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Abstract

A study on the catalytic properties of the transition metals (Ni,Co,Mo)-carbides, -nitrides for thiophene and dibenzothiophene hydrotreating

was conducted. The (Ni,Co)-Mo carbides and the corresponding (Ni,Co)-Mo nitride phases showed a catalytic activity higher than conventional

bimetallic (Ni,Co)-Mo sulfides. In addition, a study was done on the effect of the atomic ratios, i.e., 0.1 � M+/(M+ + Mo) � 0.9 where M+ stands

for Ni or Co, and the concentration of promoters such as phosphorous, which was a structural stabilizing agent. The catalytic performance of the

bimetallic NiMo and CoMo carbides and nitrides was studied using thiophene and dibenzothiophene hydrodesulfurization (HDS) as model

reactions at 623 K and P = 1 atm. The catalytic activity of the dispersed carbide and nitride phases on the alumina carrier was more significant than

that of the reference catalysts, alumina supported NiMo-S and CoMo-S. The metallic character of the NiMo and CoMo carbides was evidenced by

their higher hydrogenation activity in thiophene HDS, while the nitrides favored both hydrogenation and hydrogenolysis type reactions.

# 2005 Elsevier B.V. All rights reserved.

Keywords: NiMo and CoMo carbides; NiMo and CoMo nitrides; Thiophene HDS; Dibenzothiophene HDS; HDS catalysts NiMo; CoMo carbide; Nitrides;

Phosphorus promoters

www.elsevier.com/locate/cattod

Catalysis Today 109 (2005) 33–41
1. Introduction

Stricter environmental regulations have driven the reduction

of sulfur, nitrogen, and aromatics to a minimal level in fuels, a

trend that will continue worldwide in the coming years, i.e., a

target of about 15 ppm (0.0015 wt.%) in diesel by 2010 and

sulfur reduction in gasoline reaching about 50 ppm

(0.0050 wt.%) by 2006. Thus, in order to comply with these

norms, the oil industry has been improving the performance of

the hydrotreating (HDT) process, which is comprised of

hydrodesulfurization (HDS), hydrodenitrogenation (HDN),

hydrogenation (HYD), and hydrodemetallization (HDM). As
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the lower quality feedstock becomes more abundant or price

attractive for refinery operations, additional challenges arise

such as the transport and handling of heavier oil fractions, more

severe operation conditions (T, P), higher corrosion of the

refinery installations, catalyst deactivation and poisoning, etc.

[1–4]. Therefore, one way to face these challenges is to develop

catalysts that can better withstand the severe operation

conditions prevailing in the HDT of heavier gasoils. Thus,

the objective of the present study is to better understand the role

of novel ceramic phases in the HDS of hydrocarbons, which

could lead the way toward developing new catalysts with

enhanced performance for HDT. Thus, a multifunctional

approach was followed to consider the various individual

components, i.e., the support, the active phases, and the

promoters. In this respect, the refractory ceramic phases
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Table 1

Metallic atomic ratios and phosphorous content in the series of g-Al2O3

supported nitride and carbide catalysts

Catalyst (M+/M+ + Mo) Metal content

(atom/nm2)

Phosphorous

(wt.%)

