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Abstract The present work presents a comparative study

of NiMo catalysts supported on sol–gel TiO2–Al2O3 mixed

oxides with 5 and 95 mol% content of Al2O3. The DRX

and N2 physisorption results showed that the sol–gel

method allows preparation of TiO2–Al2O3 mixed oxides

possessing high superficial area and an amorphous TiO2

structure. Results of f-potential showed that the net surface

pH of the supports depends on their structure and compo-

sition. According to UV–Vis and Raman spectra obtained

from the solids after impregnation, catalysts with high

content of Al2O3 showed Mo7O24
2- and Mo8O26

4- species

displaying Mo–O–Mo stretching vibration modes. On the

other hand, catalysts with high content of TiO2 showed

Mo7O24
2- and Mo8O26

4- species with vibration modes

corresponding to terminal Mo=Ot bonds. Therefore, it

appears that impregnation of catalysts with a pH 9 solution

allows a polymerization process of MoO4
2- and

[Ni2?4O2-] solution species to Mo8O26
4- and Mo7O24

2-

species with a close interaction with [Ni2?6O2-] species.

However, these species have low interaction with the

support. Thus, composition of the support appears to be

more important than net surface pH in order to obtain a

better distribution of superficial Mo species. XPS results

suggest a higher proportion of ‘‘NiMoS’’ phase on the TiO2

rich support. The most active catalyst in the

dibenzothiophene hydrodesulfurization was NiMo/TiO2–

Al2O3 with 5 mol% Al2O3. This suggests that Mo7O24
2-

and Mo8O26
4- in combination with [Ni2?6O2-] species

produce a better Ni/(Ni ? Mo) ratio and NiMoS phase.

Keywords TiO2–Al2O3 sol–gel � Hydrodesulfurization �
Raman � UV–Vis diffuse reflectance � f-Potential

1 Introduction

Commercial diesel fuel contains sulfur compounds such as

4,6-dimethyl-dibenzothiophene which are difficult to

remove during hydrodesulfurization (HDS) due to their low

reactivity resulting from steric hindrance caused by the

methyl groups [1, 2]. In order to achieve complete elimi-

nation of these refractory sulfur compounds, new catalysts

prepared over supports that allow maximum dispersion of

‘‘NiMoS’’ catalytic active sites are required. The relation-

ship between structure and catalytic activity of HDS

catalysts containing Co or Ni-promoted MoS2 clusters

supported on c-Al2O3 has been reviewed by Topsøe et al.

[3]. These authors have reported that: ‘‘The CoMoS phase

was shown to be MoS2-like structures with the promoter

(Co or Ni) atoms located at the edges in fivefold coordi-

nates sites at the edge planes of MoS2 [3]’’. Furthermore,

these authors state that ‘‘For the alumina-supported cata-

lysts, the single slab structure (called type I Co–Mo–S)

interact strongly with the support, probably via Mo–O–Al

linkages located at the edges. For the multiple slab form

(called type II CoMoS) these interactions are small [3]’’.

Coulier et al. [6] report that Ti acts as a promoter over

MoS2 catalyst. However, the low TiO2 surface of this

catalyst limits its application as support for hydrodesulfu-

rization reactions. Recently, Shimada et al. [7, 8] reported
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that MoS2 clusters supported on TiO2 (anatase) are edge-

bonded multi-layer MoS2 clusters which allow a better

availability of active sites and overcome the steric hin-

drance of the sulfur compounds on the catalyst surface.

Sakashita [9] proposed that precursors of the edge-bonded

multi-layer MoS2 clusters are formed during preparation of

catalyst oxides. On the contrary, Van Veen and Hendriks

[10] reported that TiO2 does not really adsorb Mo species,

but does allow formation of a superficial Mo precipitate.

