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a  b  s  t  r  a  c  t

Unsupported  Ni–Mo–S  catalysts  with  different  Ni/(Ni  +  Mo)  molar  ratio  were  prepared  by  hydrothermal
method  using  ammonium  heptamolybdate  and  thiocarbamide  as  materials.  The  resultant  catalysts  were
characterized  by X-ray  diffraction,  nitrogen  physisorption  and  transmission  electron  microscopy,  and
their activities  were  measured  using the hydrodeoxygenation  (HDO)  of p-cresol  as  a  probe  reaction.
The  addition  of  Ni promoter  caused  a reduction  in the  surface  area.  The  peaks  attributed  to  NiS2 on
catalyst  surface  became  noticeable  as  the  Ni  content  increased  in  the  catalyst.  The  catalyst  with an  opti-
mal  Ni/(Ni  +  Mo)  molar  ratio  (0.3)  exhibited  the  highest  activity  (99.8%  deoxgenation  degree  at  300 ◦C
and  4.0 MPa  hydrogen  pressure  for 6 h). The  HDO  of p-cresol  on  these  prepared  Ni–Mo–S  catalysts  pro-
ceeded  with  two  parallel  routes:  hydrogenation-dehydration  (HYD)  and  direct  deoxygenation  (DDO),  and
ynergistic effect
emote control model

HYD/DDO  closely  related  to  the  Ni/(Ni  +  Mo)  molar  ratio  in  the catalyst,  the  HDO  reaction  temperature
and  H2 pressure.  The  comparison  of Ni–Mo–S  with  MoS2–NiS2 (prepared  by  two  hydrothermal  method)
and  MoS2 +  NiS2 (prepared  by physically  mixing  separately  MoS2 and  NiS2) indicated  that  the  high  HDO
activity  of Ni  promoted  MoS2 catalyst  was  attributed  to  the  synergistic  effect  of MoS2 and  NiS2 rather
than  the  formation  of  Ni–Mo–S  phase,  which  could  be  well  explained  by the  remote  control  model.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

The continuous decrease in fossil fuels reserves, rapid growth
n global energy consumption and stringent environmental regula-
ions in greenhouse gases emissions have attracted much attention
n the development of renewable energy resource in the last ten
ears [1,2]. Bio-oil, derived from biomass by fast pyrolysis, is a
romising substituted fuel because of the CO2-neutral and free
f SOx emission during its combustion. Unfortunately, this bio-oil
ontains a considerable amount of oxygenated compounds such
s phenols, aldehydes, ketones and furans, contributing to its high
xygen content, which leads to some deleterious properties and
revents its direct utilization as a supplement or replacement for
asoline or fossil diesel [3,4]. Consequently, upgrading bio-oil to liq-

id hydrocarbon via catalytic hydrodeoxygenation (HDO) becomes

 challenge for obtaining renewable, sustainable and environment
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friendly liquid fuel, and the key to this technology is how to prepare
HDO catalysts with high activity.

Some investigators had studied the HDO of the biomass-derived
oils on sulfides and noble metal catalysts [5,6]. Because of the
intermolecular interaction and adsorption-site competition in a
complex mixture such as bio-oils, detailed study with model com-
pound is of significance for understanding the different reaction
paths and reaction mechanism [7]. Phenols are widely selected
as model compounds to investigate the HDO activity of various
catalysts under different conditions [8–22] since they take a con-
siderable quantity in bio-oil (66.9%) [23] and possess a high C O
bond dissociation energy [2,24]. The HDO of these phenols usu-
ally occurs via two  main pathways: direct deoxygenation (DDO)
with aromatic C O bond scission and hydrogenation-dehydration
(HYD) that starts with ring hydrogenation followed by dehydra-
tion reactions. Among these catalysts that applied in the HDO
of phenols, noble metals and amorphous Mo(W)  based borides
exhibit high activities, but the high cost or insufficient stabil-
ity at high temperature inhibit their widely practical application.