Nitrides Carbides M+ Mo

M+-MoN-0.1 M+-MoC-0.1 0.31 2.8 –

M+-MoN-0.3 M+-MoC-0.3 1.17 2.8 –

M+-MoN-0.5 M+-MoC-0.5 2.80 2.8 –

M+-MoN-0.7 M+-MoC-0.7 6.53 2.8 –

M+-MoN-0.9 M+-MoC-0.9 25.2 2.8 –

M+-MoN-2.0 – 1.17 2.8 2.0

M+-MoN-1.5 – 1.17 2.8 1.5

M+-MoN-1.0 – 1.17 2.8 1.0

M+-MoN-0.5 – 1.17 2.8 0.5

– M+-MoC-2.0 2.8 2.8 2.0

– M+-MoC-1.5 2.8 2.8 1.5

– M+-MoC-1.0 2.8 2.8 1.0

– M+-MoC-0.5 2.8 2.8 0.5

Sulfides

NiMoS/Al2O3 1.17 2.8 1.69

CoMoS/Al2O3 1.19 2.8 1.70

M+ = Ni or Co.
composed of bimetallic phases of NiMo- and CoMo-carbides

and -nitrides dispersed on a carrier (gamma alumina) have been

studied with increasing interest [5,6]. This is due not only to

their high mechanical and thermal resistance, but also to the

fact that these materials possess a significant catalytic activity

for the hydrotreating of sulfur and nitrogen containing

hydrocarbons [6–10]. For instance, Mo and W carbides and

nitrides have demonstrated a performance for HDN and HYD

type reactions that is comparable to some reference catalysts

based on traditional NiMoS/Al2O3 [6,7]. However, some

studies demonstrated that the catalytic properties of those

refractory ceramic phases, i.e., (Ni,Co)-carbides and -nitrides,

are strongly dependent on the presence of active MoS or mixed

MoS/MoC surface layers. These layers may form under the

reaction conditions [8] on the top surface of the Mo carbide

phase, which may be responsible for the catalytic activity.

Furthermore, the catalytic activity of the single-phase Ni, Co,

and Mo carbides and nitrides seems closely related to their

crystal structure and crystallite size [8,9]. Thus, in this work, g-

Al2O3 supported bimetallic NiMo and CoMo carbides and

nitrides were synthesized, and the effects on their catalytic

properties were explored using the HDS of thiophene as a

model reaction. In particular, the effects of the atomic ratios and

concentration of promoters (P) were sought. Finally, the effect

of the phosphorus promoter was determined under high

pressure conditions using the HDS of dibenzothiophene as a

model reaction.

2. Experimental

The oxide precursors were prepared through incipient

wetness impregnation of alumina (Sg = 269 m2/g) using the

basic aqueous solutions with the appropriate salts at different

atomic ratios, from 0.1 to 0.9. The support was obtained by

calcining boehmite (CATAPAL) at 923 K with the precursor

salts being: Ni(NO3)2, Co(NO3)2, and (NH4)6Mo7O24�4H2O

(Aldrich-Chemie). Phosphorous was incorporated using aqu-

eous solutions of ammonium phosphate after drying the

impregnated solids at 393 K (Aldrich-Chemie). All the samples

were calcined at 773 K, and the metallic content in the samples

is reported in Table 1. The synthesis of the NiMo and CoMo

carbides and nitrides was carried out, as reported previously [8],

by means of ammonolysis of the impregnated materials using a

flow of NH3 before the carburization stage in order to form the

oxinitrides at 550 8C. At this temperature, a mixture of CH4/H2

was passed over the samples and the temperature was increased

up to 973 K, then it was maintained for 1 h until obtaining the

carbide phase. A similar procedure was used for the synthesis of

the nitride phases using only the ammonia flow. Afterwards,

samples were cooled down to room temperature and were

‘‘passivated’’ with flowing O2/He (<1% O2) to avoid the mass

oxidation of the solids. The catalysts were characterized by X-

ray diffraction (XRD) using a diffractometer, BRUKER-AXS,

model D8 ADVANCE. Nitrogen adsorption was performed

using an AUTOSORB-1 apparatus (QUANTA CHROME). The

catalysts were evaluated for the HDS of thiophene at 623 K,

P = 1 atm. Before the reaction, the materials were activated in
situ under H2 flow for 1 h at 673 K. Commercial HDS catalysts

(NiMoS/ and CoMoS/Al2O3) were used as reference catalysts.

The products were analyzed by gas chromatography, and the

reaction rate was calculated according to the equation Ra = FX/

m, where Ra is the HDS rate (mol g�1 s�1), F the thiophene

molar flow rate (mol s�1), X the thiophene conversion, and m is

the catalyst mass. This equation is reliable when the conversion

is lower than 15%. Also, previous work allowed the authors to

comply with the kinetic regime under the conditions used in this

study. The more active catalysts (atomic ratios = 0.3 and 0.5,

for nitrides and carbides, respectively) were tested in the HDS

of dibenzothiophene in a batch reactor (450 ml) at 593 K,

800 psi, and 2000 rpm. In this case, the solvent used was

hexadecane. The reaction products were mainly biphenyl and

cyclo-hexylbenzene, which were analyzed using gas chroma-

tography. The reaction rate constant was calculated from the

experimental data by considering a pseudo first order reaction

relative to DBT.

