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Abstract Unsupported catalysts based on nickel, cobalt,

tungsten, and molybdenum were prepared by sulphuriza-

tion of Ni, Co, W, and Mo oxides. All catalysts were tested

in hydrodesulphurization of dibenzothiophene reaction.

The best activity was attained with a sample based on W

(5.64 9 1016 molecules/s m2). The best selectivity for

biphenyl (70.14 %) was achieved with Ni17S18. Materials

were characterized by X-ray diffraction and surface area

measurements.
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1 Introduction

Sulphur is present in crude oils in amounts varying from

0.5 9 103 to 50 9 103 ppm, and if present in fuels leads to

the formation of sulphur oxides (SOx), i.e. a form of air

pollution generated by internal combustion engines. The

environmental regulations to decrease emissions of sulphur

and sulphur-containing compounds into the atmosphere

have prompted the need to study the process of hydrode-

sulphurization (HDS) in petroleum feedstocks. The

governments of The United States of America, Japan, and

Western Europe have restricted the sulphur content of

gasoline and diesel fuels from 30 to 50 ppm in 2005 and to

less than 10 ppm in 2009–2011 [1–3]. Sulfur compounds

can be classified according to the HDS reactivities that are

described by the pseudo-first-order rate constant. For

example, benzothiophenes are more reactive than dib-

enzothiophenes (DBTs) but alkyl substituents in positions 4

and 6 in DBT are less reactive in sulfur elimination [4].

Transition metal sulfides (TMS) are widely used as

catalysts (generally molybdenum or tungsten sulfides sup-

ported on alumina with Co or Ni promoters) designed to

remove sulphur bonded to hydrocarbons in the fractions of

petroleum formed by cracking processes in refineries [5].

Active sulfide catalysts are prepared by converting oxides

to sulfides in a reductive atmosphere such as with hydrogen

sulfide [6]. Precursors in hydro-treating catalysts are usu-

ally MoO3 and WO3 to form MoS2 and WS2. The catalytic

activity of these disulfides is often enhanced with cobalt or

nickel for the HDS reaction [7–9]. Ni–W sulfide catalysts

have not been used as frequently as Co–Mo and Ni–Mo

sulfide catalysts in hydro-treatments, because W-based

catalysts are difficult to convert to sulfides and also because

they are less active than Mo-based catalysts in the bulk

HDS of gas oil [10]. However, the W-based catalysts are an

interesting option in processes where a high hydrogenation

potential is required with molecules of high aromatic sat-

uration for oil hydrocracking of intermediate distillates, for

the upgrading of coal-derived oils [11], for hydrodenitro-

genation (HDN), and for appreciable HDS of diesel

fuels [12].

It is well known that hydrogenation catalysts contain

different types of active sites that are active for hydrog-

enolysis and/or hydrogenation, respectively [6]. It is also

known that the selectivity or ratio between the two types of
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active sites can be tuned. This selectivity depends on the

type of promoter metal (Co or Ni), preparation conditions,

and support properties [13]. In a recent study [14], it was

shown that Co as a promoter strongly enhances the stack-

ing of MoS2 layers. However, this effect could be reversed

by modifying HDS conditions (pressure, temperature, the

ambient atmosphere, etc.) leading then to the formation of

single MoS2 slabs, the presence of which suggests that the

majority of active sites on MoS2 layers are ‘‘rim’’ sites able

to perform both hydrogenation and C–S bond cleavage. Co

promotion enhances strongly the quality of sites involved

in C–S bond cleavage [15]. The number of the active sites

in MoS2, depends on the activation procedure too, as

recently shown by Alonso-Núñez et al. [16]. They com-

pared the classical H2/H2S atmosphere, with a new N2/H2

atmosphere and obtained better stabilized Co/MoS2 nano-

particles for which Co segregation under the HDS condi-

tion is limited. Moreover, depending on the atmosphere

used, the activation temperature influences differently the

active phase morphology, leading to a rapid sintering at

high temperature under N2/H2, while the influence is only

slightly significant under H2/H2S.

