
T
f

V
a

b

a

A
R
R
A
A

K
�
A
C
D
H
H
C

1

t
C
b
t
t
i
h
b
d
a
i
T
a
t

1
d

Journal of Molecular Catalysis A: Chemical 294 (2008) 20–26

Contents lists available at ScienceDirect

Journal of Molecular Catalysis A: Chemical

journa l homepage: www.e lsev ier .com/ locate /molcata

etraalkylthiomolybdates-derived Co(Ni)Mo/�-Al2O3 sulfide catalysts
or gas oil hydrotreating

. Sundaramurthya, A.K. Dalai a,∗, J. Adjayeb

Catalysis and Chemical Reaction Engineering Laboratories, Department of Chemical Engineering, University of Saskatchewan, Saskatoon, SK S7N 5A9, Canada
Syncrude Edmonton Research Centre, Edmonton, AB T6N 1H4, Canada

r t i c l e i n f o

rticle history:
eceived 25 April 2008
eceived in revised form 18 June 2008
ccepted 1 July 2008
vailable online 15 July 2008

eywords:
-Al2O3-supported CoMo and NiMo
lkylthiomolybdate
etyltrimethylammonium thiomolybdate

a b s t r a c t

Bimetallic �-Al2O3-supported CoMo and NiMo sulfide catalysts were prepared using ammo-
nium thiomolybdate (ATM), tetramethylammonium thiomolybdate (TMATM), tetrabutylammonium
thiomolybdate (TBATM), cetyltrimethylammonium thiomolybdate (CTMATM) as precursors for MoS2. The
CO chemisorption study showed better dispersion of MoS2 on �-Al2O3 support in the catalysts prepared
from the thiosalts precursor than the catalysts obtained from the oxides precursor. Among the catalysts
derived from tetraalkylammonium thiomolybdates, Co(Ni)Mo/�-Al2O3 catalysts derived from CTMATM
precursor showed higher CO uptake. The presence of molybdenum carbide phase in the Co(Ni)MoS2

catalysts formed from the tetraalkylammonium thiomolybdates is evidenced by NEXAFS study. DRIFT
spectra showed lesser amount of partially sulfided molybdenum species in thiosalts-derived catalysts
RIFT
DN
DS
oker light gas oil

compared to those catalysts prepared by the conventional oxide precursors. The HDN and HDS activities
of Co(Ni)Mo/�-Al2O3 sulfide catalysts with coker light gas oil (KLGO) feed at temperature, pressure and
LHSV of 350 ◦C, 8.8 MPa and 1.5 h−1 were studied. The activity of thiosalts-derived catalysts is significantly
higher than the respective oxides precursor catalysts. The presence of carbo-sulfide phases promotes the
HDN and HDS activities of tetraalkylammonium thiomolybdates derived NiMo and CoMo catalysts. In
both NiMo and CoMo series, catalyst prepared by in situ decomposition CTMATM showed a maximum
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HDN and HDS activities as

. Introduction

The conventional methods of hydrotreating catalysts prepara-
ion consist of supporting the transition-metal salts (Mo or W plus
o or Ni) onto �-Al2O3, followed by calcination to produce the sta-
le oxidic materials that must be sulfided either prior to or during
he start-up of the hydrotreating process. The strong interaction of
he molybdenum or tungsten oxide with the �-Al2O3 makes the
ncomplete sulfidation of the conventional catalysts. On the other
and, the ammonium thiomolybdates, which have sulfur already
ound to the metal atoms in a tetrahedral coordination, and their
ecomposition is expected to lead more completely sulfided cat-
lysts. The thiosalt decomposition method has been widely used

n the preparation of molybdenum and tungsten sulfide catalysts.
he metal sulfide catalysts formed by decomposition of the thios-
lts showed higher catalytic activity than the catalysts prepared by
he conventional techniques [1,2]. The cobalt and nickel act as effi-

∗ Corresponding author. Tel.: +1 306 966 4771; fax: +1 306 966 4777.
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lt of better dispersion of active phase on the support via microemulsion.
© 2008 Elsevier B.V. All rights reserved.

ient HDN and HDS promoter for conventionally prepared MoS2
r WS2 catalysts. The cobalt promoted unsupported hydrotreating
atalysts prepared from the decomposition of thiosalts have shown
igher catalytic activities than the unpromoted catalyst and also
ther catalysts prepared by conventional techniques [3–5].

