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An unsupported γ -Mo2N catalyst was prepared to perform si-
multaneous HDS of benzothiophene and HDN of indole, as well
as HDS in the presence/absence of NH3 and HDN in the pres-
ence/absence of H2S. Pre- and postreaction catalysts were charac-
terized using XPS, TPD, TPR, XRD, and BET techniques. While
ethylbenzene was the only major hydrocarbon product from ben-
zothiophene HDS throughout the temperature range tested (200–
380◦C), C6–C8 alkylbenzenes and alkylcyclohexanes were observed
from indole HDN. The presence of sulfur compounds changed the
products of indole HDN from primarily aromatics to cyclohexanes.
In the presence of sulfur compounds, the product distribution from
indole reaction over the Mo nitride catalysts was similar to that over
a sulfided Mo/γ -Al2O3 catalyst. Postreaction XPS measurements
showed a pronounced decrease in N content and the presence of
MoS2 over the Mo nitride surface. The findings of this study sug-
gest that the bulk of the postreaction Mo nitride catalyst was still
in the Mo2N structure and that it acted as a support for the MoS2

phase, which in turn, controlled the catalytic performance. c© 1997

Academic Press

INTRODUCTION

Molybdenum nitride has been found to be a promising
catalyst for hydrotreating (1–18), especially HDN reactions
(1, 3–11, 13–18). Some of the studies related to the prepara-
tion, characterization, and reaction studies of Mo nitrides
in hydrotreating catalysis have been reviewed recently (19).
In contrast to the much more extensive literature that exists
on hydrotreating catalysis over sulfide catalysts (20), much
less information is available about the working mechanism
of Mo nitride catalysts under practical hydrotreating con-
ditions, since most of the publications reported the prelim-
inary tests on HDN activity of nitride and carbide catalysts.
A key question about the commercial application of Mo
nitrides in hydrotreating is whether the Mo nitride struc-
ture is stable enough under typical hydrotreating reaction
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conditions, where sulfur compounds are inevitably present
and the Mo sulfide phase is thermodynamically more sta-
ble (20). Although some of the more recent tests of Mo
nitrides in hydrotreating reactions have been carried out
with sulfur-containing mixtures (15–18), additional studies,
including postreaction catalyst characterization are needed
to help answer this question.

There are a few articles in the literature which report the
postreaction characterization of Mo nitrides after being ex-
posed to sulfur-containing media (2, 15, 18, 21), and there
does not seem to be a general consensus about the changes
taking place on the catalyst surface. X-ray diffraction pat-
terns and laser–Raman spectra of Mo2N catalysts which
were sulfided and used in thiophene HDS for 24 h showed
that the bulk structure of topotactic Mo2N was retained
and that there was no evidence of MoS2 formation (2). The
XPS measurement of a Mo2N catalyst which was used in the
hydrotreatment of a mixed feed containing N, S, O, and hy-
drocarbon model compounds showed the presence of small
amounts of sulfide over the catalyst (15). The XPS data of
Nagai et al. (21) for a nitrided Mo/Al2O3 catalyst which was
used in dibenzothiophene HDS reaction showed that the
surface of the spent catalyst was covered with sulfur, which
caused the activity of the nitrided catalyst to approach that
of the sulfided catalyst.

While differing views are reported in the literature about
the changes on the catalyst surface due to sulfur exposure,
the catalytic properties of Mo nitrides, in general, were
found to be strongly affected by the presence of sulfur com-
pounds. In the absence of sulfur compounds, Mo nitrides
were found to be quite active for HDN and to have bet-
ter C–N bond hydrogenolysis selectivities (less hydrogen
consumption) than that of conventional sulfided Co–Mo or
Ni–Mo HDN catalysts (1, 5, 7, 9). In the presence of sulfur
compounds, however, this conclusion was no longer valid.
It was reported that a Mo2N catalyst, which showed a high
initial activity for quinoline HDN, was completely deacti-
vated after being exposed to a thiophene-containing feed
for 1.5 h (9). There were also reports which showed that, in
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the presence of H2S, the product selectivity shifted signif-
icantly towards hydrogenation products while the activity
remained constant during the HDN of pyridine (5) or HDN
of quinoline (1) over Mo2N catalysts. For quinoline HDN
in the presence of sulfur compounds, product distribution
approached that of a commercial sulfided Ni–Mo/Al2O3 hy-
drotreating catalyst (1) and the proposed quinoline HDN
reaction network was also similar to that over the sulfide
catalysts (15). For the hydrotreatment of feedstocks con-
taining comparable amounts of sulfur and nitrogen com-
pounds, Mo2N catalysts did not appear to outperform com-
mercial Ni–Mo sulfide catalysts (15–17).

While five-membered nitrogen heterocycles account for
about two-thirds of the total nitrogen content in petroleum
crude (20), for the Mo nitride system there are no reports
on the HDN of five-membered nitrogen heterocyclic model
compounds in the presence of sulfur compounds. The ob-
jective of the work presented in this article has been in-
vestigation of the HDN of indole, a typical five-membered
nitrogen heterocyclic model compound, over unsupported
Mo nitride catalysts. In an effort to gain insight into the
reaction network and the active phase structure of these
catalysts under different HDN/HDS reaction media, the
reaction of indole was studied in the absence and the pres-
ence of H2S and benzothiophene. HDS of benzothiophene
in the presence versus in the absence of NH3 was also stud-
ied. Postreaction characterization of the catalysts was per-
formed mainly by using XPS without any air exposure. The
reaction data and the postreaction characterization of the
Mo2N catalyst were also compared with those of a sulfided
20% MoO3/γ -Al2O3 catalyst.