The aim of this work is to synthesize sulfides of

nickel, tungsten, nickel–tungsten, cobalt, molybdenum, and

cobalt–molybdenum, starting with transition metal oxides

and not with traditional transition metal salts as precursors

for potential catalysts, and then to test them as catalysts in

the HDS process with DBT. In addition, the catalytic

activity of this group of materials will be compared as a

function of their respective transition metal content.

2 Experimental

2.1 Preparation of Catalysts

Cobalt oxide (Co3O4) and molybdenum oxide (MoO3)

were obtained from calcinations of cobalt nitrate hydrate

Co(NO3)2�6H2O (Aldrich Chemical), and ammonium

molybdate hydrate (NH4)6Mo7O24�4H2O (Fluka Chemi-

cal), at 600 and 500 �C, respectively, for 1 h under an

oxygen flow of 1.2 L/h. Bimetallic oxide Co–Mo–Ox

(x = 3, 4) was synthesized from a stoichiometric mixture

of (NH4)6Mo7O24�4H2O and Co(NO3)2�6H2O in a stream

of oxygen (1.2 L/h) at 630 �C for 1 h. Nickel oxide (NiO),

tungsten oxide (WO3), and nickel tungstate (NiWO4) were

synthesized as previously reported [17], under reaction

conditions similar to those used to prepare Co3O4, MoO3,

and Co–Mo–Ox (x = 3, 4) which are presented herein. The

sulfide catalysts, based on Ni, Co, W, and Mo, were pre-

pared by heating at a rate of 4 �C/min from room tem-

perature to 400 �C under a flow of gaseous H2/H2S (15 %

H2S v/v). The temperature was maintained at 400 �C for

4 h for NiO and Co3O4 in separate reactions, and for 7 h

for the oxides of tungsten and molybdenum, respectively.

The oxides used as precursors are NiO, WO3, NiWO4,

Co3O4, MoO3, and Co–Mo–Ox (x = 3, 4). The subse-

quently obtained catalytic materials are designated as Ni,

W, NiW, Co, Mo, and CoMo, respectively.

2.2 X-Ray Diffraction and Surface Area

Characterizations

The sulfides were characterized by X-ray diffraction (XRD),

and surface area measurements using a Quantachrome Nova

1000 series to determine nitrogen adsorption at -196 �C by

the BET method [18]. Samples were degassed under vacuum

at 250 �C before nitrogen adsorption measurements. XRD

studies were performed using a Philips X Pert MPD dif-

fractometer equipped with a curved graphite monochroma-

tor using Cu Ka radiation (k = 1.54056 Å) operating at

45 kV and 30 mA. The assignment of the various crystalline

phases was based on comparisons with the JCPDS-ICDD

powder diffraction file cards [19]. NiO, WO3 and NiWO4,

used as precursors for Ni, W, and NiW catalysts, respec-

tively, were characterized in previous work, also by XRD,

scanning electron microscopy (SEM), and surface area

measurements [17]. The oxides Co3O4, MoO3, and Co–Mo–

Ox (x = 3, 4) and sulfide catalysts of Co, Mo, and CoMo

were studied by XRD and surface area measurements.

2.3 Activity of Catalysts

HDS of DBT was carried out in a Parr Model 4520 high-

pressure batch reactor (volume: 1 L). The activated catalyst

(1.0 g) was placed in the reactor separately. The reactant

mixture (6.6 g of DBT in 150 mL of decaline; [DBT]0 =

0.239 mol/L) was added to the autoclave and then pres-

surized with hydrogen to 3.378 MPa and heated to 350 �C

at a rate of 10 �C/min. Once 350 �C was attained, the

catalytic reaction was observed for 5 h by analyzing sam-

ples using a Perkin Elmer AutoSystem XL gas chroma-

tography equipped with an OV-17 packed column. After

the DBT reaction was complete, the catalysts were filtered,

washed with isopropanol to remove residual hydrocarbons,

and dried at room temperature as ascertained by surface

measurements.