Ni or Co promoted Mo-  or W-based sulfide catalysts are usually
prepared by sulfidation of oxide precursors at high temperature
(about 400 ◦C) with H2/H2S or organic sulfur compound [20].
This method requires H2S or releases poisonous gas and causes
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ome agglomeration. To overcome these disadvantages on the syn-
hesis of sulfide catalyst, several new methods such as thermal
ecomposition method [25], mechanical activation method [26]
nd hydrothermal method [17] had appeared. As we  known, the
ynthesis method has a great effect for the performance of cata-
yst. For instance, Smith et al. [22] had prepared MoS2 catalysts by
ifferent methods and compared their activities based on kinetic
tudy. They found that exfoliated MoS2 had the highest activity
n the HDO of phenols. Wang et al. [26] had adopted mechanical
ctivation method to prepare Ni–Mo–W sulfide catalysts and con-
rmed that these catalysts had high catalytic activity for the HDO
f 4-methylphenol. Hydrothermal method, an important technique
or producing highly homogeneous nano-composite materials, has
ecome one of the most efficient processes for the preparation
f nano-catalyst. Adopting the isolation effect of the organic sol-
ent for the precursor molecules, Yoosuk et al. [27] had prepared
nsupported Mo  based sulfide catalyst with a surface area in the
ange of 138–368 m2/g and found that MoS2 catalyst prepared by
he hydrothermal method showed 2.4-fold higher conversion than
ommercial crystalline MoS2 in the HDO of phenol [17].

To explain the active sites for Ni(Co) promoted MoS2 cata-
ysts, there had proposed several models. Two generally accepted

odels are Co(Ni)–Mo–S model and remote control (RC) model.
o(Ni)–Mo–S model claims that the effect of Co or Ni in Mo  sulfide
atalyst is attributed to the location of promoter atom on the edges
f MoS2 layers [28]. RC model supposes that the spillover hydro-
en migrates from a donor phase (such as Co9S8 and NiSx) to an
cceptor phase (such as MoS2, WS2 and ReS2) and modifies the lat-
er. Gil-Llambías et al. [29–31] had provided a direct proof of the
ole of a remote control in the hydrodesulfurization using a reactor
ith physically separated and layered catalyst beds. As we  known,

ll of literatures reported that the high activity of Co(Ni)MoS2 cat-
lysts in the HDO is attributed to the formation of Co(Ni)–Mo–S
hase [17,27]. However, the stability of the so-called Co(Ni)–Mo–S
hase decreases if the reaction temperature increases [32], and this
hase will decompose during the reaction [33,34], suggesting that
o(Ni)–Mo–S phase is only a ‘precursor’ of the real catalyst sys-
em [30]. Hence, the explanation of the exact nature of active sites
y Co(Ni)–Mo–S model is still a subject of debate. In this work,
e prepare unsupported Ni–Mo sulfide catalysts by hydrothermal
ethod used ammonium heptamolybdate and thiocarbamide as

nitial materials. The first aim is to obtain the maximum deoxy-
enation degree in the HDO of p-cresol by studying the effects of Ni
ontent on the catalytic activity and the HDO reaction conditions
n the conversion and product distribution in detail. The additional
ne is to reveal the HDO reaction mechanism by comparing the
DO activity of different Ni–Mo–S catalysts with the same Ni–Mo
olar ratio.

. Experimental

.1. Catalyst preparation

All solvents and reagents were obtained from Sinopharm Chem-
cal Reagent Co., Ltd. in high purity (≥99%) and used without further
urification. Unsupported Ni–Mo–S catalysts were synthesized by
sing one step hydrothermal method. The catalyst synthesis was
arried out in quartz reactor with a volume of 300 mL.  Nickel nitrate,
mmonium heptamolybdate (2.3 g) and thiourea (3.0 g) were dis-
olved in 250 mL  ultra-pure water. The composition of the samples
as adjusted by changing the initial Ni/Mo molar ratio in the solu-
ion. The mixed solution was added into a reactor, and then sealed
nd heated to 200 ◦C. After 24 h, the resulting catalysts were sep-
rated and washed with absolute ethanol several times to remove
he residual water and water-soluble impurities. Finally, the
A: General 495 (2015) 8–16 9

resulting product was dried under vacuum at 50 ◦C for 8 h and
stored in nitrogen environment. The prepared catalysts were
denoted as Ni–Mo–X,  where X represented the molar ratio of
Ni/(Ni + Mo)  in the initial solution.

