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Abstract
Results are reported on the XPS characterization and catalytic activity in cumene hydrocracking (2.8 MPa, 623 K) and thiophene HDS

(2.8 MPa, 523–573 K) of sulfided Ni, Mo and Ni–Mo catalysts supported on alumina and on pure and phosphated niobia. From the XPS results,

evidence was obtained for the formation of a surface niobium sulfide with stoichiometry close to NbS2 during catalyst sulfidation. Sintering of

supported nickel during sulfidation occurred to a much smaller extent with the niobia-supported catalysts than with the alumina-supported ones.

The dispersion of alumina-supported molybdenum was little influenced by sulfidation, whereas, with the niobia supports, the molybdenum surface

concentration increased with sulfidation. With the alumina support, the Ni–Mo combination caused the dispersion of the sulfided nickel to be

improved, possibly due to formation of a NiMoS phase. This was not observed with the niobia-supported catalysts.

Reasonable linear correlations were also found between the intrinsic activity for cumene hydrocracking and the amount of sulfided niobium in

the catalysts, but the catalysts supported on phosphated niobia had a higher intrinsic activity than the ones supported on pure niobia. In thiophene

HDS, the activity of the niobia-supported nickel catalysts was much larger than the activity of the alumina-supported ones. The activity of the

niobia-supported molybdenum catalysts was smaller than that of the alumina-supported catalyst. With the bimetallic catalysts, little or no synergy

was observed with the niobia-supported catalysts, in sharp contrast with the alumina case.

# 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Hydroprocessing of petroleum feeds includes hydrotreating

(HDT) and hydrocracking (HCC) processes. The former are

aimed at removing undesirable contaminants from petroleum

feeds, such as sulfur, nitrogen and aromatic compounds, by

reaction with hydrogen, while the latter are aimed at producing

valuable light and medium distillates, such as naphtha,

kerosene and diesel fractions, from heavy distillates and

residues, also by reaction in the presence of hydrogen.

The increasing stringency of environmental laws and the

need to process increasingly heavy feeds have stimulated the

need to develop more efficient hydroprocessing catalysts. More

specifically, environmental legislation throughout the world
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points towards maximum sulfur levels in fuels in the ppm level,

and properties that were not formerly specified, such as diesel

cetane number and the content of aromatic hydrocarbons in

diesel and naphtha, are now subjected to legal limitation [1,2].

For many decades, industrial hydroprocessing catalysts have

been comprised of bimetallic transition metal sulfides (Co–Mo,

Ni–Mo and Ni–W), generally supported on g-alumina. In HDT

catalysts, silica or phosphate promoters are frequently used and,

in HCC catalysts, an acidic component, such as fluoride or a

zeolite, is normally added or, alternatively, an acidic support is

used instead of alumina, such as amorphous silica-alumina

(ASA).

The investigation of new hydroprocessing catalysts may

involve research on new active phases, new promoters or new

supports. The present paper is related to the third of these

categories.

Alumina presents many advantages over other support

materials. It is a low cost material, its surface area and pore

size distribution are easy to control and it has good mechanical
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strength and thermal stability. However, it also presents some

drawbacks for application as a support for hydroprocessing

catalysts, such as a strong interaction with molybdenum and

nickel oxides, which may lead to incomplete conversion to sulfi-

des during usual industrial sulfidation conditions, and a modest

acidity, which is important for HCC reactions. Encouraging

results have been obtained with other oxides, such as titanium

[3,4] andzirconium oxides [5,6] or mixed oxides containing these

elements [7], in terms of activity per molybdenum atom in the

catalysts. This improvement is attributed to effects such as

increase in dispersion of the active phases, more adequate active

phase–support interaction, acidity effects and geometrical effects

resulting in greater exposure of the active sites [8].

There are few reports in the literature on the use of a related

transition metal oxide, namely niobium oxide, as a support for

hydroprocessing catalysts. Yet, the few existing ones suggest that

it is a promising material for this purpose, especially when an

acidic function is desired. It is well known that niobium

compounds, such as the oxide [9], phosphate [10] and sulfides

(NbS2 and NbS3) [11] have acidic properties. Niobium oxide may

be sulfided under appropriate conditions [12] and the niobium

sulfides are active in HCC [13,14], hydrodenitrogenation (HDN)

[13,14] and hydrodesulfurization (HDS) reactions [12,15].