3 Results and Discussion

Figures 1, 2, 3, 4 show XRD patterns in which the

observed intensities are labeled with the corresponding

Miller index (hkl) notation for catalysts Ni, W, NiW, Co,

Mo, CoMo, and their precursors Co3O4, MoO3, Co–Mo–Ox

(x = 3, 4) of the last three catalysts, before HDS reaction.
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If an XRD pattern contains more than one phase, it is

denoted by a lower case letter. The ratio of the crystallo-

graphic phases which constitute each catalyst was esti-

mated from the area under the curve for the main peak in

the diffractogram (hkl columns in Table 1). The diffrac-

togram (Fig. 1) of the Ni catalyst is indicative of the pure

Ni17S18 phase. Catalyst W (Fig. 1) consists of two phases:

tungsten sulfide WS2 (label ‘‘a’’ in Fig. 1) (57 wt% or w/o)

and tungsten oxide WO2.9 (label ‘‘b’’ in Fig. 1) (43 w/o).

The NiW catalyst is composed of 11 w/o NiWO4 (label

‘‘c’’ in Fig. 1) and 89 w/o WS2 (label ‘‘a’’ in Fig. 1). The

phases identified as Ni17S18, WS2, WO2.9, and NiWO4 are

in agreement with JCPDS-ICDD card numbers 76-2306,

08-0237, 05-0386, and 15-0755, respectively [19] (for

brevity, subsequent references to the abbreviation for this

database will be omitted and only the card numbers like

15-0755, for example, will be cited).

Figure 2 shows two diffractograms: the first pattern

confirms the pure crystalline phase of Co3O4 (42-1467),

used as a precursor of the Co catalyst in this work, and

the second pattern shows two crystalline phases of cobalt

Fig. 1 Experimental XRD patterns corresponding to catalyst Ni, W,

and NiW, and XRD simulations (from JCPDS-ICDD files) for Ni17S18

(76-2306). a WO2.9 (05-0386); b WS2 (08-0237); c NiWO4 (15-0755)

Fig. 2 Experimental XRD patterns corresponding to catalyst Co, and

Co3O4 used as precursor for catalyst Co, and XRD simulations (from

JCPDS-ICDD files) for Co3O4 (42-1467), d Co3S4 (73-1703); e Co9S8

(65-6801)

Fig. 3 Experimental XRD patterns corresponding to catalyst Mo, and

MoO3 used as precursor for catalyst Mo, and XRD simulations (from

JCPDS-ICDD files) for n MoO2 (78-1073); z MoO3 (35-0609)

Fig. 4 Experimental XRD patterns corresponding to catalyst CoMo

and its precursor CoMoO4, and XRD simulations (from JCPDS-ICDD

files) for d Co3S4 (73-1703); e Co9S8 (65-6801); g MoS2 (74-0932);

k CoMoO4 (25-1434); m Co3O4 (42-1467); n MoO2 (78-1073);

u CoMoO4 (21-0868); z MoO3 (35-0609)
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sulfide that make up the Co catalysts: 46 w/o Co3S4 (label

d) and 54 w/o Co9S8 (label e) (73-1703 and 65-6801,

respectively).

Figure 3 represents two XRD patterns which correspond

to catalyst Mo and its precursor. In this case, the oxide used

as precursor of catalyst Mo is in agreement with the MoO3

phase, (35-0609). Catalyst Mo is identified as 100 % of the

MoO2 phase (78-1073). Even at the longest reaction time

of 7 h, this reaction leads to the formation of MoO2 instead

of the desired MoS2, which indicates that the replacement

of oxygen by sulfur does not occur under the time–tem-

perature conditions examined here, in spite of the presence

of excess sulfur. Furthermore, the Mo–O bonds of MoO3

are known to have less ionic character than those in WO3

[20], similar to experimental results obtained with WS2 and

MoO2.

In Fig. 4, two distinct patterns are evident from XRD

analysis of catalyst CoMo and its precursor, Co–Mo–Ox

(x = 3, 4). Catalyst CoMo is composed of the following

crystalline phases: 28 w/o MoS2 (label g), 25 w/o MoO2

(label n), 26 w/o Co9S8 (label e), and 21 w/o Co3S4 (label d),

(74-0932, 78-1073, 65-6801, and 73-1703, respectively).