METHODS

The unsupported γ -Mo2N catalyst was prepared by
temperature-programmed reductive nitriding of ultrahigh
purity MoO3 (Alfa AESAR, 99.9995%) in a flow of pure
NH3. The loading of MoO3 precursor was 2 g and the flow
rate of ammonia was 195 cm3(STP)/min. After a rapid heat-
up of the MoO3 sample to 325◦C, a ramp rate of 0.4◦C/min
was used to increase the temperature to 515◦C which was
followed by a 1-h dwelling at this temperature. Then the
sample was heated up to 700◦C at a rate of 1◦C/min and
kept at the final temperature for 30 min. The synthesized
γ -Mo2N was then cooled down to room temperature. Fol-
lowing the cooling stage, the flow was switched from ammo-
nia to helium to flush the reactor tube. Finally, the catalyst
was passivated with 30 cm3(STP)/min of 1% O2 in He for
24 h. The catalyst was used in the reactor in powder form.
Prior to all reaction studies, the catalyst was activated in situ
at 400◦C with 30 cm3(STP)/min of H2 for 12 h.

The sulfided 20% MoO3/γ -Al2O3 catalyst used for the
comparison was prepared by wet co-impregnation of
γ -Al2O3 with aqueous solutions of ammonium hepta-

molybdate. Prior to the reaction studies, the catalyst was
sulfided in situ at 400◦C with 10% H2 in H2S for 10 h. The
details of the preparation and the characterization of this
γ -Al2O3-supported sulfide catalyst were presented previ-
ously (22, 23).

The Mo nitride catalysts were characterized using
BET surface area, XRD, SEM, XPS, and temperature-
programmed desorption and reduction techniques. The
BET surface areas were measured with a Micromeritics
AccuSorb 2100E instrument. Prior to the BET surface
area measurement, the passivated γ -Mo2N catalyst was de-
gassed at 200◦C for 12 h. XRD patterns were obtained
using a Scintag PAD-V diffractometer with Cu Kα radia-
tion (λ = 1.5432 Å). SEM images were obtained using a
JEOL XPD-2500 scanning electron microscope. The X-
ray photoelectron spectrometer used for this work was a
V. G. ESCALAB Mark II operated at 14 kV and 20 mA
with Mg Kα radiation. Binding energies were referenced
to C1s of 284.6 eV. The pressure at the XPS chamber was
10−9 Torr.

TPD/TPR experiments were performed in a built-in-
house apparatus which was previously described (24). The
sample was pretreated under vacuum at 200◦C for 2 h for
TPD and at 500◦C for 1 h for TPR. After cooling to room
temperature under vacuum, a 50 cm3(STP)/min flow of he-
lium (TPD) or 10% hydrogen in helium (TPR) was initi-
ated over the catalyst material. The temperature was then
raised linearly at 15◦C/min (TPD) or 5◦C/min (TPR) to
950◦C. The reactor effluent composition was continuously
monitored as a function of sample temperature by a mass
spectrometer (Hewlett-Packard, MS Engine 5989A).

Catalytic reaction studies were carried out in a stainless
steel flow system equipped with mass flow controllers for
accurate flow delivery and on-line gas chromatography for
feed and product stream analysis. The fixed-bed reactor was
made out of 4-mm ID stainless steel tubing. The ends of the
reactor tube were equipped with plug valves to allow re-
moval of the reactor tube from the reaction system and
air-free transfer to the XPS apparatus. The on-line GC (HP
5890A) was equipped with a 0.53-mm ID fused silica (HP-1)
capillary column and a flame ionization detector. The prod-
ucts were identified by GC-MS analysis in conjunction with
the injection of pure compounds. A more detailed descrip-
tion of the reaction apparatus has been reported previously
(25).

Reaction experiments were conducted at a temperature
range of 200–380◦C and 100 psig (0.78 MPa) pressure with
0.023% (mol) indole and benzothiophene (BT) each in hy-
drogen. In the case where NH3 or H2S was present in the
feed, their concentrations were kept at 0.475% (mol) each
in H2. The total gas flow rate was 30 cm3(STP)/min. The
catalyst loading in the reactor for each run was kept con-
stant at 40 mg for the unsupported Mo nitride catalyst and
303 mg for the supported Mo sulfide catalyst. The different
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catalyst loadings used for the nitride and the supported sul-
fide catalysts were to achieve the same conversion levels
for a valid comparison.

It was verified, by running the experiment at several dif-
ferent gas flow rates, that under the conditions reported
here, the reactions were controlled kinetically and were not
limited by mass transfer. Also, calculations made accord-
ing to Weisz–Prater criterion showed that diffusion limita-
tions did not play a role in our system. Activity data were
collected after steady state was reached (∼4 h). The crite-
rion for steady state was established through monitoring the
product distribution and the conversion level. The average
of carbon balances for all reaction runs was 100 ± 5%.