Niobium-doped alumina-supported Ni–Mo catalysts have been

found more active in cumene HCC and pyridine HDN than the

undoped catalyst or the ones doped with boron,magnesium, titan-

ium or zinc [16]. Weissman showed that Ni–Mo catalysts suppo-

rted on surface and bulk niobium-aluminum oxides had higher

activity in gasoil HDS and HDN than the pure supports [17].

A Ni–W catalyst supported on phosphate-additivated niobia

was the only one to have a high and sustained activity in

cumene HCC, as compared to others supported on sulfate-

additivated Nb2O5, TiO2, SnO2, ZrO2 and ZrO2–SnO2 [18].

From XPS measurements, we showed that a surface niobium

species with a stoichiometry close to NbS2 is formed when

niobia-supported nickel or molybdenum catalysts are sulfided

in a H2S/H2 mixture at 673 K. A linear correlation was found

between activity in cumene HCC at 623 K and the amount of

the sulfided niobium species. The presence of phosphate in the

catalysts led to inhibition of the reduction–sulfidation of the

support [19].

More recently we reported results on the characterization of

the oxide form of niobia-supported Ni, Mo and Ni–Mo catalysts,

comparatively to the alumina-supported materials [20]. It was

found that on niobia there is a strong molybdena–support

interaction, possibly with formation of a mixed niobium-

molybdenum oxide, in contrast with the alumina case, where the

molybdenum is present in a highly dispersed state as

polymolybdate species. The alumina support strongly stabilizes

supported oxidic nickel species towards reduction, in contrast

with the niobia support. On alumina, the nickel and the

molybdenum oxidic species, when simultaneously present in the

catalysts, interact preferentially with each other rather than with

the support, whereas the opposite is true of the niobia support.

In this paper we extend the results of our previous

publication on XPS characterization and cumene HCC activity

of niobia-supported hydroprocessing catalysts in the sulfided
state [19] by including the bimetallic Ni–Mo series of catalysts

and we report on their activity in the thiophene hydrogenolysis

reaction, commonly used as a model reaction for HDS. Results

are also included on the effect on catalytic activity of

phosphorus addition to the niobia support.

2. Experimental

2.1. Catalyst preparation

The niobia support was obtained by calcination for 3 h at

723 K of a niobic acid sample (Nb2O5�xH2O, 20.3% loss on

ignition at 1073 K) furnished by Companhia Brasileira de

Metalurgia e Mineração—CBMM. This support will be referred

to as NB. A phosphorus-additivated niobia support was obtained

by adsorption from a 1 mol dm�3 aqueous phosphoric acid

solution, followed by filtration, drying at 393 K and calcination

for 3 h at 723 K. This support will be referred to as NBP. The

same calcination procedure was used for obtaining the alumina

support, using as starting material a high purity commercial

boehmite made by CONDEA Chemie (Pural SB, 24.0% loss on

ignition at 1073 K). This support will be referred to as AL.

The catalysts were prepared by incipient wetness impreg-

nation of the supports with aqueous solutions of the precursor

salts: nickel nitrate—Ni(NO3)2�6H2O and ammonium hepta-

molybdate—(NH4)6Mo7O24�4H2O.

For the molybdenum impregnation, the heptamolybdate was

dissolved in a 21 vol.% aqueous solution of hydrogen peroxide

and the pH of the final solutions was adjusted to a value of 2 by

nitric acid addition. For the nickel impregnations, the solutions

were used at their natural pH values of ca. 3.7. Each

impregnation was followed by drying at 393 K for 1 h and

calcination in a static-air furnace at 723 K for 3 h.

The Ni–Mo catalysts were prepared by impregnation of the

molybdenum catalysts with nickel solutions, as described above.

Nominal metal loadings, on an atom per support area basis,

were kept the same for corresponding catalysts in the AL, NB and

NBP series of catalysts. Thus, the molybdenum loading was

4.6 atoms nm�2 in all catalysts containing this element. In the

nickel catalysts, loadings of 1.6, 3.7 and 5.5 atoms nm�2 were

used.With theNi–Mocatalysts, theNi/Moatomic ratioswere0.4,

0.8 and 1.2. The nickel loadings in the bimetallic catalysts were

approximately the same as in the monometallic nickel catalysts.