3. Results and discussion

3.1. Structural properties

Fig. 1 shows the X-ray diffraction patterns of the bimetallic

CoMo carbide phases supported on g-Al2O3, corresponding to

the atomic ratios [Co/(Co + Mo)] = 0.1, 0.3, 0.5, 0.7, and 0.9.

The characteristic peaks of the cobalt and molybdenum

carbides are not apparent because the main g-Al2O3 peaks

overlap within the same 2u interval. It is only at high metal

contents that some peaks become clearly outlined. Some of the

segregated carbide phases correspond to the molybdenum

carbide phase (b-Mo2C), which has a structure with hexagonal

symmetry (J.C.P.D.S. card No. 43-1144) in which some

characteristic peaks appear at 38.98, 448, and 74.38 (2u). Also, a
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Fig. 1. Diffraction patterns of CoMo carbide phases supported on g-Al2O3.

Fig. 3. Diffraction patterns of NiMo nitride catalysts supported on g-Al2O3.
smaller peak corresponding to the Mo oxides was detected after

a ‘‘passivation’’ treatment. Fig. 2 shows the XRD patterns

corresponding to the NiMo carbide series with the same atomic

ratios as the CoMo carbides. The XRD patterns of the samples

having a lower metal concentration did not exhibit significant

peaks; only the g-Al2O3 phase (J.C.P.D.S. card No. 04-0875)

was verified by the appearance of the typical XRD peaks at 388,
468, and 678 (2u). Also, a prominent XRD peak corresponding

to the Ni carbide was detected for the samples having an atomic

ratio equal to 0.3.

Figs. 3 and 4 show the XRD patterns of the NiMo and CoMo

nitride supported phases. All these diffraction patterns show the

segregation of the single metal nitride phases, i.e., Ni3N or

CoN, probably as a consequence of their distinct heats of

formation [10]. In spite of the support background in Fig. 3, the

crystalline Ni3N phase is apparent at 518 and 768 (2u).

Similarly, the XRD patterns of the CoMo nitride series show

the presence of a CoN nitride phase at the higher ratios, i.e.,
Fig. 2. Diffraction patterns of NiMo carbide catalysts supported on g-Al2O3.

Fig. 4. Diffraction Patterns of CoMo Nitrides catalysts supported on g-Al2O3.

Fig. 5. XRD patterns of g-Al2O3 supported CoMo and NiMo nitrides doped

with 2 wt.%P.
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Table 2

Surface areas of the (g-Al2O3)-supported CoMo and NiMo nitrides and carbides

CoMo catalysts Surface area

(m2/g)

Metal content

(wt.%/g support)

NiMo catalysts Surface area

(m2/g)

Metal content

(wt.%/g support)

Co Mo Ni Mo

CoMoN-0.1 227 0.63 9.14 NiMoN-0.1 192 0.54 7.85

CoMoN-0.3 226 2.34 8.95 NiMoN-0.3 187 1.97 7.55

CoMoN-0.5 224 5.39 8.6 NiMoN-0.5 193 4.71 7.56

CoMoN-0.7 220 11.5 7.91 NiMoN-0.7 210 11.04 7.62

CoMoN-0.9 212 32.7 5.81 NiMoN-0.9 208 30.71 5.47

CoMoC-0.1 254 0.70 10.11 NiMoC-0.1 247 0.68 9.86

CoMoC-0.3 248 2.54 9.71 NiMoC-0.3 239 2.45 9.40

CoMoC-0.5 244 5.8 9.25 NiMoC-0.5 199 4.84 7.76

CoMoC-0.7 109 6.32 4.35 NiMoC-0.7 153 8.47 5.85

CoMoC-0.9 105 20.15 3.57 NiMoC-0.9 157 26.88 4.79
Co/(Co + Mo) = 0.9. Also, a fluorescence effect was detected

during the XRD experiments, which arises from the presence of

cobalt in both the carbide and nitride phases.