X-ray photoelectron spectra were taken for fresh and
post-HDN and HDS reaction catalysts without air expo-
sure. The postreaction analysis was done after the catalysts
were kept on stream for 24 h. Following activation and/or
reaction, the catalysts were flushed with helium at reaction
temperature for 30 min and then cooled down to room tem-
perature under He flow. The catalysts were then sealed us-
ing valves located on both ends of the reactor tube. The re-
actors were taken to an argon-atmosphere glove box where
the catalysts were removed and were mounted to the XPS
sample holders. The samples were then transferred to the
XPS chamber via the sample transfer chamber which allows
air-free transportation.

RESULTS

Catalyst Characterization

The BET surface areas were 93 and 165 m2/g for the Mo
nitride and the 20% MoO3/γ -Al2O3 catalysts, respectively.
The XRD patterns of the passivated, activated, and postin-
dole HDN reaction Mo nitride catalysts were similar and
all exhibited a predominantly γ -Mo2N structure with small
amounts of MoO2 present.

The TPD profiles of the passivated Mo nitride catalyst
are presented in Fig. 1. As shown in the figure, there is a
broad N2 desorption feature covering the range from 240 to
500◦C. This feature is likely to be due to the loss of nitrogen
from the surface/subsurface. The more intense N2 desorp-
tion peak which starts around 500◦C and reaches a maxi-
mum at 710◦C might indicate loss of nitrogen from the cata-
lyst lattice. The TPD profiles also showed desorption peaks
of NH3 and H2O around 330 and 420◦C, respectively. The
TPD experiments were not designed to detect hydrogen
elution. Therefore, no attempt was made to demonstrate
the possible existence of hydrogen in the nitride matrix, as
suggested in the literature earlier (5).

Based on the observations from the TPD experiments, a
degassing treatment at 500◦C was performed prior to the H2

TPR experiments to remove all the adsorbed NH3 and H2O
species. Therefore, it is expected that any NH3 or H2O that
evolves up to 500◦C during the TPR experiments is a result

FIG. 1. TPD profiles of the passivated Mo nitride catalyst.

of the reduction reaction and is not due to the desorption
of NH3 and H2O which are left on the surface from the
preparation or from air exposure.

The results from TPR of the passivated Mo nitride are
presented in Fig. 2. The H2O signal showed a major peak

FIG. 2. H2 TPR profiles of the passivated Mo nitride catalyst.
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FIG. 3. XRD patterns of the Mo nitride catalyst: (A) after passivation;
(B) after H2 activation at 400◦C; (C) after H2 TPR to 795◦C; (D) after H2

TPR to 950◦C.

with a maximum temperature around 410◦C and a shoul-
der between 130 to 300◦C. There was a second H2O evolu-
tion peak with an onset temperature of 680◦C and a maxi-
mum temperature of 790◦C. The H2 TPR also featured an
NH3 peak with an onset temperature of 420◦C and a maxi-
mum temperature of ca 530◦C. At the same temperature
(ca 530◦C), where ammonia evolution reached the peak
maximum, N2 evolution began and continuously gained in-
tensity. There was a second small N2 feature between 700
and 840◦C. These first two N2 features were much smaller
than the N2 peak which started at 840◦C. The intensity of
this N2 peak reached a maximum around 910◦C and went
down to baseline at 950◦C.

To determine the catalyst phase structure during and af-
ter the H2 TPR, X-ray diffraction experiments were per-
formed over the two post-TPR catalyst samples. The first
sample was subjected to TPR up to 795◦C; then the reduc-
tion process was interrupted and the catalyst was taken to
the XRD chamber. The XRD pattern of this sample showed
that the structure of the catalyst was still γ -Mo2N, but the
MoO2 impurity had disappeared. The second XRD experi-
ment was carried out over the catalyst which had completed

the reduction at 950◦C. The XRD pattern of this sample
showed the characteristics of Mo metal. The XRD patterns
of the Mo nitride catalyst after passivation, after H2 activa-
tion at 400◦C, after H2 TPR to 795◦C, and after H2 TPR to
950◦C are shown in Fig. 3.

When the XPS result of the passivated Mo nitride cata-
lyst is examined (Fig. 4), it is found that the surface mainly
consisted of Mo2N and MoO3. The observed Mo6+ shoul-
der has exactly the same Mo3d3/2 B.E. at 235.5 eV which we
obtained previously for MoO3 in both γ -Al2O3 supported
(22, 23) and unsupported (26) Mo catalysts. The Mo3d5/2

B.E. for the Mo nitride is 228.8 eV, which is the same as in
MoS2 (23, 26).