Alonso et al. [6–8] produced the unsupported MoS2 catalysts
rom carbon-containing thiosalts of the type (NR4)2MoS4 (where
= alkyl group), and observed greater catalytic activities than those
btained from the ammonium thiomolybdate. Increasing attention
as been paid to the role of carbon in the activity of MoS2 and
uS2 catalysts, with some studies suggesting that the active phase
f these compounds involves a high surface area MoS2−yCz com-
ounds, where 0.01 ≤ y ≤ 0.5 and 0.01 ≤ z ≤ 3 [9]. The first claims of
he importance of carbon in these catalysts are made with regard
o the synthesis of RuS2−xCx compounds, where carbon atoms sub-
tituting surface sulfur atoms were detected [9,10].

Exchange of thiomolybdate ammonium cation with the methyl,

utyl, hexylammonium cations resulted in MoS2 phases with
igh-surface area and mesoporous structure [11]. The HDS of
ibenzothiophene is strongly affected by the nature of alkylam-
onium groups, and highest activity observed with the catalyst

ormed from butylammonium group. The effect of exchange of

http://www.sciencedirect.com/science/journal/13811169
mailto:ajay.dalai@usask.ca
dx.doi.org/10.1016/j.molcata.2008.07.004


cular Catalysis A: Chemical 294 (2008) 20–26 21

a
u
p
s
s
d
a
A
s
A
p
t
e
t
d
N
p
p

2

w
a
t
l
p
b
a
a
(
p
s
s
N
n
t
n
1

p
fi
A
u
a
fi
i
p
e
P
g
s
m
1

m
r
C
d
a
i
f
f
w
o

Table 1
Characteristics of KLGO derived from Athabasca bitumen

Characteristic KLGO

Nitrogen (ppm) 2439
Sulfur (ppm) 23,420
Density (g/ml) 0.95

Boiling point distribution
IBP (◦C) 169
FBP (◦C) 548

Boiling range (◦C)
IBP–250 6
250–300 22
300–350 31
350–400 23
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mmonium cation with bulk cetyltrimethylammonium cation is
nknown. Further most of the catalysts prepared by thiosalt decom-
osition method are unsupported catalysts and their activity was
tudied with model compounds. Only fewer studies related to
upported catalysts have been reported in the literature due to
ifficulties involved in understanding the effect of the support,
nd also in their characterization [12–15]. The study on the �-
l2O3-supported thiosalt-derived bimetallic sulfide catalysts is
care in literature. The aims of this work are to prepare the �-
l2O3 supported NiMo and CoMo sulfides by using thiosalts as
recursor for MoS2 and study their hydrotreating activity with
he real feedstock. Ammonium thiomolybdate (ATM), tetram-
thylammonium thiomolybdate (TMATM), tetrabutylammonium
hiomolybdate (TBATM) and cetyltrimethylammonium thiomolyb-
ate (CTMATM) were selected as the precursors for preparation of
iMo and CoMo series of catalysts. The properties of these sam-
les were compared with those prepared by conventional oxide
recursors.

. Experimental

Ammonium hydroxide solution of ammonium heptamolybdate
as bubbled with H2S gas at room temperature to get crystals of

mmonium thiomolybdate. The aqueous solution of ammonium
hiomolybdate was mixed with methanol solution of tetraalky-
ammonium bromide to get tetraalkylammonium thiomolybdate
recursors, (NR4)2MoS4 (R = methyl, butyl, and cetyl). Supported
imetallic catalysts were prepared by wet co-impregnation of �-
lumina with methanol–water solutions containing appropriate
mounts of tetraalkylammonium thiomolybdate and nickel nitrate
99.9%, BDH) or cobalt nitrate (99.9%, BDH). The �-Al2O3 sup-
orted unpromoted Mo catalyst was prepared by following the
ame method as above using only ammonium thiomolybdate. The
amples were vacuum dried at 120 ◦C for 2 h. The conventional
iMo and CoMo catalysts were prepared through incipient wet-
ess co-impregnation method using aqueous solution containing
he appropriate amounts of ammonium heptamolybdate, nickel
itrate or cobalt nitrate. The impregnated samples were dried at
20 ◦C for 5 h and then calcined at 500 ◦C for 5 h in air.