The precursor of catalyst CoMo contains a mixture of oxides,

identified as 21 w/o CoMoO4 (label k), 26 w/o CoO–MoO3

(label u), 36 w/o MoO3 (label z), and 17 w/o Co3O4 (label

m), (25-1434, 21-0868, 35-0609, and 42-1467, respectively).

Table 1 lists the ratios of the crystallographic phases of

oxides and catalysts observed in this work.

The surface areas of catalysts and oxides are shown in

Table 1. The catalysts Ni, W, and Mo have surface areas

which are greater than those of the corresponding precursor

oxides, i.e. twice as much for catalyst Ni compared to NiO

(from 3.0 to 6.3) m2/g, three times as much for catalyst W

compared to WO3 (from 2.0 to 6.4) m2/g, and twice as

much for catalyst Mo compared to MoO3 (from 5.0 to

12.0) m2/g. Nevertheless, in the catalysts NiW, Co, and

CoMo major changes in surface area are not observed

compared to the corresponding oxides. These values are

9.9, 3.1, and 5.0 m2/g, respectively, compared to 11, 3.2, and

3.5 m2/g. The surface areas of catalysts, in decreasing order,

are shown in Table 1: Mo [ NiW [ W [ Ni [ CoMo [
Co. Pore size for all catalysts is in the range of 17–159 Å and

the corresponding pore volume is in the range 5.6 9 10-2 to

5.7 9 10-3 cm3/g [21]. The catalysts show the following

decreasing order of pore volume: NiW [ Mo [ W [
CoMo [ Ni [ Co, which is the same trend as the surface

area for these catalysts. In this case, the nitrogen adsorption–

desorption curves correspond to isotherm type IV (Fig. 5),

with characteristic desorption curves of mesoporous

Table 1 Average crystal size of maximum diffraction peak (hkl) by Debye–Scherrer analysis (CXRD), ratio of crystallographic phases, and

surface area by BET method (SBET), for all the catalysts and oxides precursors

Catalyst Phases of

catalyst

CXRD

(Å)

Selected X-ray

peaks (hkl)
Phase

ratio

SBET

(m2/g)

Precursor CXRD

(Å)

Selected X-ray

peaks (hkl)
Phase

ratio

SBET

(m2/g)

Ni Ni17S18 796 306 1.0 6.3 NiO 870 012 1.0 3.0

W WS2 127 002 0.57 6.4 WO3 1,010 200 1.0 2.0

WO2.9 606 010 0.43

NiW WS2 126 002 0.89 9.9 NiWO4 1,020 �111 1.0 11

NiWO4 826 �111 0.11

Co Co9S8 1,022 311 0.54 3.1 Co3O4 1,312 311 1.0 3.2

Co3S4 409 311 0.46

Mo MoO2 940 110 1.0 12.0 MoO3 1,211 021 1.0 5.0

CoMo MoS2 116 003 0.28 5.0 CoMoO4 1,026 002 0.26 3.5

MoO2 679 110 0.25 CoO–

MoO3

888 220 0.21

Co9S8 807 311 0.26 MoO3 1,019 020 0.36

Co3S4 271 311 0.21 Co3O4 751 311 0.17

Fig. 5 Nitrogen adsorption (ads)–desorption (des) curves corre-

sponding to isotherms of Ni, W, NiW, Co, Mo, and CoMo catalysts
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materials [22], in agreement with the pore size diameter in

the range of 20–500 Å, reported by Leofanti et al. [23].

Precision in the determination of surface area is estimated to

be ±3 %, based on experimental error.

DBT conversion as a function of time at constant tem-

perature of 350 �C for all the catalysts is shown in Fig. 6.

The rate constant (k specific) was calculated by assuming

DBT conversion to be pseudo-zero order reaction accord-

ing to the equation: XDBT = (1-gDBT/gDBT) = (k/gDBT,0)t,

where XDBT is the fractional conversion of DBT,

gDBT = moles of DBT, k = pseudo-zero order rate con-

stant, t = time in seconds and (k/gDBT,0) = the slope [24].