Based on the XRD and XPS results, it can be concluded
that the first water signal observed at 410◦C in the TPR
profile corresponds to the removal of the oxygen in the ox-
ide layers formed during passivation and air exposure. The
second major H2O feature at 790◦C, on the other hand,
can be concluded to correspond to the H2 reduction of the
MoO2 phase, which was left behind from the synthesis pro-
cedure. The ammonia peak at 530◦C could be attributed to
the H2 reduction of Mo nitride, starting with the surface.
As noted earlier, the nitrogen signal begins to rise as the
ammonia signal reaches a maximum and starts to decrease.
According to our previous ammonia TPR results (24), NH3

begins to decompose to H2 and N2 when T ≥ 500◦C. There-
fore, it is very likely that the first N2 peak which starts to
gain intensity as the NH3 signal begins to subside is due
to the decomposition of NH3 formed during the reduction
and it reaches a broad maximum at ca 640◦C. The second
small N2 evolution feature between 700 and 840◦C, accord-
ing to the TPD results in Fig. 1, could be assigned to the

FIG. 4. XPS spectra of the Mo3d region for the passivated Mo2N
catalyst.
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loss of lattice nitrogen by heating. After this N2 evolution,
the catalyst still maintains the γ -Mo2N structure, as seen in
X-ray diffraction, although it is highly probable that the par-
tial loss of nitrogen from the lattice could be forming some
vacancies or more accurately nitride phases with varying
stoichiometries. The strong N2 evolution peak at 910◦C is
clearly due to the complete transformation of the Mo2N
phase into Mo metal phase, as seen in the post-TPR X-ray
diffraction pattern. SEM images obtained from this sample
showed a highly porous, sponge-like structure.

Reaction Studies

Activity and product distribution in HDS and HDN over
molybdenum nitride. The reaction data were expressed in
terms of observed conversion rate and observed product
formation rates, all in the units of 10−9 moles per minute
per m2 of catalyst, [nmol/(min · m2)]. The conversion rate
is defined as the number of moles of reactant converted
per unit time per unit surface area of the catalyst. For the
unsupported Mo nitride catalyst, the feed rates for both BT
and indole were around 80 nmol/min · m2. For the alumina-
supported Mo/catalyst, the feed rates of the heteroatom
compounds were 6 nmol/min · m2.

Benzothiophene HDS over the γ -Mo2N catalyst pro-
duced predominantly ethylbenzene (EB) and very small
amounts of ethylcyclohexane (ECH). S-containing inter-
mediates during BT HDS included 2,3-dihydrobenzothio-
phene (DHBT) and trace amounts of 2-ethylthiophenol.
Figure 5 depicts the BT conversion rate as well as EB and
DHBT production rates under the conditions, where BT
was fed alone or co-fed with NH3 or indole. Also shown in
this figure is the variation of these rates with temperature.
At 200◦C the BT conversion rate was relatively low and
DHBT appeared to be the major product. When the tem-
perature was increased to 260◦C, BT desulfurization was
nearly complete and the EB production rate was close to
the BT conversion rate in the absence of NH3 or indole.

At temperatures ≤260◦C, the presence of NH3 in the feed
resulted in a lower BT conversion rate and much higher
DHBT and thus lower EB production rates. The influence
of NH3 on BT reactivity was insignificant when T ≥ 320◦C.
However, it is worth mentioning that, while some ECH was
produced (∼1%) in the absence of NH3, the selectivity to-
wards EB was almost 100% in the presence of ammonia.
The inhibition effect of indole on BT conversion was more
severe than that of NH3 and was significant for tempera-
tures up to 320◦C. DHBT was detected even at 380◦C for
simultaneous HDS of BT and HDN of indole.

The major N-containing intermediates that appeared
during the HDN of indole were indoline (HIN) and C6–C8

o-alkylanilines. When comparing the indoline/indole mole
ratio with that of theoretical thermodynamic equilibrium
calculations (27), it was found that, the indoline/indole
mole ratio was less than the equilibrium value when H2S

FIG. 5. Benzothiophene conversion rate and product formation rates
over the Mo2N catalyst for three different reaction media: 0.023% BT;
0.023% BT + 0.475% NH3; 0.023% BT + 0.023% indole.

was not present and was close to that value when H2S was
present.

The hydrocarbon products of indole HDN observed in
this work include mainly C6–C8 alkylbenzenes, alkylcyclo-
hexanes, alkylcyclohexenes, and trace amounts of alkylcy-
clopentanes and o-xylene. The distribution of products was
found to be a strong function of reaction media and temper-
ature. The formation rates of hydrocarbon products from
indole HDN in the presence of benzothiophene were es-
timated by deducting those which result from benzothio-
phene HDS. It is assumed that the hydrocarbons from BT
HDS were 99% ethylbenzene and 1% ethylcyclohexane.

Figure 6 shows the variation of indole conversion rate
and HDN rate with temperature in three different reaction
media. The most important observation from this figure is
that the indole HDN rate was much lower than its conver-
sion rate in almost every case. As seen in the figure, the
Mo2N catalyst did not show appreciable denitrogenation
activity at temperatures ≤320◦C. Nearly complete nitrogen
removal was observed only in the absence of sulfur com-
pounds at 380◦C. The presence of H2S resulted in a slightly
higher HDN rate at temperatures ≤320◦C, but a signifi-
cantly lower HDN rate at 380◦C. The presence of the same



        

HDS/HDN OVER Mo2N 299

FIG. 6. Indole conversion and HDN rates over the Mo2N catalyst for
three different reaction media: 0.023% indole; 0.023% indole + 0.475%
H2S; 0.023% indole + 0.023% BT.

concentration of benzothiophene with indole appeared to
have a severe inhibition effect on indole HDN at all tem-
peratures tested.