2.2. Catalyst characterization

X-ray diffraction (XRD) measurements were carried on a
D/max2550 18 kW Rotating anode X-ray Diffractometer with
monochromatic Cu K� radiation (� = 1.5418 Å) radiation at volt-
age and current of 40 kV and 300 mA.  The 2� was  scanned over
the range of 10–90◦ at a rate of 10◦/min. The specific surface area
was measured by a Quantachrome’s NOVA-2100e Surface Area
instrument by physisorption of nitrogen at −196 ◦C. The samples
were dehydrated at 300 ◦C using vacuum degassing for 12 h before
physical absorption experiments. The morphologies of catalysts
were determined by transmission electron microscopy (TEM) on
a JEOL JEM-2100 transmission electron microscope with a lattice
resolution of 0.19 nm and an accelerating voltage of 200 kV. The
samples for the TEM study were prepared by the ultrasonic dispers-
ing in ethanol and consequent deposition of the suspension upon a
“holey” carbon film supported on a copper grid. The samples were
kept under inert atmosphere until the last process.

2.3. Catalyst activity measurement

The HDO activity tests were carried out in a 300-mL sealed auto-
clave with the inner diameter of 50 mm,  height of 185 mm and
vessel walls thickness of 7 mm.  The prepared catalyst without any
further treatment (0.60 g), p-cresol (13.50 g) and dodecane (86.50 g)
were placed into the autoclave. Air in the autoclave was  evacuated
by pressurization–depressurization cycles with nitrogen and sub-
sequently with hydrogen. The system was  heated to the required
temperature with a heat-up rate of 10 ◦C/min and kept constant,
then pressurized with hydrogen to 4.0 MPa  and adjusted the stir-
ring speed to 900 rpm. During the reaction, liquid samples were
withdrawn from the reactor and analyzed by Agilent 6890/5973 N
GC–MS and 7890 gas chromatography using a flame ionization
detector (FID) with a 30 m AT-5 capillary column. To separate the
reaction products, the temperature in the GC oven was heated from
40 ◦C to 85 ◦C with the ramp of 20 ◦C/min, held at 85 ◦C for 4.0 min,
then heated to 200 ◦C at a rate of 20 ◦C/min and kept at 200 ◦C
for 5.0 min. Internal standards (i.e., octane for methylcyclohexane,
toluene and decane for p-cresol) were used to determine the prod-
uct distribution and carbon balance. The experiments have been
repeated twice at least and the results showed that the conversion
and selectivity were within 3.0% of the average values. The car-
bon balance in the sample for each of experiment was better than
95.0 ± 3.0%. The conversion, selectivity, deoxygenation degree and
HYD/DDO for each experiment were calculated as follows:

Conversion(mol%) =
(

1 − moles of residual reactant
moles of initial reactant

)
× 100%

Selectivity(A, mol%) = moles of product(A)
moles of reacted reactant

× 100%

Deoxygenation degree(D.D.,wt%)

=
(

1 − oxygen content in the final organic compounds
total oxygen content in the initial material

)
× 100%

HYD

DDO

= total selectivity of methylcyclohexane and 4-methylcyclohexene
selectivity of toluene
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Fig. 1. XRD patterns of Mo–S, Ni–Mo–S and Ni–S samples.

We  compared the conversion and product selectivity at differ-
nt time under the same conditions except for the stirring rate
700 r/min and 900 r/min). The effect of the particle size on catalytic
ctivity was also studied. The results showed the external mass
ransfer limitation in the sealed autoclave with a high stirring rate
900 r/min) was negligible and the reaction was under kinetic con-
rol with no internal diffusion limitations under the investigated
onditions. Previous literatures [21,35] claimed that the decompo-
ition of p-cresol is modeled assuming a pseudo-first-order reaction
ln(1 − x) = −k·Ccat·t), the reaction rate constant (k, mL/(s g catalyst))
as g to the change of conversion (x) with reaction time (t, s).