The molybdenum catalysts will be referred to by the symbol

corresponding to the support, followed by letter M. With the

nickel catalysts, the symbol M is replaced by letter N and

followed by a number from 1 to 3, which increases with the nickel

content. An analogous scheme was used for the Ni–Mo catalyst,

except that symbol N is replaced by NM. Thus, for example, the

designation NB-NM1 refers to the niobia-supported nickel–

molybdenum catalyst with the lowest nickel content.

2.2. Characterization

2.2.1. Surface areas

Surface areas of the supports and catalysts were determined

by nitrogen adsorption at its normal boiling point using the
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Table 1

Compositions and surface areas of the catalysts

Sample MoO3
a NiOa

(wt.%)

P a

(wt.%)

Ni/Mob

(wt.%)

S.A.c

(m2 g�1)

S.A.d

(m2 g�1)

NBe – – – – 65 –

NB-Me 8.2 – – – 54 59

NB-N2e – 3.4 – – 70 73

NB-N3e – 5.0 – – 65 68

NB-NM1e 8.2 1.5 – 0.4 52 58

NB-NM2e 8.1 3.0 – 0.7 47 53

NB-NM3e 7.9 4.5 – 1.1 47 54

NBP – – 7.2 – 70 –

NBP-M 8.3 – 6.6 – 34 37

NBP-N2 – 3.5 7.1 – 51 53

NBP-N3 – 4.9 6.9 – 45 47

NBP-NM1 8.2 1.4 6.4 0.3 25 28

NBP-NM2 8.0 3.0 6.4 0.7 26 29

NBP-NM3 7.8 4.3 6.3 1.1 21 24

ALe – – – – 247 –

AL-Me 18.4 – – – 227 278

AL-N1e – 4.0 – – 230 240

AL-N2e – 7.8 – – 231 251

AL-N3e – 11.3 – – 224 253

AL-NM1e 18.3 3.3 – 0.4 200 255

AL-NM2e 17.7 6.2 – 0.7 197 258

AL-NM3 16.9 9.3 – 1.1 182 247

a Chemical composition determined by X-ray fluorescence.
b Atomic ratio.
c BET surface area.
d BET surface area per mass of support.
e Ref. [20].
one-point BET method at a relative pressure of 0.3. The

measurements were performed in a Micromeritics 2200

apparatus and the samples were dried in situ at 523 K before

each measurement.

2.2.2. XPS measurements

The XPS measurements were performed in a Surface

Science SSI instrument with monochromatized Al Ka

(1486.6 eV) X-ray source. Charging effects were minimised

by means of a flood gun adjusted to 8 eV. Binding energies

corresponding to O 1s, Al 2p, Nb 3d, Mo 3d and Ni 2p electrons

were referenced to the C 1s line, taken as 284.8 eV. Spectral

intensities were measured in terms of the peak areas and

converted to atomic percentage of each element, assuming a

homogeneous distribution of the elements in the samples, using

Scofield cross-sections.

Sulfided catalysts were analysed after sulfidation under flow

of a 15 mol% H2S in H2 mixture at 673 K for 1 h. After

sulfidation, the samples were stored and manipulated under

isooctane to avoid reoxidation of the sulfides by atmospheric

air. The hydrocarbon was eliminated under vacuum in the pre-

treatment chamber of the XPS instrument.

2.3. Catalytic measurements

2.3.1. Cumene hydrocracking

Catalytic activity in cumene hydrocracking was measured in

a conventional continuous flow microreactor system (ca.

100 mg catalyst weight) at 623 K and 2.8 MPa pressure, under

a 300 cm3 min�1 (STP) flow of hydrogen and a 10.6 cm3 h�1

liquid feed flow-rate. The feed was composed of 16% (v/v)

cumene and 0.66% (v/v) CS2 dissolved in n-hexane. Before

each run, the catalysts were sulfided under the same conditions

described for the XPS experiments. Specific reaction rates in

mmol g�1 min�1 were obtained from conversion values

assuming first order reaction kinetics with respect to cumene.