The catalytic activity (k specific) range from 1.42 9 10-7

to 8.91 9 10-7 mol/(s g) and the main reaction products

are biphenyl (BP) and cyclohexyl-benzene (CHB). How-

ever, in order to compare with other results in the literature,

we have changed the units of k specific to molecules/(s m2)

[25]. (This is achieved by multiplying the activity (mol/

(s g)) by Avogadro’s number (6.022 9 1023 molecules/

mol) and dividing by the surface area (m2/g)). The values

of k specific (in these units), range from 1.37 9 1016 to

5.64 9 1016 molecules/(s m2) according to the following

order of catalysts: W [ NiW [ Ni [ CoMo [ Co [ Mo.

The values of catalytic activity for the catalysts synthesized

in this work are summarized in Table 2. We also present in

Table 3 k specific values from the literature [3, 6, 9, 25–

30]. As seen, the activities shown in Table 3 are similar to

the activities of our catalysts presented in Table 2.

As shown in Fig. 7, BP is formed by hydrogenation of

one p bond of one of the aromatic rings of DBT, in which

dihydrodibenzothiophene (DHDBT) is produced as an

intermediary, followed by C–S bond cleavage and refor-

mation of the aromatic ring of DBT (direct desulphuriza-

tion pathway: DDS). In comparison, CHB is produced by

hydrogenation of two p bonds followed at equilibrium by

hydrogenation of a third p bond of one aromatic ring of

DBT to form two intermediaries, the THDBT and hex-

ahydrodibenzothiophene (HHDBT), followed by C–S bond

rupture (hydrogenation pathway: HYD) [9], as shown in

Fig. 7 also. In this reaction, neither bicyclohexyl nor ben-

zene is formed.

Selectivity was determined for main reaction products

BP and CHB. Since DDS and HYD are parallel pathways

[31], the ratio between both pathways can be approximated

in terms of experimental selectivity from the equation:

HYD/DDS = CHB/BP. Selectivity is found in the range

Fig. 6 The reaction of HDS with DBT in the presence of catalysts Ni,

W, NiW, Co, Mo, or CoMo, including the tetrahydrodibenzothio-

phene intermediate (THDBT) and the products: BP and CHB

Table 2 Surface area of

sulfides and oxides, reaction rate

coefficient (k specific), products

of reaction: THDBT, CHB, BP,

and selectivity (CHB/BP) for all

the catalysts

Catalyst Sulfides

(m2/g)

Oxides

(m2/g)

k specific 9 10-7

(mol/s g)

k specific 9 1016

(molecules/s m2)

THDBT

(%)

CHB/BP

(% ratio)

Ni 6.3 3.0 4.61 4.40 12.03 17.83/70.14 = 0.25

W 6.4 2.0 6.00 5.64 10.98 23.13/65.89 = 0.35

NiW 9.9 11.0 8.91 5.42 9.55 33.52/56.93 = 0.59

Co 3.1 3.2 1.42 2.76 33.51 9.12/57.36 = 0.16

Mo 12.0 4.9 2.74 1.37 22.99 16.08/60.92 = 0.26

CoMo 5.0 3.5 3.07 3.69 20.84 17.22/61.94 = 0.28

Table 3 Reaction rate coefficient (k specific) reported in the litera-

ture for some catalysts in HDS reaction

Catalyst k specific

(molecules/s m2)

Reference

Co/MoS2 ex situ 3.13 9 1016 [3]

WS2 4.12 9 1015 [6]

Ni/ATT in situ 5.19 9 1016 [9]

Ni3S2/MoS2 4.01 9 1016 [25]

Ni/H–WS2 in situ 5.12 9 1016 [26]

MoS2 6.37 9 1014 [27]

Co12 8.22 9 1015 [28]

Co/MoS2/Al2O3 (CCat) 2.48 9 1015 [28]

CoMo–C4 4.12 9 1015 [29]

Ni–Mo–W ex situ 2.61 9 1016 [30]

NiMo/Al2O3 (Ind) 4.41 9 1015 [30]

CCat commercial catalyst, Ind industrial catalyst
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from 0.16–0.59 (CHB/BP ratio in Table 2) for the fol-

lowing catalysts: Co \ Ni \ Mo \ CoMo \ W \ NiW.

