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Highly active sulfided CoMo catalyst on nano-structured TiO2
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Abstract
High surface area (>300 m2 g�1) nano-structured TiO2 oxides (ns-T) were used as CoMo hydrodesulfurization catalyst support.

Cylindrical extrudates were impregnated by incipient wetness with Mo (2.8 Mo at. nm�2) and Co (atomic ratio Co/(Co + Mo) = 0.3).

Characterization of impregnated precursors was carried out by N2 physisorption, XRD and atomic absorption and laser-Raman spectro-

scopies. Sulfided catalysts (400 8C, H2S/H2) were studied by X-ray photoelectronic spectroscopy. As indicated by XRD and after various

preparation steps (extrusion, Mo and Co impregnation and sulfiding) the nano-structured material was well preserved. XPS analyses showed

that Co andMo dispersion over the ns-T support was much higher than that on alumina. Very high surface S concentration suggested that even

ns-T was partially sulfided during catalyst activation. Dibenzothiophene hydrodesulfurization activity (5.73 MPa, 320 8C, n-hexadecane as
solvent) of CoMo/ns-T was two-fold to that of an alumina-supported commercial CoMo catalyst. The improvement was even more

remarkable in intrinsic pseudo kinetic constant basis. No important differences in selectivity over the catalysts supported on either Al2O3 or

ns-T were observed, where direct desulfurization to biphenyl was favored. Both Mo dispersion and sulfidability were enhanced on the ns-T

support where Mo4+ fraction was notably increased (�100%) as to that found on CoMo/Al2O3.
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1. Introduction

In recent years, there has been growing interest in the

development of novel materials applicable as supports of

catalysts for the hydrotreatment (HDT) of oil-derived

feedstocks that could improve the properties of supported

Co-Mo or Ni-Mo phases. The driving force of these efforts is

the need for reformulated catalysts that could enable the

production of fuels of ultra-low hetero-atoms (S, N, O, etc.)

content.

For several years TiO2-supported hydrotreating catalysts

have attracted attention because the possibility of obtaining

highly active materials [1–3]. However, poor textural

properties traditionally found for TiO2 are a drawback that

limit its potential practical applications. Several strategies

have been attempted to circumvent these disadvantages.
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Al2O3-TiO2 [4,5] and ZrO2-TiO2 [6,7] mixed oxides have

been synthesized offering promising results in both hydro-

desulfurization and aromatics hydrogenation reactions.

On the other hand, high surface area anatase titania has

been prepared by multi-gelation method [2,8], where the

corresponding supported CoMo catalyst showed high

activity in light gas oil HDT. In addition, the hydrodeni-

trogenating function was also improved at low hydrogen

consumption.

Recently, we synthesized high surface area (>300 m2

g�1) nano-structured TiO2 oxides (ns-T) through a

proprietary methodology [9]. Its suitability as CoMo catalyst

support is reported in this work. Characterization of

impregnated precursors and sulfided catalyst using various

techniques was focused on explaining the catalytic activity

observed in dibenzothiophene hydrodesulfurization (DBT

HDS). The final sulfided catalyst performance is compared

to that of a conventional commercial Al2O3-supported

formulation.
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Table 1

Textural properties and composition (by atomic absorption spectroscopy,

precursors calcined at 300 8C) of the studied materials

Material Surface

area

(m2 g�1)

Pore

volume

(cm3 g�1)

Pore

diameter

(nm)

Mo

(wt%)

Co

(wt%)

P

(wt%)

ns-Ta 343 0.70 7.8 – – –

ns-Tb 335 0.47 5.6 – – –

CoMo/ns-Tc 181 0.29 6.3 nd nd –

CoMo/ns-Td 174 0.29 7.9 12.19 3.43 –

CoMo/Ae 225 0.50 8.9 14.60 3.50 1.87

nd: not determined.
a Dry powder.
b Dry cylindrical extrudate.
c Impregnated and dried.
d Final sulfided catalyst.
e Impregnated and calcined.
2. Experimental

2.1. Support preparation

Nano-structured titania powder (ns-T) was prepared as

described in [9]. ns-T powder was turned into a paste with

5 wt% citric acid aqueous solution and then it was extruded

in a mechanical extruder into cylindrical particles of 1/16 in.

