the case of the bimetallic
RuMo/Al2O3 catalysts, HDS activity was also evalu-
ated at reaction temperature of 350◦C.

Gaseous reaction products were analyzed with a gas
chromatograph (HP, 5890 series II) equipped with a
flame ionization detector (FID) and a capillary column
(HP1, i.d. 0.25 mm, film thickness 1.0 mm). The for-
mation of liquid phase products during analysis was
avoided by heating the reactor and inlet line to 150◦C.

3. Results and discussion

3.1. HDS activity

The results of the HDS tests at 370◦C are summa-
rized in Table 2. For comparison, the results of the

most active bimetallic RuMo/Al2O3 catalysts at 350◦C
are also included. Comparison of the Ru/Al2O3 cata-
lysts (Cat. 1–3) and Mo/Al2O3 catalysts (Cat. 4–6) re-
veals the effect of the different transition metal on the
HDS activity. At 370◦C, the activity of the molybde-
num catalysts was clearly better than that of the corre-
sponding pure ruthenium catalysts. This suggests that
the applied methods and precursors are not suitable
for producing effective HDS catalysts based on pure
ruthenium. We note that, according to Chianelli [3],
unsupported ruthenium shows the highest activity of a
series of several transition metals in the HDS reaction
of dibenzothiophene.

As expected, in the case of bimetallic RuMo cata-
lysts prepared by impregnation (Cat. 7 and 9), thio-
phene conversion increased relative to the pure molyb-
denum catalyst prepared by impregnation (Cat. 4). In-
terestingly, the RuMo catalyst prepared by gas phase
deposition (Cat. 8) did not show enhanced activity rel-
ative to corresponding pure molybdenum catalyst (Cat.
5). The RuMo/Al2O3 catalyst prepared by impregna-
tion from bimetallic precursor (Cat. 9) gave the best
conversion, on par with the commercial CoMo cata-
lyst. This indicates the generation of a synergetic ef-
fect when ruthenium and molybdenum are deposited
by impregnation on adjacent surface sites. A similar
synergy phase was not observed for the bimetallic cat-
alyst prepared by gas phase deposition. The activity
of all bimetallic RuMo catalysts decreased when the
reaction temperature was lowered by 20◦C. This is in
contrast to the CoMo catalyst, whose activity remained
the same when the temperature was lowered.

Comparison of the HDS results for bimetallic
RuMo/Al2O3 catalysts (Cat. 7–9) reveals the effect of
starting material on hydrotreating activity. Bimetallic
RuMo catalyst prepared from heteroatomic RuMo
complex (Cat. 9) showed the highest activity within
the series of prepared catalysts. The result suggests
the advantage of a catalyst precursor bearing a direct
metal bond between molybdenum and ruthenium; the
formation of synergetic phase on the surface is more
effective compared to the cases, where the catalyti-
cally active metal particles are based on homometallic
precursors.

The results reported in Table 2 also reveal the ef-
fect of preparation method on HDS activity. Com-
parison of bimetallic catalysts (Cat. 7 and 8), which
are based on comparable precursors, Mo(CO)6 and
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Table 2
HDS activity of the catalystsa

Catalyst designation Catalyst Conversion of thiophene (%) Conversion/metalb (mol/mol)

350◦C 370◦C 350◦C 370◦C

Cat. 1 Ru/Al2O3 – 60.6 – 32.7
Cat. 2 Ru/Al2O3 – 67.1 – 53.8
Cat. 3 RuRu/Al2O3 – 61.4 – 23.2
Cat. 4 Mo/Al2O3 – 75.0 – 73.1
Cat. 5 Mo/Al2O3 – 95.3 – 33.5
Cat. 6 MoMo/Al2O3 – 83.1 – 62.4
Cat. 7 RuMo/Al2O3 81.1 84.2 30.2 31.8
Cat. 8 RuMo/Al2O3 82.4 90.0 16.3 18.3
Cat. 9 RuMo/Al2O3 93.9 99.4 40.5 44.0
Commercial CoMo/Al2O3 98.1 98.5 28.9 29.1

a The reaction time was 3 h in all experiments.
b Calculated by dividing the amount of converted thiophene by total amount of catalyst metal.

Ru3(CO)12, shows higher thiophene conversion for the
corresponding catalysts prepared by gas phase adsorp-
tion. Even though the difference is less pronounced at
lower reaction temperature (350◦C), the same trend is
observed. The difference suggests the advantage of gas
phase deposition carried out in a fluidized bed reac-
tor; the solvent-free homogeneous reaction conditions
lead to a more effective occupation of catalytically ac-
tive sites. Comparison of the homometallic ruthenium
and molybdenum catalysts (Cat. 1–6) shows a similar
trend; the catalysts prepared by gas phase deposition
gave the highest activity. According to the results re-
ported in Table 2, however, the nature of the catalyst
precursor was more significant for HDS activity than
was the preparation method.