Therefore, more attention has been paid to applications of

TiO2–Al2O3 mixed oxides [11–16] as supports of hyd-

rodesulphurization catalysts. To our knowledge, there are

only a few studies about Ni–Mo/support interactions. The

aim of this work was to improve our knowledge of

molecular Ni–Mo–support interactions by studying two

sol–gel TiO2–Al2O3 supports and their effects on the

superficial properties of molybdenum catalysts promoted

with nickel.

2 Experimental

2.1 Catalysts Preparation

TiO2–Al2O3 supports were prepared by the sol–gel method

under a N2 atmosphere. Alkoxide precursors, Al(OC3H7)3

and Ti(OC3H7)4, were dissolved in i-propanol (1 g iso-

propoxide/10 ml of isopropanol). The resulting solution

was refluxed for 12 h at 353 K. The gel was obtained by

hydrolysis of this material with the dropwise addition of a

0.01 M NH4OH solution. The gel was then dried by

evaporation at 373 K for 12 h and calcinated at 823 K

(5 K/min) for 6 h. These solids with concentration of 5 or

95 mol% of Al2O3 will be referred to as: Ti95Al5 and

Ti5Al95, respectively. The supports, crushed and sieved

(100–150 mesh) were co-impregnated with an aqueous

(NH4)6MoO76H2O ? Ni(NO3)2 � 6H2O solution in order

to get a concentration of 12 wt% of MoO3 and a Ni/

(Ni ? Mo) ratio = 0.3 using the incipient wetness

impregnation technique. In order to have an impregnation

solution with MoO4
2- and [Ni2?4O2-] species, the pH

solution was adjusted to 9 by addition of a 0.01 M NH4OH

solution. These solids were kept at room temperature for

24 h and then dried at 383 K for 4 h.

2.2 Catalysts Characterization

Supports were characterized by N2 physisorption, X-ray

diffraction (XRD) and f-potential. N2 physisorption was

performed on an ASAP 2020 Micromeritics apparatus. The

specific surface area was calculated by application of the

Brunauer, Emmet, and Teller (BET) model. Previous to

measurement, samples were treated at 573 K for 12 h

under vacuum (30 lmmHg). XRD measurements were

performed with a Phillips diffractometer using Cu Ka
radiation (k = 1.5418 Å

´
) in a 15� \ 2h\ 80� (2�/min)

range. f-Potential values were measured using a Malvern

ZetaSizer 3000 apparatus; supports were prepared in a

colloidal suspension of 0.05 g solid/L of aqueous solutions

of KNO3, 1 9 10-2 mol/L at 298 K. Catalysts in oxidized

state were characterized by Raman and UV–Vis diffuse

reflectance (UV–Vis DRS) spectroscopies. Raman spectra

were recorded on a Perkin Elmer GX Raman FT-IR

apparatus equipped with a Nd:YAG (1,064 nm) laser and

an InGaAs detector. For each spectrum, an average of

10–50 scans were obtained with a laser power of

40–300 mW in the 1,500–100 cm-1 range, with a resolu-

tion of 2–4 cm-1. UV–Vis DRS were recorded on a Perkin

Elmer Lambda 40 spectrometer equipped with an integra-

tion sphere. As a reference for the UV–Vis DRS, we used

the Spectralon SRS-99-010 (99% reflectance) tablet. In the

recording of the reflectance data shown, the Kubelka–

Munk (F(R?)) function was applied:

FðR1Þ ¼
1� R1ð Þ2

2R1
; ð1Þ

in which R? is the reflectance at infinite depth.

Catalysts were activated by sulfidation with a flow

of 4 L/h of a 10 mol% H2S/H2 gas mixture at 673 K

(5 K/min) during 4 h. Regarding Ti and Al% composition,

the catalysts will be referred to as NiMoS/Ti95Al5 and

NiMoS/Ti5Al95, respectively. Sulfided catalysts were

characterized by X-ray photoelectron spectroscopy (XPS).

XPS measurements were performed using an ESCALAB

200 R instrument equipped with an energy source of Al Ka,

E = 1,486.6 eV.