The contents of Ni, Co, and Mo samples were determined by
lasma atomic emission method (ICP). The carbon content of sul-
ded catalysts was carried out using CHNSO analyzer (Elementar
mericas Inc.) The BET surface area, pore diameter and pore vol-
me of in situ sulfided samples were measured by means of the
dsorption of N2 at 78 K. The carbon monoxide (CO) uptake on sul-
ded catalysts was measured using the Micromeritics ASAP 2000

nstrument. Before chemisorption measurement, 200 mg of sam-
le was sulfided in situ with 10% H2S/H2 at 400 ◦C for 2 h, and then
vacuated until the static pressure remained less than 6.6 × 10−4 Pa.
ulses of CO were passed over the sample to measure the total
as uptake at 35 ◦C. X-ray powder diffraction (XRD) patterns for
ulfided catalysts were recorded on a Rigaku diffractometer using
onochromatic Cu K� radiation in step scanning mode, in the range

0◦ < 2� < 80◦.
Near-edge X-ray absorption fine structure (NEXAFS) measure-

ents of selected sulfided catalysts were carried out at the high
esolution spherical grating monochromator (SGM) beamline of the
anadian Light Source at University of Saskatchewan. The pow-
er samples were pressed into a stainless steel sample holder
nd spectra were recorded near the K-edge of the C by measur-

ng the fluorescence electron yield. Diffuse reflectance infrared
ourier transform spectroscopy (DRIFTS) experiments were per-
ormed using a PerkinElmer Spectrum GX instrument equipped
ith DTGS detector and a KBr beam splitter. Approximately 30 mg

f sample was loaded into a sample cup inside a Spectrotech diffuse

n
t
t

401–450 9
450–500 6
500–FBP 3

eflectance in situ cell equipped with ZnSe windows and a ther-
ocouple mount that allowed direct measurement of the sample

urface temperature. The oxide form of conventional catalysts were
egassed at 200 ◦C for 2 h with He flow and spectra were recorded
t room temperature. Both conventional and thiomolybdates sam-
les were sulfided in situ in a Spectrotech diffuse reflectance cell
ith 10% H2S/H2 (30 cm3/min) at 400 ◦C for 2 h. The spectra were

ecorded at 30 ◦C with He flow. For the CO adsorption, the sulfided
ample was exposed to CO (99% pure) at a flow rate of 30 cm3/min
or 30 min. The spectra for each experiment were averaged over 64
cans with a nominal 8 cm−1 resolution. The sample loaded in the
ample cup was weighed after the experiment. The bands intensity
as corrected for the differences in the weight of the sample and
ormalized to 30 mg.

Hydrotreating experiments were performed in a trickle bed
eactor under typical industrial conditions. The coker light gas
il (KLGO) derived from Athabasca bitumen is used as a feed for
ydrotreating studies. The feed properties are given in Table 1.
he high-pressure reaction setup used in this study simulates the
rocess that takes place in industrial hydrotreaters. The details of
eaction setup and catalyst loading into the reactor are described
lsewhere [16]. Appropriate amount of catalyst precursor, which
ould yield 3.8 g of catalyst after sulfidation, was loaded into the

eactor. The precursor sample was in situ sulfided to get active sul-
de phase at 400 ◦C for 8 h in the presence of 10% H2S/H2 (v/v).
ollowing sulfidation, the catalyst was precoked (stabilized) with
LGO for 5 days at a temperature of 370 ◦C, pressure of 8.8 MPa,
nd LHSV of 1.5 h−1. After precoking, HDN and HDS activities of
atalysts were studied at 350 ◦C for 48 h by maintaining pressure,
2/feed ratio and LHSV at 8.8 MPa, 600 ml/ml and 1.5 h−1, respec-

ively. The products were collected at 12 h intervals. The products
ere stripped with N2 for removing the dissolved NH3 and H2S.

he total nitrogen content of the liquid product was measured
y combustion/chemiluminence technique following the ASTM
4629 method, and the sulfur content was measured using com-
ustion/fluorescence technique following the ASTM 5463 method.
he sulfur and nitrogen were analyzed in an Antek 9000 NS ana-

yzer.

. Results and discussion

.1. Chemical composition and textural properties
The CoMo/�-Al2O3 sulfide catalysts derived from the ammo-
ium thiomolybdate, tetramethylammonium thiomolybdate,
etrabutylammonium thiomolybdate, cetyltrimethylammonium
hiomolybdate are named as CoMo-1, CoMo-2, CoMo-3 and
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Table 2
Elemental compositions and textural properties of �-Al2O3 supported NiMo and CoMo catalysts

Sample Mo (wt.%) Ni (wt.%) C (wt.%) BET CO uptake (�mol/g)

Surface area (m2/g) Pore volume (cm3/g) Average pore diameter (Å)