2.3.2. Thiophene HDS

Thiophene HDS was carried-out using ca. 200 mg catalyst

weight, in the same reactor system as cumene HCC, in the 523–

573 K temperature range and 2.8 MPa pressure, under a

300 cm3 min�1 (STP) flow of hydrogen and 10.8 cm3 h�1

liquid feed flow-rate. The feed was composed of 2.65 wt.%

thiophene (1 wt.% S) dissolved in n-hexane. The catalysts were

sulfided under the same conditions described above. Specific

reaction rates in mmol g�1 min�1 were obtained from conver-

sion values assuming first order reaction kinetics with respect to

thiophene.

3. Results and discussion

3.1. XPS characterization

Catalyst compositions and surface areas are shown in

Table 1. The last column in Table 1 shows the surface areas

expressed per mass of support. It is clear that impregnation of

the AL and of the NB support does not cause a significant
decrease in surface area as compared to the original area of the

support. In contrast, with the NBP support the loss of surface

area, especially with the molybdenum-containing catalysts,

was rather large.

We have shown before that, during sulfidation of niobia-

supported Mo or Ni catalysts, a surface niobium sulfide is

formed in amounts depending on the nature and loading of the

supported elements [19]. We also showed that this occurs to a

much smaller extent with the catalysts additivated with

phosphorus. The amount of sulfur associated with the surface

niobium sulfide, [SNb]XPS, may be estimated by subtracting the

amount of sulfur required to completely sulfide the nickel and

molybdenum in the catalysts from the total sulfur atomic

concentration measured by XPS [Stot]XPS, according to the

following formula:

½SNb�XPS¼ ½Stot�XPS� 2½Mo4þ�XPS�ð3=2Þ½Ni�XPS

where it is assumed that only the molybdenum in the 4+

oxidation state is sulfided to produce MoS2 and that the sulfided

nickel has stoichiometry Ni3S2.

Fig. 1 shows that the linear correlation between the amount

of niobium-associated sulfur and the amount of niobium

reduced to the 4+ state, found before with the niobia-supported

Ni or Mo catalysts [19], is maintained when the bimetallic Ni–

Mo catalysts are included. The slope of the straight line is very

close to the one obtained before, namely 2.1, indicating that a

sulfide with stoichiometry close to NbS2 is obtained. The
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Fig. 1. Correlation between XPS sulfur atomic concentration in excess of the

necessary to sulfide the Ni and Mo in the catalysts vs. XPS reduced niobium

atomic fraction. Circles, supports; squares, Mo catalysts; triangles, Ni catalysts;

diamonds, Ni–Mo catalysts; filled symbols, NB support; open symbols, NBP

support.

Table 2

Quantitative XPS analysis for molybdenum

Catalyst Mo/Nb(+P)a Mo/Ala

Oxideb Sulfided Oxideb Sulfided

NB-M 0.12 0.18 – –

NB-NM1 0.14 0.18 – –

NB-NM2 0.13 0.19 – –

NB-NM3 0.06 0.19 – –

NBP-M 0.13 0.14 – –

NBP-NM1 0.15 0.16 – –

NBP-NM2 0.12 0.17 – –

NBP-NM3 0.14 0.19 – –

AL-M – – 0.085 0.085

AL-NM1 – – 0.10 0.089

AL-NM2 – – 0.084 0.092

AL-NM3 – – 0.090 0.093

a XPS atomic ratios. In the case of the NBP support the ratios are taken with

respect to Nb + P.
b Ref. [20].
conclusion that phosphorus inhibits the reduction sulfidation of

niobium is also confirmed. According to Jehng et al. [21],

modification of niobia with phosphate leads to the formation of

a phosphate surface overlayer that presumably protects the

niobia surface against reduction.

It is seen that, within each series (NB and NBP), the degree

of reduction/sulfidation of the niobium follows the order Ni–

Mo > Mo > Ni > support, with exception of the Ni–Mo

catalysts with the lowest nickel content, where formation of

the niobium sulfide occurs to an extent similar to the one

observed with the molybdenum catalysts.

In Fig. 1, the degree of niobium reduction/sulfidation

follows the same order as the nickel content, both in the NB and

in the NBP series and when both Ni and Ni–Mo catalysts are

considered. The extent of niobium reduction/sulfidation

therefore increases with the hydrogenating power of the

supported sulfides, which suggests that hydrogen spillover

plays an important role in the process. It is well known that

niobium oxide is partially reducible when exposed to hydrogen

at high pressure and the reduction is accelerated by the presence

of zero-valent metals on its surface [22,23]. More recently

Afanasiev et al. have shown that sulfidation of a mixed Mo–Nb

oxide to produce a mixed Mo–Nb sulfide is much easier than

that of Nb2O5 [24].