Figure 7 shows the effect of reaction media on the ex-
tent of saturation of the hydrocarbon products from indole
HDN, by comparing the production rates of three aromat-
ics (benzene, toluene, and EB) versus total hydrocarbons
(C6+) at two different temperatures. In the absence of sulfur
compounds, the rate for aromatics was only slightly lower
than that of the total hydrocarbons. However, in the pres-
ence of sulfur compounds the production rate of aromatics
was much lower than that of the total hydrocarbon products,
indicating extensive hydrogenation of the benzene ring of
indole under these conditions.

Figure 8 shows the distribution of the three major
aromatic products (benzene, toluene, ethylbenzene), and
the three cyclohexanes (cyclohexane, methyl cyclohexane,
ethylcyclohexane), from indole conversion in three differ-
ent reaction media at 320 and 380◦C. At 320◦C, EB was the
major unsaturated product regardless of the reaction me-

FIG. 7. Variation of the production rates of the unsaturated hydrocarbons and total hydrocarbons (C6+) with reaction media from indole HDN at
320 and 380◦C over the Mo nitride catalyst.

FIG. 8. Variation of the production rates of the major unsaturated
and saturated hydrocarbons with reaction media from indole HDN at 320
and 380◦C over the Mo nitride catalyst.

dia. At 380◦C, however, the trend was different, depend-
ing on the medium. While EB still had the highest forma-
tion rate among the three aromatics when H2S or BT was
present, both toluene and benzene showed higher produc-
tion rates than EB in the absence of sulfur compounds, with
toluene becoming the major product. When the produc-
tion rates of alkylcyclohexanes, i.e., cyclohexane, methyl-
cyclohexane, and ethylcyclohexane, are compared for the
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FIG. 9. Variation of the three C8 hydrocarbon production rates with
reaction media from indole HDN at 320 and 380◦C over the Mo nitride
catalyst.

three different reaction media, it is seen that these products
were important only when sulfur compounds are present
and ECH was the predominant alkylcyclohexane product
among them.

Figure 9 shows the distribution of the major C8-hydro-
carbon products, i.e., ECH, EB, and ethylcyclohexene
(ECHE), from indole HDN in different reaction media.
As seen previously, the presence of sulfur compounds in-
creases the extent of saturation, resulting in not only much
higher yields of ECH than EB, but also in significant levels
of ECHE, especially at the lower temperature. At 320◦C,
ECHE was among the final products, even in the absence
of sulfur compounds.

Significant amounts of aniline-type nitrogen compounds
were observed in the reactor effluent of indole HDN
whenever the conversion of indole was not complete.
Figure 10 compares the aniline, o-methylaniline (OMA),
and o-ethylaniline (OEA) production rates for three dif-
ferent reaction media at three different temperatures. As

FIG. 10. Variation of the production rates of anilines with reaction media from indole HDN at 260, 320, and 380◦C over the Mo nitride catalyst.

shown in the figure, while OEA consistently had the highest
yield among the three anilines, the production rate of OMA
remained significant at every condition, and even aniline
was detected at nonnegligible levels under most conditions.

Comparison of the HDN product distribution over molyb-
denum nitride and molybdenum sulfide catalysts. The per-
formance of the Mo nitride in indole HDN was compared
with that of a sulfided 20% MoO3/γ -Al2O3 catalyst. Ex-
actly the same reaction conditions were chosen, except that
the catalyst loading in the reactor was different in order
to achieve similar indole conversion levels. Product selec-
tivities in the absence of sulfur compounds at 380◦C are
compared in Fig. 11, where indole conversion was around
95% over both catalysts. There were two major differences
in product selectivities for the two catalysts. First, the nitride
catalyst exhibited a higher cracking activity as reflected by
the higher selectivity towards C7 and C6 products. The sul-
fide catalyst, on the other hand, had the C8 hydrocarbons
as the major products. The amount of heavy products (C9+
N-containing compounds as identified by GC and GC-MS
analyses) were also larger over the sulfide catalyst. Since the
total amounts of C9+ N-containing products were small, in-
dividual quantification of each of the heavy species were
not performed and they were lumped together in the calcu-
lations. Second, the selectivity toward saturated products
was much lower over the nitride catalyst than it was over
the sulfide catalyst. The selectivities for the cyclohexanes
over the nitride and the sulfide catalysts were 2 and 17%,
respectively.

When the nitride and sulfide catalysts were compared in
the presence of sulfur compounds, however, the findings
were very different from those obtained in the absence of
sulfur compounds. Figures 12 and 13 compare the distri-
bution of major C6–C8 products from indole reaction in
the presence of H2S over the Mo nitride and the Mo sul-
fide catalysts, at 320 and 380◦C, respectively. The indole
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FIG. 11. Comparison of the indole reaction product selectivities at
380◦C over the Mo2N and the sulfided 20% MoO3/γ -Al2O3 catalyst in the
absence of sulfur compounds.

conversion level for the two catalysts was again compara-
ble, being around 60% at 320◦C and around 80% at 380◦C.
Once steady state was reached, the product distributions
over the two catalysts were found to be very similar, as
depicted in the pie graphs. The similarity in the catalytic
performance of the nitride and the sulfide catalysts in the
presence of H2S was reiterated at 380◦C as well as at 320◦C.