�-Al2O3 – – – 204 0.62 12.2 –
Mo-UP 13.1 – – 179 0.5 11.1 23
NiMo-C 12.8 2.9 – 175 0.48 11.0 51
NiMo-1 12.6 2.6 – 173 0.47 10.9 62
NiMo-2 12.3 2.4 0.46 170 0.47 11.1 63
NiMo-3 12.5 2.8 0.58 168 0.46 11.0 60
NiMo-4 12.7 2.5 0.39 169 0.46 10.9 78
CoMo-C 12.6 2.7 – 178 0.48 10.8 46
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e
rial was studied [22–23]. However, no detailed work is reported
on in situ sulfidation of �-Al2O3-supported NiMo and CoMo and
simultaneous DRIFT study. The DRIFT spectra of oxide form of
NiMo/�-Al2O3 and CoMo/�-Al2O3 in Fig. 2 show several bands due
to Mo–O vibrations. The band at 1009 cm−1 reflects the stretching
oMo-1 12.1 2.3 – 182
oMo-2 12.5 2.5 0.54 168
oMo-3 12.9 2.8 0.43 176
oMo-4 12.6 2.6 0.59 180

oMo-4, respectively. Similarly, NiMo/�-Al2O3 catalysts prepared
sing the above mentioned thiomolybdates are named as NiMo-1,
iMo-2, NiMo-3 and NiMo-4, respectively. The NiMo/�-Al2O3 and
oMo/�-Al2O3 catalysts prepared by using conventional oxide
recursors are named as NiMo-C and CoMo-C, respectively. The
-Al2O3 supported unpromoted Mo catalyst, which was prepared

rom the ammonium thiomolybdate by incipient wetness co-
mpregnation method, is named as Mo-UP. The metals content,
ET surface area, pore volume, and pore diameter are listed in
able 2. There is no significant change in the surface area, pore
olume and pore diameter of thiomolybdates derived catalysts
hen compared with the conventionally prepared catalysts. The
umber of accessible surface metal atoms on sulfided catalyst was

ound by chemisorption by using carbon monoxide as a molecular
robe. As shown in Table 2, a significant increase in CO uptake is
bserved over the thiomolybdates derived catalysts as compared
ith the conventionally prepared catalysts. The comparison of

O uptake of Mo-UP with those of NiMo-1 and CoMo-1 indicates
he promotional effect of Ni and Co, respectively, on dispersion
f MoS2. There is no significant change in CO uptakes of NiMo-2
atalyst against NiMo-3 catalyst, which shows that tetramethy-
ammonium and tetrabutylammonium groups in thiomolybdates
o not play major role in dispersion of metals. Similar observation

s also observed with CoMo-2 and CoMo-3 catalysts. The higher
O uptake of NiMo-4 and CoMo-4 catalysts, which were derived
rom cetyltrimethylammonium thiomolybdate, evidences that
etyltrimethylammonium groups in cetyltrimethylammonium
hiomolybdate influence positively metals particles dispersion
n �-Al2O3 support. It is known that cetyltrimethylammonium
ons form reversed microemulsions in aqueous–organic media
17]. The cetyltrimethylammonium thiomolybdate, a MoS2 pre-
ursor for NiMo-4 and CoMo-4 catalysts, forms microemulsions
ith thiomolybdate anions in the aqueous core during the wet

mpregnation in methanol–water system. The small size and
age-like nature of microemulsion limit the particle growth and
ggregation, and result the highly dispersed nano-molybdenum
ulfide particles on �-Al2O3. XRD patterns (figure not shown) of
iMo-C, CoMo-C catalysts show the weak broad peaks at 34.5◦ and
0.5◦ corresponding to MoS2 phases along with the �-Al2O3 peaks
t 38◦, 45.8◦ and 66.8◦, whereas, NiMo-4 and CoMo-4 catalysts do
ot show any MoS2 phases peaks other than �-Al2O3 indicating
hat the MoS2 phases are highly dispersed over the support and
heir particle sizes are below the detection limit of XRD technique
∼10 nm) or the formed MoS2 phases are amorphous. The sulfided

atalysts derived from the tetraalkylammonium thiomolybdates
ontain significant amount of carbon as given in Table 2. The
EXAFS technique was used to determine whether the carbon
toms remain in carbidic or graphitic form. The C K-edge features
f carbides are substantially different from those of other forms

F
C

0.51 11.2 59
0.46 11.0 57
0.48 10.9 61
0.50 11.1 83

f carbon, such as graphite [18,19] or carbonaceous species [19]
ue to their differences in electronic band structures. Fig. 1 shows
he NEXAFS spectra of C K-edge of selected tetraalkylammonium
hiomolybdates derived catalysts namely CoMo-2, CoMo-4, NiMo-
and NiMo-4. Two sharp peaks at 287 and 290 eV, and a relatively
road peak at 293.5 eV, which are characteristic of carbidic nature
f carbon are observed [18,20]. The two sharp resonances at 287
nd 290 eV are assigned to the transitions of C 1s electrons to the
–d (t2g) and p–d (e.g.) hybridized orbitals, respectively [18–21].
he broad feature at 293.5 eV is assigned to the transition of C
s electrons to an unoccupied orbital that involves contributions
rom 2p and 3p orbitals of carbon and the d and s states of metals
18–21]. The presence of carbidic carbons show that the molyb-
enum carbide phases co-exist with the molybdenum sulfide
hases in the catalysts derived from the tetraalkylammonium
hiomolybdates.