.4. Characterization of the amorphous catalysts

.4.1. XRD studies
The XRD patterns of the prepared Ni–Mo–S catalysts with differ-

nt Ni/(Ni + Mo)  molar ratio are shown in Fig. 1. Compared with the
rystalline MoS2, all the unsupported Ni–Mo–S catalysts exhibited
ome broad diffraction peaks at 2� = 14◦, 33◦, 39◦and 59◦, indicating

 poorly crystalline structure characteristic of MoS2 [36]. The XRD
attern of Ni–S presented several sharp peaks at 2� = 27◦, 31◦, 35◦,
8◦, 45◦, 53◦, assigning to NiS2 (JCPDS Card No. 01-088-1709) [37].
he peaks at 2� = 14◦ and 59◦ corresponded to the (0 0 2) and (1 1 0)
lanes of MoS2, respectively [38]. Of these two peaks, the intensity
f the (0 0 2) peak at 2� = 14◦ represented the multi-stacked slabs
long the c-axis while the intensity of the (1 1 0) peak at 2� = 59◦

epresented the layer of the slabs [25]. As shown in Fig. 1, the
ntensity of the (0 0 2) peak increased firstly and then decreased
radually with the Ni/(Ni + Mo)  molar ratio. When the Ni/(Ni + Mo)
olar ratio was lower than 0.3, except for some broad diffraction

eaks that attributed to MoS2, no obviously peaks for nickel sulfides
ere observed, indicating that nickel sulfides might be highly dis-
ersed on MoS2 or existed in very small nano-crystallites. Previous
tudy had attributed this unobserved nickel sulfide species in the
RD pattern to the formation of Ni–Mo–S phase, which overlapped

he diffraction peaks from MoS2 [39], but this needed to be further
erified. Some diffraction peaks at 2� = 31◦, 35◦, 45◦ and 53◦ that
ssigned to NiS2 were observed in the XRD patterns of Ni–Mo–0.3,
i–Mo–0.4 and Ni–Mo–0.5. These NiS2 peaks became noticeable
nd sharp with the increase of Ni content, suggesting that there
roduced more NiS2 on the catalyst surface.
.4.2. HRTEM studies
Fig. 2 shows the high resolution transmission electron

icroscopy (HRTEM) micrographs of Mo–S, Ni–Mo–0.2,
i–Mo–0.3, Ni–Mo–0.5 and Ni–S samples. Some groups of parallel
A: General 495 (2015) 8–16

black thread-like fringes presented clearly in Mo–S, Ni–Mo–0.2,
Ni–Mo–0.3 and Ni–Mo–0.5 images. The spacing between these
fringes was  about 0.65 nm,  characterizing the (0 0 2) basal planes
of crystalline MoS2 [20,27,38]. Ni–S image displayed some parallel
fringes with a spacing of about 0.26 nm,  which matched well with
the distance between the (2 0 0) crystal planes of NiS2. Qualitative
analysis revealed that Ni–Mo–0.2 catalyst had 4–7 stacked layers
and the slab length of fringes reaches up to 30 nm.  The stacking
degree of Ni–Mo–0.3 was  determined to be about 7 slabs and the
length of most slabs was  lower than 10 nm.  Ni–Mo–0.5 showed
a stacking of 2–5 layers with an average length about 5 nm.  This
indicated that the slab length of MoS2 was  shorted by adding Ni.
In the HRTEM image of Ni–Mo–0.5, except for the lattice fringes
of MoS2, some other parallel fringes with a distance of 0.26 nm
that covered on MoS2 fringes could also be seen, This suggested
that nickel sulfide species on the catalyst surface was enough
to be detected when the Ni content increased above a certain
threshold nickel concentration level, which agreed well with the
XRD analysis and other investigations [26,27].