Postreaction XPS Measurements

Figure 14 shows the postreaction XPS spectra of
Mo3p–N1s region for the Mo2N catalyst after activation
(Fig. 14a) and after being exposed to different reaction me-
dia (Figs. 14b–e). A significant decrease in nitrogen content
over the catalyst surface was observed for the samples after
BT HDS, simultaneous HDS/HDN, as well as HDN in the
presence of H2S. Although much less pronounced, there
was a small reduction in the N1s signal, even after the cata-
lyst was exposed to indole HDN reaction only.

Figure 15 shows the Mo3d spectra and the curve-fitting
results for the Mo nitride catalyst after being activated with
hydrogen at 400◦C and after being used for indole HDN
for 24 h. Curve fitting of Mo3d peaks was accomplished us-
ing linked doublets of equal FWHM, an intensity ratio of
2/3, and a splitting of 3.15 eV for the Mo3d3/2 and Mo3d5/2 .
The Mo3d spectrum for the activated catalyst can be fitted

into three doublets, with Mo3d5/2 binding energies at 228.9,
230.4, and 232.3 eV. The peaks at 228.9 and 232.4 eV corre-
spond to molybdenum nitride and MoO3, respectively (5).
Although we believe that the signal observed at 228.9 eV
represents predominantly Mo2N, we cannot rule out the
possible existence of β-Mo16N7 on the surface, as suggested
by Choi et al. (5). Although the identity of the peak at
230.4 eV for Mo nitride could not be found from literature,
the oxidation state of Mo at this position should be between
4+ and 6+.

In addition to those Mo species shown over the activated
catalyst (Fig. 15a), one more Mo species with a Mo3d5/2

FIG. 12. Comparison of the indole reaction product distribution at
320◦C over the Mo2N and the sulfided 20% MoO3/γ -Al2O3 catalyst in the
presence of H2S.



                  

302 OZKAN, ZHANG, AND CLARK

FIG. 13. Comparison of the indole reaction product distribution at
380◦C over the Mo2N and the sulfided 20% MoO3/γ -Al2O3 catalyst in the
presence of H2S.

binding energy at 227.8 eV appeared over the post-indole
reaction catalyst and the intensity of this peak was rela-
tively high (Fig. 15b). The XPS spectra of Mo3d–S2s region
and curve fitting results for the catalyst samples which were
used for HDS or HDN reactions in the presence of sulfur
compounds are shown in Fig. 16. The different reaction me-
dia used were simultaneous indole HDN-BT HDS, indole
HDN in the presence of H2S, and BT HDS in the presence of
NH3. The spectra and the curve fitting results for each sam-
ple were very similar in not only the number of Mo peaks

FIG. 14. XPS spectra of the N1s–Mo3p region for the Mo2N catalyst:
(A) after H2 activation; (B) after indole HDN reaction in the absence of
sulfur compounds; (C) after simultaneous indole HDN/BT HDS reaction;
(D) after indole HDN reaction in the presence of H2S; (E) after BT HDS
reaction in the presence of NH3.

that were deconvoluted, but also in the resulting binding
energies for each of the peaks obtained. While the peak at
227.8 eV was quite intensive in every sample, there was also
a significant S2s peak (BE = 226.3 eV) over all the catalyst
samples which were exposed to sulfur-containing reaction
media. When the S2p region of the XPS spectra for those
sulfur-exposed nitride catalysts was examined, the binding
energy obtained was 162.2 eV, which corresponds to sulfur
in MoS2.

The amount of Mo in the form of MoS2 was estimated
based on the integrated peak intensities of Mo3d5/2 and S2p

normalized by the atomic sensitivity factors. The estima-
tion results are listed in Table 1. The numbers in Table 1
suggest that around 14–17% of Mo in the catalysts was sul-
fidized after being exposed to a sulfur containing stream at
380◦C for 1 day. Since the XPS penetration depth is more

TABLE 1

XPS Estimation of the Percentage Mo in the Form of MoS2

for the Postreaction Mo Nitride Catalysts

Reaction media S2p/Mo3d5/2
a % Mo in the form of MoS2

Indole + H2S 0.34 17%
Indole + BT 0.28 14%
BT + NH3 0.29 15%

a Normalized intensity ratio.
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than a monolayer thick, one can expect the percentage of
the sulfided molybdenum to be significantly higher in the
outermost layer.

In addition to the sulfidation, the increase in the intensity
of the 227.8 eV peak and the consequent decrease of the
228.9 eV peak also suggest a decrease in the amount of ni-
tride in the surface layers. The identification of the 227.8 eV
peak needs to be examined. Brainard and Wheeler reported
the binding energy of Mo2C to be 227.8 eV for Mo3d5/2 and
282.2 eV for C1s (28). Thompson and co-workers, on the
other hand, assigned a binding energy of 227.8 eV that they
observed in the XPS spectra of their Mo nitride samples
to Mo metal (5, 10). It is worth mentioning that the C1s

spectrum obtained for our postreaction Mo nitride catalysts
showed a feature around 282.2 eV. However, it is difficult
to make a definitive assignment of this peak based on the
evidence that is available. It remains as a possibility that the
Mo signal we observed at 227.8 eV belongs to Mo2C. How-
ever, we cannot rule out that it may be due to Mo metal,
either. It appears more appropriate at this point to assign
the 227.8 eV peak to Moδ+ with δ < 4, corresponding to a
Mo phase with a lower N coordination. This proposal is sup-
ported by the observation made in the N1s signal (Fig. 14),
there seems to be a correlation between the intensity of N1s

FIG. 15. XPS spectra of the Mo3d region and the deconvolution results
for the Mo2N catalyst: (A) after H2 activation; (B) after indole HDN
reaction in the absence of sulfur compounds.