.2. DRIFT spectroscopy

The advantage of DRIFT technique for the studies of in situ gen-
rated sulfide of �-Al2O3-supported NiMo and CoMo has not been
xtensively explored. Mostly, the sulfidation of unsupported mate-
ig. 1. C K-edge NEXAFS spectra of (a) NiMo-2, (b) NiMo-4, (c) CoMo-2 and (d)
oMo-4 catalysts.
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some other strong and weak bands are also observed with the NiMo
ig. 2. DRIFT spectra of conventional NiMo and CoMo catalysts; (a) oxide form of
oMo-C, (b) oxide form of NiMo-C, (c) sulfided NiMo-C, and (d) sulfided CoMo-C.

ibration of terminal Mo O groups [24]. The broad vibration
eatures at 820 and 880 cm−1 are due to Mo–O vibrations of the

oO3 lattice [24]. These Mo–O bonds possess bond orders varying
etween 1.7 and 0.3, and hence the correspondingly varying force
onstants give rise to a broad band with unresolved contributions.

The top two spectra in Fig. 2 are the DRIFT spectra of NiMo/�-
l2O3 and CoMo/�-Al2O3 sulfided in situ at 400 ◦C with 10%
2S/H2 (v/v). If we compare the spectra of the sulfided samples with

hose of oxide form of samples, the signals characteristic of termi-
al Mo O and Mo–O bonds diminish upon sulfidation but remains
etectable after sulfidation. This shows that Mo–O entities are
resent in the conventionally prepared catalysts even after sulfida-
ion. The molybdates interact with support, forms Mo–O–Al bonds,
hich are difficult to sulfide and hence incomplete conversion of
o–O groups (band at 880 cm−1) to Mo–S groups is noted. New

ands are observed at 960 and 550 cm−1 after sulfidation. Maugé et
l. [22] observed main band at 940 cm−1 with shoulder at 960 cm−1

n the spectrum of the air contacted unsupported MoS2. The band
t 960 cm−1 was sensitive to CO adsorption unlike 940 cm−1 band.
hey assigned both the bands to the MoIV O groups. The MoIV O
roups accounting for 960 cm−1 band has lower coordination num-
er with respect to groups which account for 940 cm−1 band that
nables CO to be bound to such ions. The band at 960 cm−1 band in
his work does not reveal noticeable change towards CO adsorption
spectrum not given) although its position same as shoulder band of
ir contacted MoS2. Tsyganenko et al. [25] produced unsupported
olybdenum sulfide by in situ thermal decomposition of ammo-

ium thiomolybdate and observed a strong IR band at 958 cm−1,
hich was not sensitive to CO or NH3 adsorption. Based on above

tudy, the band at 960 cm−1 in the present study can be assigned
o MoIV O groups with molybdenum ions coordinately saturated
y sulfur in the form of S2− and S2

2− ions or located in the bulk and
ot accessible for adsorption. The new band at 550 cm−1 observed

n the present study is characteristic of �(S–S) vibration of bridging
2

2− ligand [25,26], which conform that molybdenum ions are coor-
inately saturated by S 2− ions. The higher intensity of 960 cm−1
2
n the case of NiMo sulfided sample shows that sulfided samples
onsist of more amount of Mo O groups than the precursor oxide
ample. The terminally bonded oxygen atoms in the oxide form
ample are the most exposed structural features of the polymolyb-

a
p
s
d

ig. 3. DRIFT spectra of thiosalts-derived NiMo and CoMo sulfide catalysts: (a)
iMo-1, (b) CoMo-1, (c) NiMo-4, and (d) CoMo-4.

ate species and, therefore, are accessible for a reaction with H2S.
hey are the first to be substituted by sulfur upon reaction with H2S,
ccording to Mo O + H2S → Mo S + H2O. When oxygen is replaced
y the larger sulfur atoms, structural distortions cause the long
o–O bonds to break. This process converts the bridging Mo–O–Mo

unctions into the terminal Mo O units. This could be a reason for
he larger amount of Mo O groups in the sulfided form.