Fig. 5 shows the XRD patterns of the supported NiMo- and

CoMo-nitrides which contain about 2 wt.%P and a high

metallic atomic ratio of approximately 0.9. The phosphorus

compounds are not detected at all by XRD because of their low

concentration. Also, the carbide phase is not shown in this

figure because the peaks are masked by the support phase; thus,

these results suggest that the carbides are highly dispersed on

the alumina carrier. Moreover, the XRD patterns in Fig. 5 show

the typical peaks of alumina together with the nickel and cobalt

nitride phases.

3.2. Textural properties

The textural properties of the series are displayed in Table 2,

where the complete range of atomic ratios is covered for both

CoMo and NiMo catalysts. The surface area corresponding to

the CoMo and NiMo nitride series was slightly lower than the

g-Al2O3 support, which is about 269 m2/g. Nevertheless, the

pronounced decrease in surface area sustained by the supported

carbides can be attributed to the increase in the metallic
Fig. 6. Variation of reaction rates with time-on-stream for the supported NiMo

nitride catalysts in the HDS of thiophene at 623 K and 1 atm.
concentration and to the formation of carbon fibers on the

surface, which was verified by transmission electron micro-

scopy observations [2,10–12].

3.3. Catalytic properties

3.3.1. Hydrodesulfurization of thiophene

The reaction rates for the NiMo and CoMo nitride series,

which were determined according to previous reports, are

illustrated in Figs. 6 and 7 [13,14]. The highest rate was

obtained with the NiMoN-0.3 catalyst, which was comparable

to the reference NiMoS/Al2O3 catalyst doped with phosphorous

(1.69 wt.%P). The CoMo nitride series showed a behavior

similar to the NiMo nitrides. In Figs. 6 and 7, one observes that

the catalytic activity of the nitrides varies inversely with respect

to the atomic metal ratios; thus, the HDS conversion increases

for those nitride materials having the lesser atomic ratios. This

behavior could be attributed to the formation of crystal clusters,

as shown by the XRD results. Also, at the beginning of the

catalytic reaction, the materials having an atomic ratio around

0.3 had the highest activity. In particular, in the CoMo and

NiMo nitride series the NiMoN-0.3 catalysts were more active

than the CoMoN-0.3. On the other hand, Fig. 8 shows a
Fig. 7. Variation of reaction rates with time-on-stream for the supported CoMo

nitride catalysts in the HDS of thiophene at 623 K and 1 atm.
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Fig. 8. Variation of reaction rates with time-on-stream for the NiMo supported

carbide catalysts in the HDS of thiophene at 623 K and 1 atm.

Fig. 10. Selectivity of CoMo and NiMo supported nitride catalysts in the HDS

of thiophene.
comparison of the various reaction rates as a function of the

time-on-stream, corresponding to the NiMo carbide series and

the NiMoS/Al2O3 reference catalysts. For the NiMoC/Al2O3

carbide series, the most active catalyst was NiMoC-0.7, but in

general, the catalytic activity of the carbide catalysts was

superior to that of the alumina sulfided catalysts. There is a

possibility that binary phases could be formed between the

metal sulfides and carbides, which would further contribute to

the enhanced activity. However, the XRD analysis of the

catalysts after the reaction test did not show the sulfided phases

to be present [15]. Fig. 9 shows the variation of the activity with

time-on-stream corresponding to the CoMo carbide type

catalysts, where one observes that their activity level is very

similar to the supported nitride phases at the same level of metal

concentration. However, there seems to be a lesser activity than

that of the bimetallic sulfides (Fig. 9). The catalysts with atomic

ratios equal to 0.1 and 0.7 did not show any activity under the

conditions used. Overall, the most active catalysts for thiophene

HDS (Fig. 10) were the supported bimetallic NiMo and CoMo

nitrides; two sets appear, separated from each other by the

highest and the regular activity level. If one compares the
Fig. 9. Variation of reaction rates with time-on-stream for the CoMo supported

carbide catalysts in the HDS of thiophene at 623 K and 1 atm.
selectivity values at the same conversion level for all the