FIG. 16. XPS spectra of the Mo3d–S2s region and the deconvolution
results for the Mo2N catalyst after being exposed to sulfur containing
media: (A) postsimultaneous HDS/HDN reaction; (B) postindole HDN
reaction in the presence of H2S; (C) post-BT HDS reaction in the presence
of NH3.

and the 227.8 eV peak, i.e., the higher the N1s intensity, the
lower the 227.8 eV peak intensity.

DISCUSSION

The H2 TPR results over the passivated catalyst showed
water formation at a temperature as low as 130◦C. This
observation indicates that the removal of the oxide layer
formed during the passivation step can be readily achieved
by the activation procedure of this study, i.e., flowing pure
H2 at 400◦C for 12 h. Also, the fact that the catalyst was
degassed at 500◦C prior to the TPR procedure ensures that
the water signal observed as low as 130◦C was not adsorbed
water, but water formed during the reduction process.

Combining the TPR results which showed the formation
of NH3 at temperatures as low as 420◦C, and the post-TPR
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FIG. 17. Proposed benzothiophene HDS reaction network over the
Mo2N catalyst.

XRD results, which showed that the Mo2N structure re-
mained intact, even after reduction up to 795◦C, it can be
concluded that although some nitrogen was removed from
the Mo nitride matrix with hydrogen, the Mo2N structure
was stable under H2 flow up to ca 800◦C. It is highly possi-
ble that the nitride structure at that point had a lower ni-
trogen coordination number, although there was no phase
transformation that could be detected with XRD. When the
reduction temperature was higher than 840◦C, the Mo2N
crystal structure began to collapse under H2 flow.

The fact that the NH3 signal intensity increased rapidly
right after the H2O peak reached its maximum suggests that
the oxide layer which resulted from passivation may retard
the ammonia evolution. Therefore, after the oxide layer is
removed, the reduction of N in the Mo nitride structure
may occur at a lower temperature than the observed onset
temperature, around 420◦C from the TPR experiment. The
lower nitrogen content observed over the catalyst which
has been used in indole HDN at 380◦C (Fig. 14) seems to
suggest that the depletion of nitrogen by H2 already starts
taking place at 380◦C.

The reaction network for BT HDS over the Mo nitride
catalyst observed in this study is shown in Fig. 17. The hydro-
genation of the heterocycle ring seems to be needed prior
to the C–S bond cleavage, as suggested by the presence of
dihydrobenzothiophene (DHBT) (Fig. 5). The fact that the
product selectivity from BT HDS very heavily favors EB
(99%) suggests that the hydrogenation of the benzene ring
is not necessary for sulfur removal in this case, similar to
the results obtained over the Mo sulfide catalysts (25).

FIG. 18. Proposed indole HDN reaction network over the Mo2N catalyst.

The major intermediates/products from indole HDN
over the γ -Mo2N catalyst were indoline, C6–C8 anilines,
C6–C8 aromatics, cyclohexanes, and cyclohexenes. The fact
that appreciable amounts of aniline and OMA were among
the products of indole conversion at lower temperatures
(≤320◦C) has several implications. First, it is very likely
that the production of C6 and C7 hydrocarbons is associ-
ated with the presence of aniline and OMA, respectively,
and does not result from the dealkylation of C8 hydrocar-
bons. Second, the cleavage of the first C–N bond in indoline
and the two C–C bonds in the ethyl branch of OEA takes
place readily over the nitride catalyst. Third, the C–N bond
breakage in anilines is somewhat more difficult, especially
when the temperature is not high enough. Therefore, the
HDN of some of the anilines may occur via the prior hy-
drogenation of the benzene ring, at least partially, as in the
case of the sulfide catalysts. As pointed out in the litera-
ture (29), the C–N bond cleavage via prior saturation of the
benzene ring follows a β-hydrogen elimination mechanism,
resulting in cyclohexenes and cyclohexanes. The detection
of cyclohexenes from the indole HDN products supports
the existence of the route where saturation of the benzene
ring takes place prior to the C–N bond cleavage.

Figure 18 is the proposed reaction network for indole
HDN over the γ -Mo2N catalyst which can best explain the
observations from the present study. In the proposed net-
work, the first step for indole reaction is a reversible hydro-
genation of the nitrogen containing ring to produce indo-
line. This step is controlled by thermodynamic equilibrium
under most conditions. Starting from indoline, OEA is pro-
duced from the C–N bond breaking of the heterocycle ring.
OMA and aniline are then produced via the dealkylation
of OEA. C–N bond cleavage of the three anilines (OEA,
OMA, and aniline) gives hydrocarbons with the same car-
bon number as the corresponding alkylanilines. The reac-
tion pathways for the anilines are analogous to one another
and can be with or without the prior saturation of the ben-
zene ring.