2.4.3. Nitrogen sorption studies
The specific surface area, pore volume and pore size of the

Mo–S, Ni–Mo–S and Ni–S unsupported catalysts prepared by
hydrothermal method without organic solvent are summarized in
Table 1. Unlike the reports [27,39] that Ni–Mo–S catalysts had a
surface area in the range of 138–329 m2/g and pore volume in the
range of 0.55–0.77 cm3/g, in this study, the surface of MoS2 cata-
lyst without adding any Ni was only 79.8 m2/g. This was resulted
from the different synthesis methods. The method in the litera-
tures [27,39] adopted the dispersion effect of organic solvent to
distribute the precursor molecules and prevent the produced par-
ticle from agglomeration in some extent during preparation. But the
method in our study used water as a solvent, leading to the particles
agglomeration and the low surface area of the resultant samples. Ni
content had significant effects on the specific surface area and pore
volume of these sulfide catalysts. When increasing the Ni/(Ni + Mo)
molar ratio from 0.1 to 0.5, the specific surface area decreased from
40.4 m2/g to 10.8 m2/g and the pore size reduced to 3.8 nm. Because
of the excess deposition of NiS2 species on MoS2, the textural prop-
erties of Ni–Mo–S changed very little when Ni/(Ni + Mo) molar ratio
was increased from 0.4 to 0.5. This negative effect of Ni promoter
mainly resulted from the uniform insertion of nickel sulfide parti-
cles with low surface area in the pore channels of the MoS2 phase
layer [25]. This phenomenon has also been found in the previous
investigations [17,39].

2.5. Catalytic activity

2.5.1. HDO of p-cresol on Mo–S and Ni–Mo–S unsupported
catalysts

The catalytic performances of Ni–Mo–S catalysts were tested
using the HDO of p-cresol as the probe reaction. As shown in Fig. 3,
the products in the HDO of p-cresol on Mo–S and Ni–Mo–0.3 at
300 ◦C were toluene, 4-methylcyclohexene and methylcyclohex-
ane, and no oxygen-containing compound was detected, which
indicated that these Ni–Mo–S catalysts possessed a high deoxy-
genation activity under the studied conditions. The concentration
profiles as a function of time showed that p-cresol concentration
decreased gradually while both the methylcyclohexane concen-
tration and toluene concentration increased. Fig. 3a shows that
toluene concentration was 4 times larger than methylcyclohex-
ane concentration, suggesting that DDO was  the primary reaction

route for the HDO of p-cresol on Mo–S catalyst. When promoter
Ni was  added into Mo–S, the HDO activity was improved, and the
product distribution was  also changed. The end product concen-
tration decreased in the order of 4-methylcyclohexane > toluene >
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Fig. 2. HRTEM images of Mo–S, Ni–Mo–0.2, Ni–Mo–0.3, Ni–Mo–0.5 and Ni–S samples.

Table 1
Physical properties of Mo–S and Ni–Mo–S unsupported catalysts.

Catalysts Ni/(Ni + Mo)  Surface area (m2/g) Pore volume (cm3/g) Pore size (nm)

Mo–S 0 79.8 0.4 3.0, 12.0
Ni–Mo–0.1 0.1 40.4 0.2 8.8
Ni–Mo–0.2 0.2 25.8 0.1 7.2
Ni–Mo–0.3 0.3 16.3 0.1 6.5
Ni–Mo–0.4 0.4 10.7 0.1 3.8
Ni–Mo–0.5 0.5 10.8 0.1 3.8
Ni–S  1 10.2 0.1 2.4
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Table 2
Activity and selectivity of unsupported Ni–Mo–S catalysts for the HDO of p-cresol at 300 ◦C for 6 h.

Catalyst Without catalyst Mo–S Ni–Mo–0.1 Ni–Mo–0.2 Ni–Mo–0.3 Ni–Mo–0.4 Ni–Mo–0.5 Ni–S

Conversion, mol % 19.0 67.0 79.4 97.4 99.9 92.6 87.6 32.4
k  × 102 mL/(s g catalyst) 0.2 1.1 1.5 2.5 3.2 2.1 1.7 0.4
Product selectivity, mol %
Methylcyclohexane 9.9 24.8 58.1 64.6 67.1 68.9 69.3 32.3
3-Methylcyclohexene 4.1 1.1 2.3 2.78 4.12 4.99 5.23 12.1
Toluene 86.0 74.1 39.3 

HYD/DDO 0.2 0.4 1.6 

D.D.,  wt  % 16.8 63.7 77.2 
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ig. 3. The concentration changes of p-cresol and product versus reaction time on
a) Mo–S and (b) Ni–Mo–0.3 catalysts. Reaction condition: pressure 4.0 MPa, tem-
erature 300 ◦C, stirring rate 900 r/min.