As can be seen in Table 2, all catalysts have selectivity for

BP with HYD/DDS \ 1 via the DDS route. In addition,

as shown in Table 2, BP is produced in yields of

56.93–70.14 % for the following decreasing order of cat-

alytic activity: Ni [ W [ CoMo [ Mo [ Co [ NiW. The

activity of unsupported monometallic TMS for HDS of

DBT has been reported by Pecoraro and Chianelli [32] as

volcano plots, with the maximum value occurring for Ru

and Os. However, the periodic tendency for TMS is Ru [
Os[Rh & Ir[Re[Pt[Pd[Mo[Cr[W[Nb & Sn

[ Ni & Au [ Co & Ti [ Fe & V & Zr & Ta [ Mn

[32]. The percentage of 4d or 5d electronic character in Ru,

Rh, Ir and Os are as high as 50 %, in accordance with %

d-character suggested by Pauling [33]. This reflects a high

degree of covalent bond character, which is an important

property of heterogeneous catalytic materials with high

activity in HDS [34]. In this work, catalysts Ni, W, NiW,

Co, Mo, and CoMo contained transition metals Ni, W, Co,

and Mo. According to Pecoraro and Chianelli, the expected

activity for these metals is in descending order: Mo[W[
Ni [ Co.

Crystallographic phases of the catalysts Ni, W, NiW,

Co, Mo, and CoMo have shown DBT HDS catalytic

activity consistent with the formation of TMS. In the case

of catalyst W, the ratio of WS2/WO2.9 = 1.32 which may

account for its high activity. In catalyst NiW, the ratio

WS2/NiWO4 = 8 and its high content of WS2 may account

for more activity than the catalyst W itself. However, the

presence of NiWO4 may decrease its activity. In order of

activity, the catalyst Ni (Ni17S18) is less active than

catalysts W and NiW in terms of TMS production. Nev-

ertheless, this phase is the most selective to BP formation,

perhaps because of the electronic properties of nickel, as

reported by Mangnus et al. [8]. Catalyst Mo is the least

active of the six catalysts studied here, perhaps because it is

an oxide (MoO2), which has been shown to be less active

than the catalyst Co, formed from cobalt sulfides (Co9S8,

Co3S4), and also much less active than catalyst CoMo,

which contains MoS2 (0.28 w/o), see the Tables 1 and 2.

4 Conclusions

The synthetic method presented here appears to be an

alternative way of preparing the TMS of Ni, Co, and W

with high catalytic activity and selectivity in HDS of DBT.

Catalyst W with a composition of 57 wt % WS2 and 43 w/

o WO2.9 is the most active for the HDS reaction with a rate

of 5.64 9 1016 molecules/(s m2) for DBT conversion to

BP (yield = 65.89 %), CHB (yield = 23.13 %) and

THDBT (yield = 10.98 %). The bimetallic precursor

Ni–W is easier to convert to the corresponding sulfide than

the bimetallic precursor Co–Mo. This can be seen with the

catalysts NiW and CoMo, in which the former was

obtained from Ni–W at a WS2 ratio of 0.89 and the latter

was obtained from Co–Mo in MoS2 with a ratio of 0.28.

Furthermore, conversion of MoO3 to MoS2 is not achieved

at 400 �C and instead results in the formation of MoO2.

Selectivity of all catalysts favored the formation of BP over

CHB with catalyst Ni (Ni17S18 phase) being the most

selective to BP formation (yield = 70.14 %). According to

the results shown herein, it appears that the Ni17S18 phase

may be a new material for use in HDS catalysts.
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16. Alonso-Núñez G, Bocarando J, Huirache-Acuña R, Álvarez-
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