(1.59 mm) diameter. Then, the as-made extrudates were

dried at 120 8C, (4 h), and annealed at 300 8C (4 h), under

dynamic dry air atmosphere. Side crushing strength of

extrudates was 6.6 kg mm�1 (ASTM D-4179-01 method).

2.2. Mo and Co impregnation

The dried shaped support was impregnated by incipient

wetness method at 2.8 Mo at.% nm�2 (nominal concentra-

tion) with an ammonium heptamolybdate [(NH4)6Mo7O24

�4H2O] solution. The pH of the solution was adjusted to 10.0

by adding NH4OH. The extrudates were aged (6 h) at

ambient conditions then dried at 120 8C (18 h). A

Co(CH3COO)2 aqueous solution was used to reach a Co/

(Co + Mo) atomic ratio of 0.3 in the impregnated material,

and then they were aged in a closed vessel (6 h). Finally, the

impregnated extrudates were dried (120 8C, 18 h) ground

and sieved (Tyler mesh 200, �0.165 mm particle size). The

solids were then heat-treated at 400 8C under N2

(100 ml min�1). After two hours on stream, gas flow was

switched to an in situ made H2S/H2 mixture (6 ml min�1/

50 ml min�1).

2.3. Materials characterization

The textural properties of impregnated materials were

studied by N2 physisorption (at �196 8C), in a Micro-

meritics ASAP 2000 apparatus. The identity of crystal

phases of the solids was examined by X-ray diffraction.

Patterns of the samples (58 < 2u < 708) packed in a glass

holder were recorded at room temperature with Cu Ka

radiation (l = 1.5406 Å) in a Siemens D-500 diffract-

ometer with a graphite secondary beam monochromator.

The Cu Ka contribution was eliminated by DIFFRAC/AT

software. Ni and Mo content in calcined samples were

determined by atomic absorption spectroscopy (Perkin-

Elmer 2380). Raman spectra were recorded at room

temperature using a Jobin Yvon Inc. Horiba T64000

spectrometer, equipped with a confocal microscope

(Olympus, BX41) and a laser beam (514.5 nm) at a power

level of 30 mW. Sulfided catalysts (400 8C, 2 h,

30 ml min�1 H2S/H2 10%, v/v) were analyzed by XPS.

The spectra were obtained in a THERMO-VG SCALAB

250 spectrometer equipped with Al Ka X-ray source

(1486.6 eV) and a hemispherical analyzer. Experimental

peaks were decomposed into components using mixed

Gaussian–Lorentzian functions and a non-linear squares

fitting algorithm. Shirley background subtraction was
applied. An intensity ratio of 2:3 and a splitting of 3.2 eV

were used to fit the Mo 3d peaks. Binding energies were

reproducible to within �0.2 eV and the C 1s peak at

284.6 eV was used as a reference from adventitious

carbon.

2.4. Activity tests

Sulfided catalysts were tested in DBT HDS in a tri-phase

batch reactor (Parr 4575 M), using n-hexadecane as solvent.

A commercial CoMo/Al2O3 formulation (CoMo/A,

14.6 wt% Mo, 3.5 wt% Co, 1.87 wt% P, �5 wt% SiO2 in

the support) was used as reference. Operating conditions

(carefully chosen to avoid external and/or internal diffu-

sional limitations) were P = 5.73 MPa, T = 320 8C and 1000

rpm (�105 rad s�1) mixing speed. Samples taken periodi-

cally were analyzed in a Varian 3400 CX gas chromatograph

(FID detector and dimethylpolysiloxane capillary column,

50 m � 0.2 mm � 0.5 mm). HDS kinetic constants were

calculated assuming pseudo-first order kinetics referred to

DBT concentration (x = conversion, t = time):

k ¼ �lnð1� xÞ
t

(1)