Fig. 3 shows the DRIFT spectra of in situ sulfided NiMo-1, NiMo-4,
oMo-1, and CoMo-4 catalysts as typical cases from the thiosalts-
ased catalysts. The spectra show the common bands at 940, 720,
nd 550 cm−1 in the 1100–500 cm−1 region. The band at 940 cm−1

an be assigned to Mo O groups with molybdenum ions coordi-
ately saturated by sulfur. The IR spectrum of the air contacted
nsupported MoS2 also showed intense band at 940 cm−1, which

s assigned to Mo O groups with sulfur ligands [22]. The frequency
f the above group is shifted by 20 cm−1 for the conventionally
repared NiMo and CoMo sulfide catalysts (940–960 cm−1) and by
9 cm−1 for the conventionally prepared NiMo and CoMo oxide cat-
lysts (940–1009 cm−1). The frequency of Mo O groups depends
n state of Mo and number of sulfur ligands. The state of Mo and
umber of sulfur ligands for the conventional catalysts are different

rom the thiosalts derived catalysts, and hence the shift of Mo O
roups band is noted. In the case of thiosalts derived catalysts, the
hiosalts decomposition expected to give only molybdenum sulfide,
ut the DRIFT study shows the presence of Mo O groups in the
hiosalts derived catalysts. The Mo O groups formation in thios-
lts derived catalyst could be due to hydrolysis of some part of
hiomolybdates in the course of sample preparation. The shoulder
and at 880 cm−1, which is also observed with the conventionally
repared NiMo and CoMo sulfided catalysts, showed the presence
f some Mo–O groups in the catalysts prepared by the ammo-
ium thiomolybdates reductive sulfidation. The 550 cm−1 band of
hiosalts derived catalysts, which is also observed with convention-
lly prepared NiMo and CoMo sulfide catalysts, corresponds to the
tretching vibrations of bridging S2 groups. Based on previous stud-
es, the bands at 720 cm−1 can be assigned to bending mode of S–H
roups [27]. As shown in Fig. 3, other than the Mo–O, S–H bands,
nd CoMo catalysts. The sulfidation of ammonium thiomolybdates
roduces the ammonia species, which can adsorb on the catalyst
urface. This evident from the 1310 and 1453 cm−1 bands, which are
ue to molecular NH3 bonded to Mo (Lewis acid sites) and NH4

+
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ig. 4. DRIFT spectra of conventional NiMo and CoMo sulfide catalysts: (a) NiMo-
sulfide after the subtraction of NiMo-1 sulfide spectrum and (b) CoMo-C sulfide

fter the subtraction of CoMo-1 sulfide spectrum.

ons (Brønstead acid sites), respectively [22,25]. The CoMo-4 and
iMo-4 catalysts show new band at 1374 cm−1. These catalysts are

ormed from the alkylthiomolybdates precursors, which produce
he CH3SH species on sulfidation. The band at 1374 cm−1 is due to
he chemisorbed CH3SH molecules on catalysts surface [22,25].

The NiMo-C and CoMo-C spectra after the subtraction of NiMo-
and CoMo-1, respectively, are given in Fig. 4. The bands at 975

nd 880 cm−1 corresponding to stretching vibration of Mo O and
o–O bonds are noted. As mentioned earlier, the frequency of
o O groups depends on state of Mo and number of sulfur ligands.

he stretching vibration of Mo O groups in MoO3 is observed at
009 cm−1, where Mo is in +6 oxidation state and coordinated with
xygen. The reduction in molybdenum oxidation states and also an
ncrease of sulfur coordination to molybdenum, can shift the Mo O
roups band to lower wavenumber. The 975 cm−1 band observed
n the subtracted spectrum can be due to vibration of Mo O
roups of the partially sulfided molybdenum oxide or unsulfided
educed molybdenum oxide. The DRIFT spectra confirm that NiMo-
and CoMo-C catalysts possess higher amount of partially sulfided
olybdenum oxide or unsulfided reduced molybdenum oxide
hen compared with the NiMo-1 and CoMo-1 respectively, which
ere formed from ammonium thiomolybdates precursors. As men-

ioned earlier, in the conventional catalysts, the molybdenum
xides react with the basic hydroxyl groups of �-alumina support
nd forms the Al–O–Mo entities (O-bridges), which leads to incom-
lete sulfidation of molybdenum oxides. In the case of ammonium

hiomolybdates reductive sulfidation, the thiosalts have sulfur
lready bound to the metal atoms in a tetrahedral coordination,
urther there is no O-bridges between the thiosalts and �-alumina,
hich lead to lesser amount of partially sulfided Mo species when

ompared with the conventional oxide precursor catalysts.

a

c
t
t

ig. 5. The N and S conversion of KLGO over NiMo-4 and CoMo-4 sulfide catalysts
uring precooking—solid line: NiMo-4; broken line:CoMo-4; (�) N conversion and
©) S conversion. T = 370 ◦C, P = 8.8 MPa, LHSV = 1.5 h−1 and H2/feed = 600 (v/v).