Table 2 shows the results of the quantitative XPS analysis for

molybdenum in the catalysts, both in the oxide and in the

sulfided form, in terms of Mo/Nb and Mo/Al atomic ratios. In

the case of the NBP series, the atomic ratio is taken with respect

to niobium plus phosphorus. The XPS results for the oxide form

of the catalysts supported on AL and NB have been discussed in

our previous publication [20]. It should only be added here that

the values obtained for molybdenum with the catalysts

supported on NBP were very similar to the ones obtained

with the NB series of catalysts, indicating that the molybdenum

dispersion and distribution are similar in both cases. In this

paper we focus on the changes in atomic XPS ratios that

accompany sulfidation.
With the catalysts supported on AL, the XPS Mo/Al ratios of

the sulfided samples are very close to those of the oxidic form of

the catalysts. Those, on their turn, are close to the bulk ratios

determined by X-ray fluorescence. According to the model

developed by Kerkhof and Moulijn for quantitative interpreta-

tion of XPS results [25], for high surface area supports

(photolectron escape-depth similar the thickness of the walls of

the support), a monolayer dispersion of the supported phase

leads to compositions determined by XPS close to the bulk

ones. This means that the molybdenum dispersion remained

close to the monolayer value after sulfidation of the alumina-

supported Mo and Ni–Mo catalysts.

In contrast there was a large increase in the XPS Mo/

(Nb + P) ratio upon sulfidation with the catalysts supported on

NBP. This effect was even more pronounced with the Mo/Nb

ratios in the NB series of catalysts. Our results on the

characterization of the oxide form of the catalysts [20]

suggested that a strong interaction between molybdenum and

niobium oxides exists, possibly with formation of a mixed Mo–

Nb oxide and consequent migration of part of the molybdenum

to subsurface layers of the support. Destruction of this

interaction species upon sulfidation may have increased the

molybdenum surface concentration. With the NBP catalysts,

the increase in surface molybdenum concentration during

sulfidation was only pronounced for the catalysts with the

largest nickel contents, NBP-NM2 and NBP-NM3. This is

consistent with the fact that, of the catalysts supported on NBP,

those are the ones where reduction/sulfidation of the niobium is

largest and therefore the destruction of the Mo–Nb interaction

species must have occurred to the largest extent.

Table 3 shows molybdenum 3d binding energies obtained by

deconvolution of the peaks in the region 220–240 eVof the high

resolution XPS spectra of the sulfided catalysts. Binding

energies for the 3d3/2,5/2 doublet of Mo4+ (ca. 229 and 232 eV,

respectively [26,27]) were smaller on the NB and NBP-

supported catalysts by 0.4–0.5 eV than on the alumina-supp-

orted ones, which may be attributed to different degrees of
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Table 3