3. Results and discussion

3.1. Materials characterization

Textural properties of the ns-T powder are shown in

Table 1. After shaping, the cylindrical extrudates did not

show important variations in surface area as to that of the

initial powder. On the other hand, pore volume and

pore diameter were slightly decreased. The loss in both

surface area and pore volume were higher than that

originated by the addition of non-porous impregnat-

ed phases. Thus, some degree of pore plugging could not

be neglected. The impregnated material showed good
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Fig. 1. X-ray diffraction pattern of ns-T and CoMo/ns-T sulfided catalysts. Fig. 2. Raman spectra of ns-T and oxidic CoMo impregnated precursors.
stability during sulfiding as no appreciable variations in

texture were registered after catalyst activation. Textural

properties of the alumina-supported commercial formula-

tion were included as reference (see Table 1).

Although for the ns-T-supported solid calcining was not

included during catalyst preparation Co and Mo contents

were determined in the impregnated precursor annealed at

300 8C, to rule out interferences due to residua from the

impregnation step. From Table 1, CoMo/ns-T had slightly

lower Mo content than CoMo/A.

XRD pattern of the as-synthesized ns-T powder (Fig. 1)

showed the characteristic peaks of the nano-structured

titania support, which could not be assigned to any known

titania structure, like anatase, rutile or brookite [10],

although small amounts of poorly crystallized anatase

appeared to be embedded in the ns-Tmatrix. After extrusion,

impregnation and sulfiding procedures, ns-T structure was

preserved. Notwithstanding, the peak at 2u = 9.58 disap-

peared after impregnation, probably due to decreased

interlayer distance in the ns-T material [11].

Raman spectrum of the support showed six broad bands

at 280, 397, 450, 515, 640 and 700 cm�1 (see Fig. 2).

Accordingly, the bands at 397, 515 could be assigned to the

anatase phase of TiO2 [12] while the three bands at 280, 450

and 700 cm�1 were related to vibrating modes of ns-T [13].

The signal at 640 cm�1 could be related to either of those

two phases. These results corroborated that the support was

composed of anatase and ns-T phases. After impregnation

and calcining (at 300 8C), the Raman spectrum showed

broad bands at 260, 400 and 615 cm�1, which correspond to

those of ns-T support, although shifted to lower energies

possibly due toweakening of the related Ti–O bonds. Raman
Table 2

Surface composition (by XPS) of the sulfided CoMo catalysts studied

Catalyst S (at.%) Ti (at.%) Al (at.%) Co (at.%) Mo4+

CoMo/ns-T 22.93 10.12 – 3.15 2.36

CoMo/A 4.28 – 20.98 0.73 0.78
spectrum of the commercial reference Co-Mo/A showed

only a broad peak centered at 954 cm�1, which has been

assigned to terminal Mo O stretching modes [14] in

octahedral environment. In our CoMo/ns-T sample, two

broad bands were observed (inset of Fig. 2) one centered at

914 cm�1 and the other at 830 cm�1, which have been

assigned to symmetrical and asymmetrical stretching modes

of terminal Mo O in tetrahedral environment (MoO4
2�)

[14]. The presence of this species could be explained by

considering that the impregnation was made under strong

basic conditions (pH 10) where MoO4
2� anions are

predominant [2]. The tetrahedral environment of these well

dispersed Mo species remained after annealing at 300 8C.
Another sharp band at 527 cm�1 was observed for the

CoMo/ns-T sample. This peak that was not detected in the

commercial Co-Mo/A catalyst, could be assigned to Mo–O–

Co vibrating modes. This signal has been reported [15] to

appear in the 540–580 cm�1 range in heteropolymolybdate

structures. In our case, the observed shift to lower

frequencies suggested a strong interaction between cobalt

and molybdenum oxides that could, as a result, weaken their

interaction with the support. This could favor a higher

sulfiding degree during catalyst activation.