3.2. Selectivity

The C4 product distributions and thiophene residues
are set out in Table 3. As expected, n-butane was

Table 3
The C4 product distribution and thiophene residue obtained in HDS at 370◦C

Products (mol%) Catalyst designation Commercial

Cat. 1 Cat. 2 Cat. 3 Cat. 4 Cat. 5 Cat. 6 Cat. 7 Cat. 8 Cat. 9

iso-Butane 1.9 0.5 2.0 7.7 0.5 0.9 1.1 0.3 0.4 0.8
1-Butene 3.3 2.3 3.2 2.2 0.4 1.2 1.8 0.8 0.1 0.1
n-Butane 39.3 50.3 39.5 48.2 88.5 72.0 69.1 80.6 96.4 95.4
trans-2-Butene 6.9 5.4 6.3 4.1 1.0 2.8 4.0 1.9 0.2 0.3
Ethyl acetylene 4.8 3.7 4.4 2.9 0.7 1.9 2.8 1.3 0.1 0.2
Thiophene 39.4 32.9 38.6 25.0 4.7 16.9 15.8 10.0 0.6 1.5

the main product in all experiments. The bimetallic
RuMo/Al2O3 catalyst (Cat. 9) gave the best selectiv-
ity within the series of prepared catalysts: the portion
of n-butane was 96.4%, which is equivalent to that of
commercial CoMo catalyst (95.4%). In general, ad-
vantages were associated with both the starting mate-
rial and the preparation method. The ratio of n-butane
to other C4 hydrocarbons increased more effectively
with conversion when the precursor was heterometal-
lic RuMo and, for other precursors, when gas phase
deposition was applied. Besides various C4 hydrocar-
bons, the formation of unidentified >C4 hydrocarbons
and tetrahydrothiophene was observed in all experi-
ments, but their overall proportion was negligible.

3.3. Effect of hydrogen treatment

To study the effect of ligands and hydrogen
treatment on catalytic activity, thiophene HDS
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experiments (results not shown) were also carried
out before total decarbonylation by hydrogen. In the
case of the monometallic Ru/Al2O3 and Mo/Al2O3
catalysts (Cat. 1–6), removal of the carbonyl ligands
decreased the HDS activity. An opposite trend was
observed for the bimetallic RuMo/Al2O3 catalysts
(Cat. 7–9) however; decarbonylation under reducing
hydrogen atmosphere increased the sulfur removing
capability of ruthenium–molybdenum catalysts. The
difference in behavior suggests that the surface chem-
istry is different for monometallic and bimetallic cat-
alysts. The higher activity of monometallic Ru/Al2O3
and Mo/Al2O3 catalysts, when not decarbonylated,
can be attributed to the more effective activation of the
catalyst when decarbonylation occurs simultaneously
with the sulfidation treatment. With the bimetallic
RuMo/Al2O3 catalysts, steric hindrance due to the
remaining ligands prevents effective interaction be-
tween the two metals and sulfur and the formation of
a synergetic phase is restricted.

We also observed that the ruthenium content of
RuMo catalyst (Cat. 9) decreased noticeably during
hydrogen treatment (from 1.3 to 0.6 wt.%). No similar
decrease in metal content was observed with the other
RuMo/Al2O3 catalysts (Cat. 7 and 8). Note, however,
that Cat. 9 gave the highest activity and, as indicated
above, the activity even increased after hydrogen treat-
ment. Evidently, the catalyst precursor based on direct
interaction between ruthenium and molybdenum has
a clear advantage in allowing the effective formation
of synergetic RuMo phase.

3.4. Degree of sulfidation

Sulfur content of the spent catalysts is shown in
Table 4. Theoretical sulfur requirement (last column)
has been calculated by assuming that RuS2 and MoS2
are the main sulfided components of the catalysts. Ac-
cordingly, for complete sulfurization there should be
two sulfur atoms for each ruthenium and molybde-
num. Even though this assumption does not take into
account the formation of synergetic phases, the re-
ported sulfur contents can be used in the evaluation
the sulfidation ability of the catalysts.