2.3 Catalytic Tests

Dibenzothiophene (DBT) hydrodesulfuration (HDS) was

used to test catalytic properties. Tests were carried out in a

continuous flow trickled-bed micro-reactor with 0.05 g of

catalyst at 573 K and 30 bar. The reactor was fed with a

1.2 9 10-4 L/h (STP) of a solution of 0.37 mol of DBT

in n-hexadecane and a flow of 2.2 L/h of H2 (STP).

n-Dodecane was added to the liquid fed as an internal

standard for gas chromatography, in the same amount as

DBT. Liquid samples were analyzed by gas chromatog-

raphy on a Perkin Elmer Auto System instrument equipped

with a FID detector and a HP-Ultra 2 (30 m 9 0.32 mm

i.d.) column. Main reaction products were biphenyl and

cyclohexylbenzene. Reaction rates were calculated con-

sidering a first order kinetic and a differential reactor as

follows:
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ri ¼
Fi0 xi

mc
ð2Þ

where Fi0 is the feeding molar flow of DBT, mc the weight

of catalyst, and xi is the DBT conversion.

xDBT ¼
CDBT0

� CDBT

CDBT0

¼
P

AiP
Ai þ ADBT

ð3Þ

where Ai is the peak area of i products in the

chromatogram.

3 Results and Discussion

3.1 Structure and Specific Surface Area of Supports

XRD patterns of TiO2–Al2O3 supports are shown in Fig. 1.

Although peaks detected are weak their pattern corre-

sponds to c-Al2O3, JCPDS-290063 [17]. No peak

corresponding to titanium oxide was detected. Due to the

high concentration of TiO2, this lack of peaks suggests that

titanium oxide is amorphous. It should be pointed out the

dependence of the Bragg peak width on particle size. Thus,

as the average powder particle size decreases below

200 nm, the diffracted peaks increase their width and

diminish their intensity [18]. Surface areas of samples are

summarized in Table 1. BET surface area of mixed oxides

increases with TiO2 content. These results indicate that the

sol–gel method is adequate to prepare TiO2–Al2O3 mixed

oxides with a high surface area and an amorphous TiO2

structure, even after calcination at 823 K.

3.2 Effect of Al2O3 Content on the Net Surface pH

of Solids: f-Potential

Figure 2 shows variation of f-potential as a function of the

solution pH. Both solids gave similar curves, which indi-

cate that the solids have a similar superficial net charge.

The point at which f = 0 is called the iso-electric point

(i.e.p.) and the fact that it is independent of the ionic

strength of KNO3 suggests that, in this case, the i.e.p. is the

same as the point of zero charge (p.z.c). In short, the

f-potential method relies on the assumption that if the solid

is placed in a solution of the same pH as the p.z.c., it will

not cause a change in the pH of the solution. Therefore, it is

possible to associate the p.z.c., or i.e.p. to net surface pH of

TiO2–Al2O3 supports [19]. Parks [20] reported that net

surface pH of c-Al2O3 and TiO2 (anatase) are 8.0 and 6.2,

respectively. Table 1 shows that net surface pH of Ti95Al5

is 7 whereas that of Ti5Al95 is 8. These net surface pH

values indicate that 5 mol% of TiO2 did not modify the

superficial net charge of c-Al2O3. However, 5 mol% of

c-Al2O3 is enough to modify the structure and net surface

pH of TiO2.