-methylcyclohexene. The HYD/DDO on Ni–Mo–S was  much higher
han that on Mo–S, which suggested that adding promoter Ni
nto Mo–S was favorable to the HYD route to produce methyl-
yclohexane. It has been demonstrated that some cyclohexanol
r cyclohexanone analogs as intermediates in small amount
ere formed via hydrogenation of the corresponding aromatic

ing before the C O �-bond scission [17,27,40], but not any 4-
ethylcyclohexanol was detected in this work. However, the HDO

f p-cresol cannot produce methylcyclohexane within one step. For
he HYD route, p-cresol is hydrogenated to 4-methylcyclohexanol
t first and then deoxygenated to methylcyclohexane. This is a
onsecutive reaction, in which 4-methylcyclohexanol acts as an
ntermediate. After 6 h at 300 ◦C, as shown in Table 2, the total
electivity for methylcyclohexane and 4-methylcyclohexene was
igher than 60.0%, but not any 4-methylcyclohexanol was found

uring the reaction. Therefore, the hydrogenation of p-cresol to
-methylcyclohexanol prior to the deoxygenation step was con-
luded to be the rate-limiting step in the HDO of p-cresol on
i–Mo–S catalysts.
32.6 28.8 26.2 25.5 55.6
2.1 2.5 2.8 2.9 0.8

97.1 99.8 91.8 86.2 29.5

The activity of Mo–S, Ni–Mo–S and Ni–S catalysts in the HDO
of p-cresol is summarized in Table 2. For comparison, the HDO
of p-cresol without catalyst was also studied. After 6 h at 300 ◦C,
the conversion was  19.0% and the HYD/DDO was  0.2. When
adding Mo–S catalyst in the reaction system, the conversion
increased to 67.0% with a deoxygenation degree of 63.7%. With the
increase of Ni content in Ni–Mo–S catalyst, p-cresol conversion
went up to 99.9% on Ni–Mo–0.3 and then decreased to 87.6%
on Ni–Mo–0.5. The selectivity of methylcyclohexane yielded by
HYD route increased in the order of Mo–S (24.1%) < Ni–Mo–0.1
(58.1%) < Ni–Mo–0.2 (64.6%) < Ni–Mo–0.3 (67.1%) < Ni–Mo–0.4
(68.9%) < Ni–Mo–0.5 (69.3%). The p-cresol conversion on Ni–S
was only 32.4% with a deoxygenation degree of 29.5% under the
same conditions, showing its low HDO activity. However, the
characterization results showed that NiS2 on the catalyst surface
increased with Ni content, which covered on some MoS2 active
sites. Consequently, the reduction of activity at high content of Ni
was attributed to the coverage of active sites by NiS2.

The reaction rate constant (k) for Mo–S, Ni–Mo–0.1, Ni–Mo–0.2,
Ni–Mo–0.3, Ni–Mo–0.4, Ni–Mo–0.5 and Ni–S were 1.1, 1.5, 2.5, 3.2,
2.05, 1.7 and 0.4 × 10−2 mL/(s g catalyst), respectively. For com-
parison, Ni–Mo–S/�-Al2O3 (�-Al2O3, 156.2 m2/g), as a traditional
and industrial catalyst, was  prepared as described in the previous
literature [41] and applied into the HDO of p-cresol. The final deoxy-
genated products were the same as that on Ni–Mo–X  catalysts. After
reacting at 300 ◦C for 10 h, the conversion was  only 47.1% with a
selectivity of 39.4% toluene and a deoxygenation degree of 44.1%.
The calculated reaction rate constant (k) for Ni–Mo–S/�-Al2O3 was
0.4 × 10−2 mL/(s g catalyst), which was much smaller than that for
Ni–Mo–S under the same reaction conditions. Compared with the
other catalyst preparation methods, in this study, the Ni–Mo–S pre-
pared by hydrothermal method did not require high temperature
and any H2 or inert gas, showing its superiority on the operation.
In addition, Ni–Mo–S showed high HDO activity, which was higher
than other catalysts in previous literatures based on the compari-
son of reaction rate constant (k) [13,21,22,42]. For the HDO reaction
on these sulfides catalyst, sulfur was inevitable to remove from cat-
alyst under high temperature and high pressure of hydrogen [48].
Mo-based sulfides catalyst also possesses high HDS activity [49,50].
Adding an appropriate amount of S-containing compound such as
thiophene in the HDO reaction system can efficiently inhibit the
removal of sulfur and then decline the catalyst deactivation rate.