.3. The hydrodenitrogenation (HDN) and hydrodesulfurization
HDS) of coker light gas oiI

To compare the activity of the thiomolybdates derived cata-
ysts with those of the conventionally prepared sulfide catalysts, an
ppropriate amount of the thiomolybdate precursor to yield 3.8 g
f active NiS (or) CoS–Mo2S/Al2O3 phase was loaded in the reac-
or. The hydrotreating activity of all the catalysts was tested using
he coker light gas oil derived from Athabasca bitumen. To achieve
teady state activity, the catalyst was precoked at the temperature,
ressure, LHSV and H2/feed ratio of 370 ◦C, 8.8 MPa, 1.5 h−1 and
00 ml/ml, respectively for 5 days. The HDN and HDS activities dur-

ng precoking period with the typical CoMo-4 and NiMo-4 catalysts
re shown in Fig. 5. The HDN and HDS activities decrease with time
or the first 72 h because of the coke deposition on the catalyst sur-
ace and then both the HDN and HDS activities remained constant
or the rest of run time. The hydrotreating activity of the con-
entionally produced Co(Ni)Mo/Al2O3 sulfide catalysts was tested
nder the same experimental conditions. A similar precoking trend
ith the catalyst stabilization period of 3 days was observed with

he conventional catalyst (figure not shown). After precoking, the
DN and HDS activities of all the catalysts were studied for 3 days at
50 ◦C and are expressed by means of HDN and HDS rate constants.
ased on our previous studies [28], rate constants kHDN and kHDS
ere calculated from the conversion data under the assumption

hat the HDN follows first-order kinetics and that the HDS follows
.5th order kinetics.

The following rate equations can be used for calculating the
pparent rate constants

N = ln
(

NF

NP

)
LHSV (1)

S =
(

1

S0.5
p

− 1

S0.5
F

)
LHSV
n − 1

(2)

here NF and SF are the nitrogen and sulfur concentration (wt.%) in
he feed respectively, NP and SP are the nitrogen and sulfur concen-
ration (wt.%) in the product respectively, n is the order of reaction

nd LHSV is the liquid hourly space velocity (h−1).

The apparent rate constants kN and kS are given in Table 3. It
an be seen that the Co(Ni)Mo/�-Al2O3 catalysts prepared by the
hiomolybdate decomposition method give higher kN and kS values
han those of Co(Ni)–Mo catalysts prepared by conventional oxide
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Table 3
The HDN and HDS rate constants of conventional and thiosalts derived NiMo and CoMo sulfide catalysts

Name of the catalyst Mo precursor Ni or Co precursor Method of preparation HDN rate constant,
kN (h−1)

HDS rate constant,
kS (h−1 wt.% 0.5)

Mo-UP Ammonium thiomolybdate – Thiosalt decomposition 0.3 1.8
NiMo-1 Ammonium thiomolybdate Nickel nitrate Thiosalt decomposition 1.16 2.99
NiMo-2 Tetramethylammonium thiomolybdate Nickel nitrate Thiosalt decomposition 1.23 3.40
NiMo-3 Tetrabutylammonium thiomolybdate Nickel nitrate Thiosalt decomposition 1.20 3.57
NiMo-4 Cetyltrimethylammonium thiomolybdate Nickel nitrate Thiosalt decomposition 1.53 4.09
CoMo-1 Ammonium thiomolybdate Cobalt nitrate Thiosalt decomposition 0.84 3.35
CoMo-2 Tetramethylammonium thiomolybdate Cobalt nitrate Thiosalt decomposition 0.98 4.10
CoMo-3 Tetrabutylammonium thiomolybdate Cobalt nitrate Thiosalt decomposition 1.04 4.41
CoMo-4 Cetyltrimethylammonium thiomolybdate Cobalt nitrate Thiosalt decomposition 1.30 6.56
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(

iMo-C Ammonium heptamolybdate Nickel nitra
oMo-C Ammonium heptamolybdate Cobalt nitra

= 350 ◦C, P = 8.8 MPa, LHSV = 1.5 h−1 and H2/feed = 600 (v/v).