3.3 Characterization of NiMo/TiO2–Al2O3 Precursors

3.3.1 Raman Spectroscopy

NiMo impregnated catalysts not submitted to calcination

have a high content of humidity. Therefore, hydrated species

of superficial molybdenum oxides can be related to molyb-

denum oxides species in aqueous solutions [21, 22]. From

this observation, Raman spectra of impregnation solutions

as a pH function are given in Fig. 3. A Raman spectrum of

impregnation solution at pH 9 shows bands at 897, 835, 312,

and 300 cm-1 which correspond to isolated MoO4
2- species

of molybdenum ion with tetrahedral symmetry (Td). The

impregnation solution with pH = 5.6 shows less intense

bands at 945, 565, 350, and 230 cm-1 corresponding to

Fig. 1 X-ray diffraction patterns of TiO2–Al2O3 oxides

Table 1 BET area and net surface pH of mixed TiO2–Al2O3 oxides

Support ABET (m2/g) Net surface pH

Ti5Al95 280 7

Ti95Al5 363 8

Fig. 2 f-Potential of colloidal TiO2–Al2O3 as a function of pH

solution, at 298 K
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Mo7O24
6- species with octahedral symmetry (Oh). The

impregnation solution at pH = 3.9 shows bands at 965 and

200 cm-1 corresponding to Mo8O26
4- species [23, 24].

Raman bands allow identification of vibration modes. Thus,

the band around *560 is assigned to Mo–O–Mo symmetric

stretching and that at 210 cm-1 is assigned to a Mo–O–Mo

deformation mode. Raman bands in regions between 890–

1000 and 830–970 cm-1 are attributed to symmetric and

asymmetric vibration modes of a terminal Mo=Ot bond,

while bands around 310–370 cm-1 correspond to bending

modes of a terminal Mo=Ot bond.

In order to elucidate the influence of net surface pH of

TiO2–Al2O3 supports on superficial molybdenum and

nickel oxides species, TiO2–Al2O3 supports were impreg-

nated with a pH 9 solution, containing mainly tetrahedral

molybdenum and nickel species. Raman spectra of NiMo/

TiO2–Al2O3 catalysts dried at 383 K are shown in Fig. 4.

Both catalysts show bands at 965, 950, 920, 897, 229, and

200 cm-1 which could be associated to Mo8O36
4-,

Mo7O24
6-, and MoO4

2- ions. These ions indicate a poly-

merization of Mo species. Thus, MoO4
2- in solution

polymerizes to Mo7O24
6- and Mo8O26

4- species on the

support. This type of polymerization has been associated to

net surface pH of support [23, 24]. However, support

composition should also be taken into account. In the case

of NiMo/Ti5Al95 solid, the band observed at 229 cm-1 is

relatively more intense than that at 950 cm-1, therefore,

Mo7O24
6- ions have Mo–O–Mo symmetric stretching and

deformation modes. These vibration modes indicate that

Mo7O24
6- has a high Mo–O–support interaction with the

Ti5Al95 support [25, 26]. On the case of the NiMo/

Ti95Al5 catalyst, the 950 cm-1 band is relatively more

intense that other bands, indicating a high quantity of

Mo7O24
6- ions with vibrational Mo=Ot bonds. Therefore,

the small interaction between MoO4
2- species and supports

allows formation of superficial Mo8O36
4- and Mo7O24

6-

ions on both supports.

3.4 Effect of Al2O3 Content on Superficial Structure

of Nickel Oxide in NiMo/TiO2–Al2O3 Precursors:

UV–Vis Spectroscopy

Figure 5 shows UV–Vis absorbance spectra of impregna-

tion solutions as a function of pH. Assignment of

absorption bands in UV–Vis spectra of catalysts was car-

ried out according to literature [27–30]. Bands at 393 and

376 nm are associated to [Ni(H2O)6]2?; bands around 623

and 650 nm can be assigned to Ni2? ions with tetrahedral

coordination symmetry; bands about 710 and 736 nm can

be assigned to Ni2? ions with octahedral coordination

symmetry. At pH 9, an intense absorption band at 623 nm

Fig. 3 Raman spectra of aqueous (NH4)6Mo7O244H2O ? Ni(NO3)2

solution, T = 298 K

Fig. 4 Raman spectra of NiMo/TiO2–Al2O3 catalysts as a function of

support composition

Fig. 5 UV–Vis absorption spectra of aqueous (NH4)6Mo7O244H2O ?