Surface characterization by XPS (Table 2) showed that

Co and Mo dispersion over the ns-T was much higher than

that on alumina. Very high surface S concentration on

CoMo/ns-T suggested that, in addition to supported Co and

Mo phases, the nano-strutured material was also partially

sulfided during treatment under H2S/H2 (400 8C), as

previously reported in the case of TiO2-supported Mo

catalysts [3]. Mo dispersion was enhanced (by a factor of

�2) on ns-T, compared to that of CoMo/A. The
(at.%) Mo5+ (at.%) Mo6+ (at.%) Co/(Co + Mo) surface ratio

0.67 0.21 0.49

0.93 0.52 0.25
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Fig. 3. XPS spectra of catalysts sulfided at 400 8C (2 h, H2S/H2) (a) CoMo/ns-T and (b) CoMo/A.
corresponding Mo 3d doublet (Fig. 3a) could be satisfacto-

rily fitted by considering Mo4+ (from MoS2), Mo5+ (from

molybdenum oxy-sulfides) and Mo6+ (unreduced molybde-

num) [7]. From total surface Mo measurement, the Mo4+

fraction was increased by a factor of two on ns-T, as

compared to that found in the commercial reference (Fig. 3b

and Table 2). Conversely to that observed on alumina-

supported catalysts, tetrahedral MoO4
2� species on ns-T

(see Fig. 2) were extensively sulfided at 400 8C. Tetrahedral
Mo species in CoMo/Al2O3 have been associated to

refractory Al2(MoO4)3 sulfidable at very severe conditions

[16]; in contrast, the interaction between ns-T and highly

dispersed tetrahedrally coordinated anions seemed to be

much weaker allowing to obtain a high sulfiding degree at

moderate conditions (Fig. 3a).

The observed Co/(Co + Mo) surface ratio suggested

that a higher amount of the so called ‘‘CoMoS’’ phase

could be present on the nano-structured support. This

could result in a high promotion degree of the sulfided Mo

by Co.

3.2. Activity test

HDS activity of CoMo/ns-T was twice as to that of the

alumina-supported reference (Table 3). This improvement

was even more remarkable in intrinsic pseudo kinetic

constant (k0) basis. No important differences in selectivity

between the two catalysts were observed, where direct

desulfurization to biphenyl [17] was favored. The small

proportion of hydrogenated products (cylohexylbenzene and

bicyclohexyl) observed suggested that on our ns-T material

Mo could be efficiently promoted by Co [18], in contrast
Table 3

Pseudo-first order kinetic constants (k, per mass of catalysts and k0, per mass

of Mo) in DBT-HDS

Catalyst k � 10�4 (m3 kg�1
cat s

�1) k0 � 10�4 (m3 kg�1
Mo s

�1)

CoMo/ns-T 2.36 19.88

CoMo/A 1.14 7.81

P = 5.73 MPa, T = 320 8C, 1000 rpm mixing speed, solvent: hexadecane.
with that reported for anatase TiO2-supported CoMo

catalysts [4].

High dispersion of Co and Mo and their high sulfidability

on CoMo/ns-T may be responsible for its remarkable HDS

behavior. Our nano-structured ns-T material constitutes a

very promising support for the preparation of highly active

deep-desulfurization catalysts.

4. Conclusions

High surface area nano-structured Ti oxide (ns-T)

constitutes a very efficient hydrodesulfurization catalyst

support. The nano-structured material was well preserved

during various catalyst synthesis steps (extrusion, impreg-

nation and sulfiding), although ns-T was partially sulfided

during catalyst activation. Dibenzothiophene hydrodesul-

furization over CoMo/ns-T was much higher (approxi-

mately two-fold) than that on an alumina-supported

commercial CoMo catalyst. Negligible differences in

selectivity over the catalysts supported in either Al2O3 or

ns-T were noted, where direct desulfurization to biphenyl

was favored, suggesting that in both cases Mo was

efficiently promoted by Co. High Mo and Co dispersion

and enhanced Mo sulfidability (Mo4+ fraction two-fold to

that on CoMo/Al2O3) seemed to determine the activity

trends found.
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