2.5.2. Effect of temperature and pressure on HDO of p-cresol
The effects of reaction temperature on the conversion and selec-

tivity of products in the HDO of p-cresol on Ni–Mo–0.3 catalyst
were studied at a constant pressure of 4.0 MPa  and stirring rate
of 900 r/min. The results, as shown in Fig. 4, indicated that the
p-cresol conversion significantly increased with temperature and
the product distribution also displayed noticeable temperature

dependence. The conversion of p-cresol was 59.6% at 250 ◦C, which
increased to 96.8% as temperature increased to 325 ◦C. The ten-
dency of the change in conversion as the reaction temperature
indicated that this HDO reaction was highly influenced by kinetics.
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reaction route is proposed because of their high hydrogenation
ig. 4. HDO of p-cresol on Ni–Mo–0.3 catalyst at different reaction temperature.
eaction condition: pressure 4.0 MPa, reaction time 4 h, stirring rate 900 r/min.

he methylcyclohexane selectivity was 38.6% at 250 ◦C and reached
 maximum (67.5%) at 300 ◦C and finally decreased to 19.5% at
25 ◦C, while the toluene selectivity decreased from 53.5% to 28.9%
nd then increased rapidly to 74.0% when the temperature was
aried from 250 ◦C to 325 ◦C. The corresponding HYD/DDO ratios
n Ni–Mo–0.3 catalyst at 250 ◦C, 275 ◦C, 300 ◦C and 325 ◦C were
.9, 1.5, 2.5 and 0.4, respectively, indicating that the HYD route was
nhanced as temperature increased to 300 ◦C and then the direct
eoxygenation route was greatly promoted when the temperature
as further increased to 325 ◦C.

The great change on the product distribution at different reac-
ion temperature can be explained as following two reasons. On
he one hand, according to the products, some key reactions and
he corresponding Gibbs free energy of each reaction as a func-
ion of the temperature is analyzed and given in Table 3. The
irect deoxygenation reaction (R1) was possible in the measur-

ng range of temperature, but the formation of methylcyclohexane
rom p-cresol was not favored because the Gibbs free energy for
4 was a positive value when the temperature was higher than
00 ◦C, leading to an obvious increase of toluene. Compared with
he Gibbs free energies for R3 and R6 at 300 ◦C and 325 ◦C, it could
e concluded that the hydrogenation of 4-methylcyclohexene to
ethylcyclohexane was harder than the conversion of p-cresol to

-methylcyclohexene, and this case became more serious at 325 ◦C,
ausing the higher selectivity of 4-methylcyclohexene at 325 ◦C
han at 300 ◦C. On the other hand, Faglioni and Goddard [43] have
eported that H2 surface coverage over the catalyst increased with
2 pressure but decreased with temperature because of the differ-
nt solubility of hydrogen in the solvent. Therefore, the available
2 on the catalyst surface might be sufficient at 300 ◦C, favoring

he HYD pathway to form methylcyclohexane, but when the tem-
erature was increased to 325 ◦C, the H2 adsorbed on the catalyst
urface was unsaturated, leading to a selectivity shift toward to
oluene.

Fig. 5 shows the HDO of p-cresol on Ni–Mo–0.3 catalysts at dif-
erent reaction pressure and 300 ◦C for 4 h. It was observed that
he hydrogen pressure had a great effect on the conversion and
roduct selectivity. When increasing the hydrogen pressure from
.0 MPa  to 4.0 MPa, the p-cresol conversion increased from 82.3% to
9.8%, while the toluene selectivity decreased from 85.9% to 28.8%.
he HYD/DDO ratios on Ni–Mo–0.3 catalyst at a total pressure of
.0 MPa, 3.0 MPa  and 4.0 MPa  were 0.2, 0.5 and 2.5, respectively.
his suggested that increasing hydrogen pressure was favorable

or the HYD route, which mainly related to the hydrogen solubility.
ncreasing hydrogen pressure could improve the hydrogen solubil-
ty in liquid phase. Correspondingly, the hydrogen concentration
Fig. 5. HDO of p-cresol on Ni–Mo–0.3 catalysts at different reaction pressure. Reac-
tion condition: temperature 300 ◦C, reaction time 6 h and stirring rate 900 r/min.