Ni(NO3)2 solutions, T = 298 K
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is observed, suggesting that [Ni2?4O2-] predominates in

the impregnation solution. At pH 6, the intensity of

absorption bands is similar for [Ni2?4O2-] and

[Ni2?8O2-] ions, suggesting that at pH * 6 both com-

plexes can be found. A band about 977 nm is assigned to

Ni2? cation in distorted tetrahedral symmetry. Previous

studies about nickel oxides supported on alumina and

zeolite [29, 30] report that the coordination symmetry of

Ni2? ion depends on the degree of interaction between

Ni2? and support. Therefore, these bands could be shifted

due to Ni–Mo–support interactions.

UV–Vis DRS of NiMo/TiO2–Al2O3 catalysts are shown

in Fig. 6. TiO2–Al2O3 supports do not show bands in the

350–1,100 nm region. NiMo/Ti5Al95 oxide presents a

triplet with bands at 650, 710, and 750 nm. In this case, the

most intense band is that at 650 nm. This suggests that

Al2O3 favors tetrahedral [Ni2?4O2-] ions. It has previously

been reported [3, 28, 29] that a tetrahedral symmetry of

Ni2? could be associated to a large Ni–support interaction.

Then, during impregnation, the interaction between Ni and

support is strong and then polymerization of MoO4
2- to

Mo7O24
6- does not capture Ni2? ions inside the polymer.

On the other side, NiMo/Ti95Al5 shows that intensity of

the 650 nm band is lower than those at 710 and 760 nm.

This indicates that Ni2? ions mainly have octahedral

symmetry. We reported [31] that octahedral Ni2? bands

could be associated to Ni–Mo clusters with a close inter-

action. Therefore, in this case, interactions between Ni and

Mo species are more important that those between Ni and

support. Thus, during polymerization of MoO4
2- to

Mo7O24
6-, Ni2? is closely attached to Mo. It should be

noted that the 342 nm band indicates supported nickel

hydroxide; whose formation is due to small interactions

between Ni and support.

3.5 Characterization of NiMo/TiO2–Al2O3 Sulfides

3.5.1 X-ray Photoelectronic Spectroscopy

XPS results are reported in Table 2. The binding energies

are referred to C 1s a 284.6 eV. Mo 3d decomposition

spectra show existence of two Mo oxidation states: Mo4?

and Mo5? corresponding to MoS2 [32] and molybdenum

oxysulfide species [33], respectively. The 93 mol% content

of Mo4? in the NiMoS/Ti95Al5 indicates a better sulfida-

tion for this catalyst compared to the NiMoS/Ti5Al95

(76 mol% of Mo4?). It is interesting to note a 0.2 eV dif-

ference of Ni2p3/2 binding energy between the NiMoS/

Ti95Al5 and NiMo/Ti5Al95 [33]. This suggests formation

of ‘‘NiMoS’’ phase over the TiO2 rich support. NiMoS/

Ti95Al5 shows a relative surface Ti/Al ratio of 3.12, sug-

gesting that TiO2 has an amorphous structure as suggested

by XRD results.

3.6 Hydrodesulphurization of Dibenzothiophene

Rates of transformation of DBT as a function of support

composition were determined and the results are shown in

Table 3. After 8 h, catalysts reach a pseudo-stationary

state. In both cases, biphenyl and cyclohexylbenzene were

observed as products of DBT transformation. The NiMoS/

Ti95Al5 was the most active and most stable catalyst. This

result suggests that Mo7O24
6- species with terminal Mo=O

bonds and Ni2? ions with octahedral coordination

[Ni2?6O2-] are the best precursors of an active catalyst.