samples, it is apparent that the hydrogenation activity of the

nitride series prevails over the one corresponding to the NiMoS/

Al2O3 catalysts. The supported NiMoN and CoMoN catalysts

series showed a significant hydrogenation and hydrogenolysis

activity, with a higher selectivity toward the formation of n-

butane and olefins, i.e., cis-2 butane, trans-2 butene, and 1-

butene [14]. However, the supported carbides were more prone

to hydrogenation, which is attributed to their proper structural

arrangements and metallic character [10,16,17]. The supported

carbide series showed a selectivity mainly toward n-butane

(i.e., Figs. 11 and 12), while the proportion of the other

products, like the ones derived from cracking or the branched

double and tri-bonded hydrocarbons, are minor. Also, the

NiMoN-0.3 and NiMoN-0.5 catalysts, similarly to the NiMo

sulfides, were the only ones in the series that favored both

hydrogenation and hydrogenolysis, although some specific

compositions in both series, i.e., the NiMo-0.5 bimetallic

carbides and nitrides, have a significant activity level for HDS

type reactions.

3.3.2. Hydrodesulfurization of dibenzothiophene

In order to verify whether or not a correlation exists between

the carbides and nitrides used in the HDS of dibenzothiophene,

four series of materials were prepared and tested for their

catalytic activity, corresponding to atomic ratios of 0.3 and 0.5

for nitrides and carbides, and a phosphorous composition
Fig. 11. Selectivity of supported CoMo carbide catalysts in the HDS of

thiophene.
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Fig. 12. Selectivity of supported NiMo carbide catalysts in the HDS of

thiophene.

Fig. 14. Variation of conversion with time-on-stream in the HDS of DBT for the

supported CoMo carbide catalysts with different phosphorus content at 593 K

and 800 psi.
varying between 0.5 and 2.0 wt.%. The results obtained with

the nickel-molybdenum carbide series (i.e., NiMoC-2, 1.5, 1,

and 0.5 wt.%P) are illustrated in Fig. 13. There, one observes

that the NiMoC-1.5 wt.%P catalyst showed the highest

conversion (about 22%) with respect to this series, the main

product being biphenyl (BP). Also, the CoMo carbide series

showed that the catalyst having 1.5 wt.%P, CoMo-1.5,

presented the highest conversion (about 15%) after 8 h on

stream, although it did not follow a pseudo first order kinetics,

as observed in Fig. 14. According to the current literature, the

catalysts having a phosphorous content similar to commercial

catalysts, i.e., 1.5–1.69 wt.%P, show a similar behavior in the

HDS of DBT; this suggests that a synergism occurs between the

active phases, regardless of the anionic component in the

bimetallic compounds, i.e., carbides, nitrides, or the sulfided

phases. On the other hand, Fig. 15 shows the variation of the

conversion (HDS) of DBT that corresponds to the supported

NiMo nitride series (NiMoN-2, 1.5, 1, and 0.5 wt.%P); there,

one observes that the highest conversion is shown by NiMoN-

1.5 wt.%P, at about 50% conversion, after 8 h on stream. A

similar behavior was observed with other catalysts in this series

that had the same phosphorous content. The lower activity level

was shown by the catalysts having a phosphorous loading of

2 wt.%, which can be attributed to the excess concentration of

phosphorous on the surface of these solids. This excess could
Fig. 13. Variation of conversion with time-on-stream in the HDS of DBT for the

supported NiMo carbide catalysts with different phosphorus content at 593 K

and 800 psi.
favor the formation of crystalline phosphates that may cause a

decrease in the surface area due to the pores blockage [18,19].

Furthermore, the presence of the phosphate ions could change

the nature of both nickel and molybdenum phases at the surface

level, but the overall amount of these phosphate compounds is

too small to be identified by XRD.