recursors method, which confirms the better HDN and HDS activ-
ties exhibited by the former set of catalysts. The superior HDN and
DS activities of thiomolybdates derived Co(Ni)Mo/Al2O3 catalyst
re likely to arise from the higher dispersion of the MoS2 on the
upport and the consequent higher concentration of the catalyt-
cally active edge sites (CoMoS or NiMoS phases) on the surface.
urther as evidenced by DRIFT spectra, the catalysts prepared from
he thiomolybdates precursors were better sulfided than the con-
entionally prepared catalysts. This results higher amounts of MoS2
hase in the former set of catalysts, which also lead to enhancement

n HDN and HDS activities.
The comparison of Mo-UP with that of NiMo-1 and CoMo-1

hows two and three fold increase of HDN rate constant on Ni
nd Co additions, respectively. Similarly HDS rate also is increased
y Co and Ni additions. This indicates that the Co and Ni act as
romoters in the case of thiosalts derived Co(Ni)Mo/�-Al2O3 cat-
lysts as in case of the conventional catalysts. The NiMo series
atalysts present better HDN catalytic properties than the CoMo
eries. This has been assigned to the better hydrogenating power
f the NiMo against CoMo samples. In both CoMo and NiMo
eries, catalysts formed from tetraalkylammonium thiomolybdates
how higher HDN and HDS activities than the catalysts formed
rom ammonium thiomolybdates. This is due to the presence
f an alkyl group in the precursor, which leads to increase in
he hydrotreating activity. Nava et al. [11] prepared a series of
nsupported cobalt–molybdenum sulfide catalysts from tetraalky-

ammonium thiomolybdates and observed an improvement in
DS of dibenzothiophene compared with that of the catalysts

ormed from without alkyl group. The in situ decomposition of
etraalkylammonium thiosalts [6–10] have resulted the catalysts
ontaining certain amounts of carbon. In the present investigation
lso, the catalysts derived from tetraalkylammonium thiomolyb-
ates contain 0.39–0.59 wt.% of carbon as given in Table 2. The
ormation of molybdenum carbide phases in MoS2 catalysts derived
rom tetraalkylammonium thiomolybdates is evidenced by NEXAFS
tudy. The positive role of carbide phase in the hydrotreating reac-
ion was observed by many researchers as reviewed by Edward et
l. [29]. In the case of tetraalkylammonium salts, the carbon atoms
lready present in the precursor, which could lead to a more effi-
ient interaction of carbon with the molybdenum sulfide, forms
n active carbo-sulfide phase or carbide phase supported on the
olybdenum sulfide.
When MoS2 phase is produced in an H2/H2S environment, it

ecomes sulfur-rich. In the case of MoS2, the enrichment only

ccurs at the edge planes. Upon contact with a hydrocarbon envi-
onment, this excess sulfur is removed along with additional sulfur
nd is replaced by carbon in the carbide form [30]. This sulfide
upported carbide or carbo-sulfide is now the stabilized active
atalyst. The formed molybdenum carbide electrical and ther-

R

Conventional oxide to sulfide 0.98 1.97
Conventional oxide to sulfide 0.74 2.45

al conductivity are high. The elementary theory suggests that
he introduction of carbon into the lattice of the molybdenum
esults in an increase of the lattice parameter ao. This leads to an
ncrease in the d-electron density providing that the same num-
er of levels is retained [31]. Further molybdenum carbide exhibits
he noble metals-like behavior, and better hydrogen adsorption
apacity. These properties of molybdenum carbide are expected
o enhance the HDN and HDS activity of tetraalkylammonium
hiomolybdates derived catalysts. Among the tetraalkylammonium
hiomolybdates-derived NiMo and CoMo catalysts, there is not

uch improvement in HDN and HDS activities with change of
ethyl group with the butyl group, whereas, a significant increase

n the HDN and HDS activities is observed with cetyltrimethyl
roup. The improvement in hydrotreating activity of NiMo or
oMo sulfides formed from cetyltrimethylammonium thiomolyb-
ate precursor is due to the enhanced dispersion of Co(Ni)–MoS2
hases as a result of microemulsion formation. This is in line
ith CO chemisorption study, which also evidenced the enhanced
etals dispersion in the catalysts derived from cetyltrimethylam-
onium thiomolybdate precursor.

. Conclusions

The higher amount of MoS2 phases, better dispersion and
igher concentration of the catalytically active edge sites (CoMoS
r NiMoS) formation in the thiomolybdates derived �-Al2O3
upported NiMo and CoMo catalysts have resulted the supe-
ior hydrotreating activity when compared with the conventional
-Al2O3 supported NiMo and CoMo catalysts, respectively. The
atalysts generated from tetraalkylammonium thiomolybdates
howed improved HDN and HDS activity because of active “carbo-
ulfide” phases formation. The replacement of methyl groups of
etramethyammonium thiomolybdates with butyl groups neither
mproved the dispersion nor the HDN and HDS activities of KLGO,

hereas, the catalyst derived from cetyltrimethylammonium
hiomolybdate showed highest activity in CoMo and NiMo series
ecause of greater dispersion of MoS2 particles via microemulsion.
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