Comparison of the calculated and measured sul-
fur contents reveals that most of the present catalysts
achieved good sulfidation level. Exceptionally, with
the molybdenum-based Cat. 5 and 8 prepared by gas

Table 4
Degree of sulfidation of ruthenium and molybdenum catalysts

Catalyst
designation

Catalyst metal
(×10−3 mmol)

Sulfur
(×10−3 mmol)

Theoretical
sulfur requirement
(×10−3 mmol)

Cat. 1 1.68 4.65 3.36
Cat. 2 1.15 9.29 2.30
Cat. 3 2.32 2.70 4.64
Cat. 4 1.10 3.21 2.02
Cat. 5 2.98 4.68 5.96
Cat. 6 1.41 4.37 2.82
Cat. 7 1.96 6.21 3.91
Cat. 8 5.18 6.30 10.4
Cat. 9 2.48 7.39 4.96

phase adsorption, the measured sulfur contents were
under the calculated values, indicating incomplete sul-
furization. Evidently, the applied precursor and prepa-
ration method have lead to the formation of molybde-
num particles that are not easy to activate completely
by sulfur treatment, and yet the activity is good. This
is in accordance with earlier studies, where we found a
similar trend with tungsten-based catalysts; the degree
of sulfidation was not complete, but promising activi-
ties were observed [37]. This kind of behavior can be
attributed to strong interaction between well-dispersed
metal particles and surface oxygen groups. Evaluation
of the HDS results, thus, shows that the advantage of
the gas phase method for activity outweighs the slight
reduction in the sulfidation ability of the catalysts.

No similar trend was seen for the pure ruthenium
catalysts (Cat. 1–3). Of the three catalysts, the sulfur
content was highest for catalyst which was prepared
by gas phase technique. With the RuRu/Al2O3 cat-
alysts prepared from dimeric ruthenium complex by
impregnation (Cat. 3), the degree of sulfidation was
noticeably below the calculated value. The results are
in accordance with measured HDS activities.

3.5. Oxygen pulse chemisorption

Table 5 summarizes the results of the O2 pulse
chemisorption measurements of the catalysts at 250◦C.
Before the measurements, catalysts were pretreated
under helium flow at 650◦C to remove all ligands
and ensure the comparability of the samples. As can
be seen, for catalysts prepared by gas phase adsorp-
tion (Cat. 2, 5 and 8), O2 uptake differed slightly
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Table 5
The O2 pulse chemisorption results for alumina supported Ru, Mo and RuMo catalysts at 250◦C

Catalyst
designation

Catalyst Metal content
(mmol × 10−2)

O2 consumption
(mmol × 10−2)

O2/metal ratio

Cat. 1 Ru/Al2O3 1.6 58.7 37.1
Cat. 2 Ru/Al2O3 1.1 4.3 3.9
Cat. 3 RuRu/Al2O3 2.3 45.0 19.8
Cat. 4 Mo/Al2O3 0.9 1.1 1.2
Cat. 5 Mo/Al2O3 2.7 3.9 1.4
Cat. 6 MoMo/Al2O3 1.3 0.0 0
Cat. 7 RuMo/Al2O3 2.5 3.8 1.5
Cat. 8 RuMo/Al2O3 4.7 22.9 4.8
Cat. 9 RuMo/Al2O3 2.3 14.9 6.3

between the mono- and bimetallic systems. Bimetal-
lic RuMo/Al2O3 showed the highest O2 consumption
per metal (4.8). Note that, this ratio is almost equal
to the sum of the values for the monometallic cata-
lysts (Cat. 2 and 5). In accordance with our HDS re-
sults, the oxygen uptake results suggest that synergetic
ruthenium–molybdenum phase was not formed.

When impregnation was applied as a preparation
method for pure carbonyl precursor-based catalysts
(Cat. 1, 4 and 7), different behavior towards O2
consumption was observed. Ru/Al2O3 catalyst (Cat.
1) gave the highest uptake of O2 within the series.
However, consumption of oxygen was minor with
molybdenum catalyst (Cat. 4). Accordingly, O2 up-
take was only slightly better with bimetallic RuMo
catalyst (Cat. 7), than with Mo/Al2O3. Moreover,
the O2/metal ratio with bimetallic RuMo was clearly
lower than the sum of the values calculated for sepa-
rate metal samples. Evidently, the preparation method
has a clear effect on the surface chemistry of the
catalysts. Even though the solvent was removed after
impregnation, it may block the pores and change the
interactions between surface and metals. Gas phase
preparation offers an alternative approach, where this
kind of solvent effect can be avoided.

Comparison of the above impregnation results for
catalysts based on complexes including metal–metal
bond in their structure (Cat. 3, 6 and 9) reveals a sim-
ilar trend toward oxygen treatment. However, the O2
uptake was clearly higher for the RuMo/Al2O3 cata-
lyst prepared by impregnation from bimetallic precur-
sor (Cat. 9) than for RuMo/Al2O3 catalyst prepared by
impregnation from monometallic precursors (Cat. 7).
The observed trend in oxygen chemisorption suggests

that the positive effect of using a precursor contain-
ing a direct metal–metal bond outweighs the negative
effect of the impregnation method.