In contrast with the previous cases, the first catalyst in the

nitride series, CoMoN-0.5 wt.%P, showed the highest activity

level, 17% after 8 h on stream; the CoMoN-1.5 wt.%P

presented a conversion smaller than that of CoMoN-2 wt.%P

(i.e., 12% conversion). On the other hand, Table 3 illustrates the

reaction rates that were calculated as the DBT disappears,

considering a pseudo first order equation. In the series of NiMo

carbides (i.e., NiMoC-2, 1.5, 1, and 0.5 wt.%P), the catalytic

activity had a similar magnitude, although the NiMoC-1.5

catalyst, being 2.8 times more active than the NiMo-1.0

catalyst, showed the highest activity. Similarly, the CoMo

carbides presented the same behavior when they had the same

phosphorous concentration (1.5 wt.%P). This catalyst was 5.25

times greater than the least active catalyst in the series (i.e.,

CoMoC-2.0). In turn, in the nitride series, the P-promoted
Fig. 15. Variation of conversion with time-on-stream in the HDS of DBT for the

supported NiMo nitride catalysts with different phosphorus content at 593 K

and 800 psi.
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Table 3

Effect of phosphorous content on pseudo first order rate constants for HDS of

DBT on NiMo and CoMo carbide and nitride species, at 593 K and 800 psi

Catalysts k � 10�4

(m3/kg

catalyst min)

Catalysts k � 10�4

(m3/kg

catalyst min)

NiMoC-2.0%P 2.14 CoMoC-2.0%P 0.24

NiMoC-1.5%P 4.06 CoMoC-1.5%P 1.26

NiMoC-1.0%P 1.44 CoMoC-1.0%P 0.61

NiMoC-0.5%P 2.76 CoMoC-0.5%P 0.35

NiMoN-2.0%P 0.07 CoMoN-2.0%P 1.09

NiMoN-1.5%P 6.66 CoMoN-1.5%P 0.97

NiMoN-1.0%P 5.20 CoMoN-1.0%P 0.81

NiMoN-0.5%P 5.61 CoMoN-0.5%P 1.89

Fig. 17. Products yield as a function of conversion for the supported NiMoC-

1.0%P in the HDS of DBT at 593 K.

Fig. 18. Products yield as a function of conversion for the supported CoMoC-

1.0%P in the HDS of DBT at 593 K.
catalysts (i.e., NiMoN-2, 1.5, 1, and 0.5 wt.%P) exhibited a

profile similar to that of the carbide series; however, the NiMoN

catalysts were more active for the HDS of DBT. In fact, the

catalyst NiMoN-1.5 was twice as active as its closest follower

in the same series. In general, the CoMo based nitride catalysts

showed a lesser activity than all the other series (Fig. 16).

The composition of the reaction products changed with the

composition of the bimetallic nitrides and carbides. For

example, the biphenyl and cyclo-hexylbenzene (CHB) were

two reaction products, the former being more common, but the

latter appeared only in the presence of the NiMoC-1.0 catalyst.

A similar behavior was shown by the carbide series (Fig. 17).

The BP can be formed directly by the hydrogenolysis of C–S

bonds, but the CHB may be derived from three pathways: the

hydrogenation of BP, the desulfurization of tetra-hydrodiben-

zothiophene (THDBT), or the desulfurization of hexa-hydro-

dibenzothiophene (HHDBT). The latter compound does not

appear among the products [20], which could indicate that the

desulfurization rate is faster than the hydrogenation rate.

Fig. 18 illustrates the behavior of the CoMoC-1.0 catalyst,

which represents the behavior of the supported carbides, where

the selectivity was mostly oriented towards BP, but where a

small amount of CHB forms as well. The NiMoN-1.5 and

CoMoN-1.0 catalysts representing the NiMo and CoMo

nitrides series (Figs. 19 and 20, respectively) shows that bi-
Fig. 16. Variation of conversion with time-on-stream in the HDS of DBT for the

supported CoMo nitride catalysts with different phosphorus content at 593 K

and 800 psi.

Fig. 19. Products yield as a function of conversion for the supported NiMoN-

1.5%P in the HDS of DBT at 593 K.
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Fig. 20. Products yield as a function of conversion for the supported CoMoN-

1%P in the HDS of DBT at 593 K.
cyclohexyl (BCH) was formed in addition to BP and CHB,

which indicates that there is no deep hydrogenation of di-

benzothiophene through the formation of per-hydrodiben-

zothiophene to produce bi-cyclohexyl as described elsewhere

[21]. In general, these results suggest that the nitride type

catalysts were more active and highly selective toward sulfur

removal. The reaction seems to take place by the direct C–S

hydrogenolysis of dibenzothiophene to biphenyl before the

DBT hydrogenation, followed by the sulfur removal.