XPS binding energies (in eV units) and Mo4+/Mo5+ ratios

Catalyst Mo4+ (1) Mo5+ Mo4+/Mo5+

3d5/2 3d3/2 3d5/2 3d3/2

NB-M 228.8 232.0 230.6 233.8 3.3

NB-NM1 228.6 231.8 230.2 233.4 2.8

NB-NM2 228.8 232.0 230.3 233.5 2.1

NB-NM3 228.6 231.8 230.3 233.5 3.0

NBP-M 228.8 232.0 230.2 233.4 3.4

NBP-NM1 228.6 231.8 230.1 233.3 3.0

NBP-NM2 228.7 231.9 230.4 233.6 3.2

NBP-NM3 228.7 231.9 230.5 233.7 3.2

AL-M 229.0 232.2 230.8 234.0 12.0

AL-NM1 229.2 232.4 231.8 235.0 7.6

AL-NM2 229.2 232.4 231.6 234.8 6.9

AL-NM3 229.2 232.3 231.0 234.2 6.1

Table 4

Quantitative XPS analysis for nickel

Catalyst Ni/Nb(+P)a Ni/Ala

Oxideb Sulfided Oxideb Sulfided

NB-N2 0.040 0.054 – –

NB-N3 0.064 0.087 – –

NB-NM1 ndc 0.056 – –

NB-NM2 0.089 0.094 – –

NB-NM3 0.20 0.15 – –

NBP-N2 0.058 0.057 – –

NBP-N3 0.082 0.083 – –

NBP-NM1 ndc 0.058 – –

NBP-NM2 0.079 0.090 – –

NBP-NM3 0.12 0.12 – –

AL-N1 – – 0.036 0.019

AL-N2 – – 0.062 0.026

AL-N3 – – 0.083 0.044

AL-NM1 – – 0.028 0.025

AL-NM2 – – 0.050 0.040

AL-NM3 – – 0.076 0.051

a XPS atomic ratios. In the case of the NBP support, the ratios are taken with

respect to Nb + P.
b Ref. [20].
c Not detected.
interaction with the supports or perhaps to the contribution of a

mixed Mo–Nb sulfide. Within each series of catalysts, no

significant differences in binding energies were observed.

With the Mo5+ doublet (ca. 231 and 235 eV [25,26]), the

difference between the alumina-supported and the niobia-

supported catalysts was in excess of 1 eV. These incompletely

reduced Mo species are most likely in strong interaction with

the support [28], and therefore have niobium or aluminum ions

in their close vicinity. Because of the smaller cation

electronegativity of Al3+ as compared to Nb5+ (10.5 and

17.6, respectively, using Tanaka and Ozaki’s method [29]), the

Mo–O bond of molybdenum ions close to Al3+ is more

polarized, therefore the effective charge on Mo5+ is larger and

consequently also the XPS binding energy.

Table 3 also shows results for the Mo4+/Mo5+ ratio. As found

before with the monometallic Mo catalysts [19], the

reducibility of molybdenum is considerably smaller with the

bimetallic catalysts supported on NB and NBP, possibly

because of the formation of the mixed Mo–Nb oxide. Our

previous TPR results with NB-M and AL-M catalysts confirm

this interpretation [20]. It is also clear from Table 3 that this

effect is slightly smaller with the catalysts supported on NBP

than with those supported on NB, possibly because the presence

of phosphorus somewhat inhibits formation of the Mo–Nb

mixed-oxide species.

Results for the quantitative XPS analysis for nickel are

shown in Table 4, both for the oxide and the sulfided forms of

the catalysts, in terms of Ni/Nb and Ni/Al atomic ratios. In the

case of the NBP series, the atomic ratio is taken with respect to

niobium plus phosphorus. As in the case of molybdenum,

results for the oxide form of the catalysts were discussed in our

previous publication and we focus here on the modifications of

atomic ratios that accompany catalyst sulfidation. It should only

be added here that the results for the NBP series of catalysts

were generally similar to the ones obtained with the NB series.

The results in Table 4 clearly show that there is a large

decrease in the apparent surface nickel concentration upon

sulfidation of the alumina-supported monometallic catalysts.

This may be attributed to sintering of the supported nickel to

form relatively large nickel sulfide particles. With the
bimetallic catalysts, the loss of nickel dispersion is much

smaller, but increases with nickel content. It has been proposed

that a mixed Ni–Mo sulfide is formed upon sulfidation of

alumina-supported Ni–Mo catalysts (NiMoS phase [30]),

where nickel atoms decorate the edges of hexagonal

molybdenum IV sulfide crystallites. This should prevent the

growth of nickel sulfide particles, but only to the extent to

which the edges of molybdenum sulfide crystallites are able to

accommodate the nickel atoms, which may explain the

observed effects. With the niobia-supported catalysts the effect

of sulfidation on nickel dispersion is modest. This suggests that

interaction with the niobia supports prevents the sintering of

nickel during sulfidation and also that a Ni–Mo interaction

species is formed to a much smaller extent in this case, since

little effect of molybdenum addition is found.

3.2. Cumene hydrocracking

Cumene hydrocracking is a well-known probe for the

presence of Brønsted acidic sites on catalytic surfaces [31].