3.6. Temperature programmed reduction

Temperature programmed reduction profiles of the
catalysts are presented in Fig. 2. Before reduction, all
catalysts were pretreated by PCO, as described above.
Note that the interpretation of patterns is only a rela-
tive one, since intensities can be compared only within
the same reduction pattern. A more accurate evalua-
tion of TPR profiles is not reasonable, because pos-
sible residual solvent may disturb the quantitation of
hydrogen consumption.

Evaluation of TPR profiles of the ruthenium cata-
lysts (Cat. 1–3) reveals clear differences between cat-
alysts prepared by various methods. Both impregnated
catalysts (Cat. 1 and 3) showed a sharp reduction max-
imum in low temperature region (90◦C), but no such
peak was observed with catalyst prepared by gas phase
method. Instead, there was only a broad maximum
centered at 420◦C. The sharp peak at low temperature
indicates that impregnation leads to the formation of
more easily reducible surface species. Well-dispersed
particles were achieved with the gas phase method
and, as a result, more effective surface interactions
take place between metal and the alumina support. The
ruthenium species accordingly require higher temper-
ature for reduction. Furthermore, comparison of TPR
profiles of ruthenium with our HDS results reveals
that, in spite of the observed low temperature max-
imum, the activity of the catalyst prepared by im-
pregnation is lower than that prepared by gas phase
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Fig. 2. TPR profiles of Ru/Al2O3, Mo/Al2O3 and RuMo/Al2O3 catalysts.

method. Probably the temperature of the sharp peak is
too low to have significant effect on the HDS process.

Comparison of the TPR profiles of the molybdenum-
based catalysts (Cat. 4–6) also shows the effect of
preparation method; the TPR pattern of the catalyst
prepared in gas phase (Cat. 5) differs clearly from
that of the impregnated catalyst (Cat. 4) based on

the same carbonyl precursor. With the gas phase
catalyst, we can distinguish a broad TPR maximum
centered at 290◦C, but for the catalyst prepared by
impregnation, the reduction maximum was observed
in significantly higher temperature region. The cat-
alyst prepared by impregnation (Cat. 6) showed the
first reduction peak at low temperature region, similar
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to the gas phase catalyst (Cat. 5). A second reduction
maximum was observed above 500◦C. This suggests
that direct metal–metal interaction in the precursor of
the catalyst (Cat. 6) favors the formation of surface
particles, which can be reduced in a temperature re-
gion meaningful for HDS reaction. These findings are
in accordance with our HDS results; the Cat. 5 and 6
gave better HDS activity than Cat. 4.

The TPR profiles of the bimetallic RuMo cata-
lysts (Cat. 7–9) differ markedly from those of the
homometallic ruthenium and molybdenum catalysts
(Cat. 1–6). With the gas phase catalyst (Cat. 8),
interaction between the metals shifts the reduction
maximum observed for molybdenum to lower tem-
perature. Furthermore, a new reduction peak due to
the reduction of ruthenium appears at about 100◦C.
This indicates that molybdenum promotes the for-
mation of more easily reduced ruthenium particles
on the surface. The TPR profiles of impregnated
bimetallic catalysts show that the intensity of the
sharp ruthenium peak decreases considerably in both
cases. Investigation of the shape of the TPR patterns
in higher temperature region indicates minor changes.
Evidently, the reduction behavior of RuMo catalyst
is unlike than that of the homometallic systems and
this, together with our HDS results, suggest the for-
mation of synergetic bimetallic phase for the catalysts
prepared by impregnation. Formation of such an ac-
tive synergetic phase was limited when gas phase
deposition was applied.

4. Conclusions

The purpose of the present work was to study the
effects of preparation method and catalyst precursor
on HDS activity of alumina supported ruthenium and
ruthenium–molybdenum catalysts. In HDS tests, the
monometallic carbonyl precursor based catalysts pre-
pared by gas phase deposition give better thiophene
conversion than the corresponding catalysts produced
by conventional impregnation. This demonstrates the
benefit of a controlled stepwise preparation, done
without solvent. The novel hetero- and binuclear
organometallic complex (Cp(CO)3MoRu(CO)2Cp)
is a highly promising starting material for active
RuMo/Al2O3 HDS catalyst. Evidently, a direct
metal–metal bond between ruthenium and molybde-

num is a structural factor advantageous for the forma-
tion of synergetic active phase. Our findings suggest
a new approach to providing highly active ruthenium
catalyst.
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