At 380◦C and in the absence of sulfur compounds, indole
HDN reached near completion, giving aromatics almost
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exclusively. This observation suggests that direct hy-
drogenolysis of the C–N bond in anilines may be the major
route responsible for the formation of benzenes over the
nitride phase at higher temperatures. Since this reaction is
difficult at lower temperatures (29), it is possible that at
least partial hydrogenation of the benzene ring is needed
for the cleavage of the C–N bond from the anilines at lower
temperatures. The low HDN activity over the nitride cata-
lyst observed at T ≤ 320◦C, coupled with the high selectiv-
ity toward aromatics seems to suggest that the Mo nitride
catalyst has a relatively weak hydrogenation function, but
a strong hydrogenolysis function.

Cyclohexylamines were not detected from indole HDN
over the Mo nitride catalyst, indicating that either their
formation is negligible or the β-elimination reaction over
the Mo nitride catalysts is very fast, compared to the hy-
drogenation of the benzene ring. The fact that very small
quantities of saturated products (cyclohexanes) were ob-
served suggests that the formation of cyclohexylamines may
indeed be negligible. It is also possible, however, that cy-
clohexenes via β-elimination of cyclohexylamines is pref-
erentially dehydrogenated to give benzenes, instead of hy-
drogenated, to give ECH due to the weak hydrogenation
function of the catalyst.

Indole HDN activity and selectivity over the Mo nitride
catalyst showed significant changes in the presence of H2S
and benzothiophene. There were also important differences
between the postreaction and prereaction XPS characteri-
zation of the catalysts. The implication of this observation
is that sulfur compounds not only inhibited the HDN of ni-
trogen compounds, but they also changed the surface sites.

In order to get a comparison basis for the behavior of
the nitride catalyst in the presence of sulfur compounds,
the catalytic behavior of the Mo nitride catalyst was com-
pared with that of a sulfided 20% MoO3/Al2O3 catalyst. The
results of this comparison are quite striking. As shown in
Figs. 12 and 13, in the presence of H2S, the product distri-
bution from the indole reaction over the Mo nitride cata-
lyst is almost identical to that obtained over the γ -Al2O3-
supported Mo sulfide catalyst. The direct implication of
this finding is that, in the presence of sulfur compounds,
an Mo2N-supported MoS2 layer is formed and it plays an
important catalytic role for the Mo nitride catalyst. It should
be noted that the comparisons of the nitride and the sulfide
catalysts in the literature were always made using the pro-
moted (with Ni or Co) sulfide catalysts. Since the presence
of Ni or Co changes the catalytic behavior of the sulfides
dramatically (20, 22, 23, 25), the striking similarity in the
performance of the nitride and the sulfide catalysts in the
presence of sulfur compounds was never brought to light.

XRD patterns of the catalyst showed little difference be-
tween pre- and postreaction samples, suggesting the bulk
structure of the Mo2N catalyst was not affected by the re-
action media, an observation made by Markel and van Zee

as well (2). XPS measurements, on the other hand, showed
that the nitrogen content is decreased significantly and that
sulfur is present over the surface of the catalyst when ex-
posed to sulfur-containing feed. Combining the observa-
tions from XRD and XPS experiments, it appears that there
is nitrogen depletion on the surface, coupled with the for-
mation of MoS2 surface structures over the bulk Mo nitride
phase. It is conceivable that the bulk Mo nitride phase acts
as a support for the MoS2 on the surface.

The XRD results showed the persistence of a trace
amount of the MoO2 phase after the catalyst was activated
in hydrogen flow for 12 h at 400◦C. There have been reports
in the literature indicating that the sulfidation of MoO2 is
much more difficult than the sulfidation of MoO3 (20, 30).
Therefore, it is possible that the transformation of the MoO2

phase to a nitride phase is also difficult.
When ammonia was included in the feed, together with

BT, the postreaction XPS measurement of the catalyst in-
dicated that NH3 in the gas phase was not able to maintain
the catalyst in its original nitride structure (Figs. 14e and
16c). This observation supports our previous premise that
under the reaction conditions of this study, it is relatively
easier to form a stable surface sulfide structure than it is to
maintain the nitride structure even when excess amounts
of NH3 are present in the system.

CONCLUSIONS

Studies performed over a γ -Mo2N catalyst showed ap-
preciable activity in indole HDN and benzothiophene HDS
reactions. In the absence of sulfur compounds, the products
from indole HDN were primarily aromatics. In the pres-
ence of sulfur compounds, however, the major HDN prod-
ucts from the indole reaction were shifted from aromatics
to cyclohexanes. Moreover, the product distributions over
the Mo nitride catalysts were found to be essentially identi-
cal to those obtained over a sulfided Mo/γ -Al2O3 catalyst.
Postreaction XPS measurements showed a pronounced de-
crease in the nitrogen content and the presence of MoS2

on the surface, although the bulk of the catalyst was still in
the Mo2N structure. It is conceivable that the bulk Mo2N
functions as a support for the MoS2 overlayers, which, in
turn, may be changing the catalytic behavior.
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