Results for catalytic activity in this reaction have been

presented before for the monometallic catalysts [19]. A good

linear correlation was found between the specific activity

(catalyst mass basis) in cumene hydrocracking and the amount

of sulfided niobium in the catalysts, suggesting that the niobium

sulfide is the main species responsible for the reaction. In this

case, however, a correlation involving the specific activity is not

the most appropriate one, since there were large differences in

surface area between the NB and the NBP series of catalysts.

Fig. 2 shows the results for the correlation between the intrinsic

activity (catalyst area basis) and the amount of reduced

niobium. It is worth noticing that intrinsic rates were calculated

using the surface areas of the unsulfided catalysts. The surface
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Fig. 2. Intrinsic activity in cumene hydrocracking at 623 K and 2.8 MPa vs.

XPS reduced niobium atom fraction (normalized with respect to the surface

areas of the unsulfided catalysts). Circles, supports; squares, Mo catalysts;

triangles, Ni catalysts; diamonds, Ni–Mo catalysts; filled symbols, NB support;

open symbols, NBP support.
areas of some of the sulfided samples were measured and did

not differ by more than 10% from those of the unsulfided

samples. In this graph, the NB- and the NBP-supported

catalysts fall on different groups, but in each case a reasonable

linear correlation is found.

Phosphate is seen to promote the acidic activity of the

sulfided niobium. The larger intrinsic activity of the NBP-

supported catalysts cannot be attributed to the action of

phosphate itself, since the activity of the sulfided support is

much smaller than those of all of the sulfided catalysts, but

rather to a combined effect of the presence of phosphate and

niobium reduction/sulfidation.

3.3. Thiophene HDS

Thiophene HDS was studied at 2.7 MPa total pressure and in

the 523–573 temperature range. Table 5 shows the results for

intrinsic reaction rates at 543 K, normalized with respect to the

surface areas of the unsulfided samples. It is first noticed that

the sulfided NB support has a measurable activity in this

reaction, which is consistent with the fact the some sulfidation

of this material occurred, as indicated by the XPS measure-

ments. In line with this observation, the sulfided NBP support,
Table 5

Activities in thiophene HDS at 2.7 MPa and 543 Ka

Mob Nib ALc NBd NBP e

Support 0 0 0 3.2 0

Support-M 4.6 0 7.2 5.9 5.2

Support-N2 0 3.7 0.9 7.6 6.5

Support-N3 0 5.5 0.8 9.8 9.5

Support-NM1 4.6 1.6 147 8.0 17.0

Support-NM2 4.6 3.7 149 10.8 19.8

Support-NM3 4.6 5.5 132 13.3 26.6

a Expressed in mmol m�2 h�1 based on surface area of the oxide form.
b Metal loadings in atoms nm�2 based on surface area of the support.
c Alumina-supported catalysts.
d Niobia-supported catalysts.
e Phosphated niobia-supported catalysts.
in which formation of niobium sulfide was not observed, has no

activity in this reaction.

For the same metal loading (on a per surface area basis) the

monometallic molybdenum catalysts supported on NB and

NBP have a smaller activity than the alumina-supported one.

This may be related to the formation of a mixed Mo–Nb sulfide,

which according to Afanasiev et al. [24], has intermediate

activity between the monometallic sulfides.

On the other hand, the NB and NBP-supported mono-

metallic nickel catalysts have activities larger by an order of

magnitude as compared to the alumina-supported one. This is

probably the combined effect of a higher dispersion of the

niobia-supported nickel sulfide, as revealed by the XPS

measurements, and of the contribution of the sulfided supports

themselves.

With the alumina-supported bimetallic catalysts the well

known strong synergetic effect between molybdenum and

nickel is observed. This occurs, if at all, to a much smaller

extent with the materials supported on NB and NBP. The

synergetic effect between molybdenum and nickel is generally

attributed to the formation of the NiMoS phase mentioned

above [30,32]. Apparently this phase is not formed with the

niobia-supported catalysts, which is consistent with the fact that

molybdenum and nickel interact preferentially with the niobia

support rather than with each other, as shown by the

characterization of the oxide form of the catalysts [20] and

the XPS results presented here.

Good linear Arrhenius plots (ln r versus 1/T) were obtained

for all catalysts in the 523–573 K temperature range. The

apparent activation energies derived from these plots are shown

in Table 6. Significant differences are observed between the

alumina-supported monometallic and bimetallic catalysts,

indicating that the active species in the bimetallic catalysts

(NiMoS phase) is distinct from the active species in the

monometallic ones.