4 Discussion

Our results show that use of aluminum and titanium alk-

oxides allow preparation of TiO2–Al2O3 supports having

large surface areas by the sol–gel method. Therefore, such

solids could be considered for preparation of hydrotreating

catalysts.
Fig. 6 UV–Vis RDS of NiMo/TiO2–Al2O3 precursors as a function

of support composition

Table 2 XPS analysis of sulfided NiMo/TiO2–Al2O3 Catalysts

Mo 3d3/2 Mo4? Mo 3d3/2 Mo5? Ni 2p3/2 Al 2p Ti 2p3/2 C 1s S 2p Ni/(Ni ? Mo) (mol) Ti/Al (mol)

Ti95Al5 228.4 (93%) 230.1 (7%) 854.8 73.7 458.9 284.6 161.7 0.37 3.12

Ti5Al95 228.1 (76%) 229.4 (24%) 855.0 73.9 459.5 284.6 161.7 0.24 0.043
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Net surface pH of TiO2–Al2O3 mixed oxides was

determined by f-potential. Results showed that for high

TiO2 content (Ti95Al5) the net surface pH was about 7.

Whereas, a pH value of 8 was obtained in the case of high

Al2O3 content (Ti5Al95). Apparently, the c-Al2O3

(i.e.p. = 8) structure favors the basic character of these

supports.

In order to understand how the support can control

distribution and nature of molybdenum and nickel species

on the surface of oxidized catalysts, solids were charac-

terized by Raman and UV–Vis spectroscopies after

impregnation and drying. It has been reported [23, 24] that

distribution of superficial MoO3, Mo8O26
4-, Mo7O24

6-,

and MoO4
2- species is controlled by net surface pH of

support. If we consider this proposition, the net surface

pH 7–8 of Ti95Al5 and Ti5Al95 supports would allow

principally MoO4
2- species. However, comparison of

spectra given in Figs. 3 and 4 indicates the presence of

polymeric molybdenum species, after impregnation with a

solution at pH 9, on both solids. Such species correspond to

superficial Mo7O24
6- and Mo8O26

4- ions. These results

suggest that superficial Mo distribution is controlled by net

surface pH and by interaction between Mo and support.

During impregnation, the small interaction between

MoO4
2- and support allows formation of Mo7O24

6- and

Mo8O26
4- ions.

Comparison of spectra given in Figs. 5 and 6 indicate

the coexistence of [Ni2?4O2-] and [Ni2?6O2-] complexes.

However, the [Ni2?4O2-] band is more intense on the

Ti5Al5 support than on Ti95Al5. This indicates that Ni–

support interaction is more important on the case of

Ti5Al95 support than that of Ti95Al5. Then, impregnation

with a pH 9 solution allows a polymerization process of

MoO4
2- and [Ni2?4O2-] solution species to Mo8O26

4-

and Mo7O24
6- species with a close interaction with

[Ni2?6O2-] on the Ti95Al5 support.

It appears that Mo8O26
4- and Mo7O24

6- ions with

terminal Mo=O bonds and Ni2? ions with octahedral

symmetry are best precursors for HDS catalysts. This is

confirmed by XPS and dibenzothiophene hydrodesulfuri-

zation results which showed a higher Mo4? concentration

on NiMoS/Ti95Al5 than on NiMoS/Ti5Al95 catalysts.

These results also show a better formation of NiMoS

phase, leading to a higher activity in dibenzothiophene

hydrodesulfurization.

5 Conclusions

The sol–gel method has been used for preparation of TiO2–

Al2O3 mixed oxides with 95 and 5 mol% of Al2O3.

Impregnation with a pH 9 solution allowed concluding that

net surface pH and support composition affect distribution

of superficial molybdenum oxide. This Mo distribution is

rather controlled by small interaction between Ni and Mo

species and supports. Catalytic activities in dibenzothio-

phene hydrodesulfurization show that Mo8O26
4- and

Mo7O24
2- ions closely interacting with [Ni2?6O2-] ions

are optimal for formation of a HDS active NiMoS phase.
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