4. Conclusions

The synthesis of supported NiMo and CoMo carbides was

carried out by the ammonolysis and subsequent carburization of

the metal phases from methane decomposition onto dispersed

metal salts impregnated by the g-Al2O3 support. The NiMo and

CoMo nitride series were prepared by direct ammonolysis. The

XRD characterization of the Ni-Mo and Co-Mo carbides and

nitrides showed a segregation of phases, i.e., b-Mo2C and NiC

in the carbide systems, and Ni3N and CoN in the nitride

systems. This segregation is a consequence of the distinct heats

of formation of these carbide phases [10], and this causes the

catalysts to consist of both mixed Ni-Mo and Co-Mo phases

together with single Ni, Mo, and Co carbides and nitrides,

respectively. However, the formation of small crystals of metal

carbides and nitrides supported on the alumina carrier might

lead to the loss of surface area, most probably due to pore

blockage. In the HDS of thiophene, the catalytic properties of

the dispersed refractory phases were generally outstanding with

respect to the reference catalysts based on NiMoS/Al2O3. In

particular, these effects were more evident in the series of NiMo

carbide and nitride catalysts whose atomic ratios were equal to

0.5 and 0.3, respectively. Both series showed a significant

activity level for hydrogenation and hydrogenolysis reactions;

consequently, these were more selective toward the formation

of n-butane and olefins from the HDS of thiophene. In general,

the catalytic behavior of the unsupported single-phase carbides

and nitrides is attributed mainly to their particular electronic
structure in which the carbon and nitrogen atoms occupying the

interstices should contribute to the unit cell parameter’s

expansion (i.e., hexagonal close-packed or body centered cubic

for Mo carbides and Mo nitrides, respectively) and add

electrons to the d-orbitals, thus enhancing the metallic

character of the transition metal carbides/nitrides. However,

the supported bimetallic NiMo and CoMo carbides and nitrides

are more complex systems by far with respect to the

unsupported single-phase counterparts, and, at present, they

have not been fully characterized. This complexity increases if

one considers the possible inclusion of oxygen atoms inside the

lattice, thus forming oxycarbides or oxynitrides. In addition, as

the segregation of single phases occurs, the effects of a specific

type of active sites are masked. Therefore, at this point the

present work is limited to the exploration of the catalytic

behavior with respect to thiophene and dibenzothiophene HDS

only; however, the general features of the catalysts such as the

texture and crystallographic structure are provided in order to

search for a correlation between these data and further studies.

Also, it was observed that the catalysts containing 1.5 wt.%P

were more active, with the exception of the case of CoMo

nitrides, thus indicating that phosphorous is acting like a

promoter as it does it in the metal sulfides (i.e., NiMoS and

CoMoS). One of the promoting functions of phosphorus

consists in favoring metal dispersion (i.e., Ni, Co, and Mo), thus

increasing the number of oxide type nuclei that play the role of

precursors for the formation of small carbide and nitride

crystals. In turn, the dispersion of these metal precursors

depends on the synthesis conditions. Although higher amounts

of P are generally favorable for the catalytic activity of

conventional catalysts, a content of phosphorous greater than

2 wt.% provoked deleterious effects on the catalytic perfor-

mance of the refractory phases, possibly due to the formation of

alternate phosphates on the top surface of the solids. Also, it

was observed that the selectivity toward the formation of

biphenyl occurred through the direct desulfurization of DBT,

but a small amount of other products such as cyclo-

hexylbenzene and bi-cyclohexyl also formed. This behavior

coincides with the one observed for the NiMoS/Al2O3 and

CoMoS/Al2O3 systems, which has been explained as the result

of the formation of some promoted species like MoS, when Ni

and Co are present in a form such as CoMo-S or NiMo-S. The

selectivity in these cases seems substantially different to the one

observed in the non-promoted systems.
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