The apparent activation energy for the sulfided niobia

support is larger than the one obtained with the alumina-

supported molybdenum catalyst. With the NB- and NBP-

supported monometallic catalysts, apparent activation energies

were intermediate between those of the alumina-supported ones

and the sulfided niobia support. This means that both the

sulfided niobium and the supported sulfides contribute to the
Table 6

Activation energies for thiophene HDS at 2.7 MPa pressurea

Mob Nib ALc NBd NBP e

Support 0 0 – 120 –

Support-M 4.6 0 80 109 103

Support-N2 0 3.7 71 114 105

Support-N3 0 5.5 98 110 108

Support-NM1 4.6 1.6 118 110 110

Support-NM2 4.6 3.7 117 105 104

Support-NM3 4.6 5.5 113 106 116

a Obtained in the 523–573 K temperature range and expressed in kJ mol�1.
b Metal loadings in atoms nm�2 based on surface area of the support.
c Alumina-supported catalysts.
d Niobia-supported catalysts.
e Phosphated niobia-supported catalysts.
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catalytic activity. The values obtained with the NBP series of

monometallic catalysts were systematically lower than those

corresponding to the NB series and therefore closer to those

obtained with the alumina-supported catalysts. This is

consistent with the fact that the degree of niobium sulfidation

is smaller with the NBP-supported catalysts and therefore the

contribution of the niobium sulfide is correspondingly smaller.

The apparent activation energies for the NB- and NBP-

supported bimetallic catalysts were slightly but system-

atically (with the only exception of catalyst NBP-NM3)

lower than the ones obtained with the alumina-supported

catalysts and there was a much smaller change from the

monometallic to the bimetallic catalysts than in the alumina

case. This is consistent with the fact that a NiMoS phase is

not formed to an appreciable extent in the niobia-supported

catalysts.

4. Conclusions

The results presented here confirm that, also with bimetallic

niobia-supported Ni–Mo catalysts, a surface niobium sulfide

with stoichiometry close to NbS2 is formed upon sulfidation

with a H2S/H2 mixture at 673 K. The degree of niobium

sulfidation increases in the order Nb2O5 < Ni/Nb2O5 < Mo/

Nb2O5 < NiMo/Nb2O5 and is strongly inhibited by the

presence of phosphorus on the support.

This niobium sulfide is responsible for the activity of the

niobia-supported catalysts in the cumene hydrocracking

reaction. The intrinsic activity in this reaction was larger with

the catalysts supported on phosphate-additivated niobia than

with those supported on pure niobia.

From the XPS results, the dispersion of nickel sulfide is

larger on the niobia supports than on alumina.

The reducibility of molybdenum is smaller with the niobia-

supported catalysts than with the alumina-supported ones due

to existence of a strong molybdena–niobia interaction in the

oxide form of the catalysts.

The sulfided niobia support has a measurable activity in

thiophene HDS, corresponding to about half of the intrinsic

activity measured with alumina-supported molybdenum.

Despite that fact, the activity of niobia-supported molybdenum

sulfide is smaller than that of the alumina-supported catalyst,

partly due to the smaller degree of reduction of the

molybdenum when supported on niobia, but also possibly

due to the formation of a mixed Nb–Mo sulfide with thiophene

HDS activity intermediate between those of the monometallic

sulfides [24].

On the other hand, for comparable nickel loadings (on a

support surface area basis), nickel sulfide has a much higher

activity when supported on niobia than when supported on

alumina. This is the combined effect of a higher dispersion of

the nickel sulfide and the contribution of the sulfided niobia

support to the activity.

In contrast with the alumina case, there is little synergetic

effect between molybdenum and nickel with the niobia-

supported catalysts in the thiophene HDS reaction. Also in

contrast with the alumina case, activation energies for
thiophene HDS changed little from the monometallic to the

bimetallic catalysts. These facts indicate that a NiMoS phase is

formed to a very limited extent with the niobia-supported

catalysts, if at all.

Overall, niobia-supported Ni–Mo catalysts, and therefore

possibly other catalyst compositions containing the Ni–Mo–

Nb combination, may be useful when an acidic function is

desired, such as in hydrocracking, but their HDS activity is

limited.
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