absorbed on Ni–Mo–0.3 catalyst surface was enhanced. After the
adsorption of p-cresol on Ni–Mo–0.3 catalyst, the hydrogenation
of the aromatic ring became dominant under the high concentra-
tion of hydrogen on catalyst surface, resulting in a high HYD/DDO
ratio. But at a very high hydrogen pressure, the adsorbed hydrogen
on the catalyst surface reached to a saturated value, which would
lead to no or little effect on the conversion or product distribution.
For example, Joshi et al. [44] had found that the 4-propylguaiacol
conversion remained constant after the hydrogen partial pressure
2.20 MPa. In summary, in this selected pressure range, high hydro-
gen pressure favored the high conversion and HYD route while low
hydrogen pressure promoted the DDO route.

2.6. Catalytic reaction mechanism

Theoretically, the HDO of phenolic compounds proceeds with
two main pathways: DDO and HYD, which are mainly attributed
to the different adsorption modes on the active site: (i) vertical
orientation adsorption and (ii) co-planar position adsorption. For
DDO route, p-cresol was  adsorbed on the active site of Ni–Mo–S
catalyst via the donation of lone electron pair from the oxygen and
then the hydrogen attacked on the Caromatic O bond to produce
toluene [45]. As shown in Fig. 3b, in the last 2 h, the conver-
sion had already reached to 100%, but the selectivity of toluene
yielded by DDO route only decreased by 0.8%. In other words,
the conversion of toluene at the end of 2 h run is less than 1.0%.
In addition, with the presence of p-cresol, the hydrogenation of
toluene was much slower due to the competitive adsorption of
p-cresol and toluene on the catalyst surface [18]. Hence, in the
HDO of p-cresol on these Ni–Mo–S catalysts, the hydrogenation of
toluene could be neglected. For HYD route, p-cresol was adsorbed
on the active site of Ni–Mo–S catalyst through the �-electrons of
the aromatic ring followed by hydrogenation of the aromatic ring
to produce 4-methylcyclohexanol [39]. Then, p-cresol HDO trans-
ferred into 4-methylcyclohexanol HDO. Free hydrogen adsorbed
on Mo-based sulfide catalysts attacked the oxygen atom of 4-
methylcyclohexanol and eliminated H2O to generate carbanion,
and then accepted the free hydrogen to produce methylcyclohex-
ane or generated a new double bond to form 4-methylcyclohexene
that was  further hydrogenated to methylcyclohexane [46]. This
reaction scheme is different from that over Ni–W–B amorphous
catalysts and Pt supported catalysts [19,47], in which only HYD
activity.
To explain the active sites of Ni(Co)-Mo(W)-S catalysts, sev-

eral models such as Rim-Edge model, Edge decoration model
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Table 3
Key reactions selected to evaluate the thermodynamic of p-cresol HDO.

Reaction Equation Temperature (◦C) (�G, kcal/mol)

250 275 300 325

R1, HDO conversion of p-cresol to toluene p-Cresol + H2 = toluene + H2O −12.5 −11.7 −10.8 −10.0
R2,  hydrogenation of p-cresol p-Cresol + 3H2 = 4-methylcyclohexanol −3.0 −0.7 1.5 3.8
R3,  HDO conversion of p-cresol to 3-methylcyclohexene p-Cresol + 3H2 = 3-methylcyclohexene + H2O −8.0 −6.1 −4.2 −2.3
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R4,  HDO conversion of p-cresol to methylcyclohexane p-Cresol + 4H2 = m
R5,  hydrogenation of toluene Toluene + 3H2 = m
R6,  hydrogenation of 3-methylcyclohexene 3-Methylcyclohex

nd Remote control model had been proposed. Rim-Edge model
escribes MoS2 catalyst as stacks of several discs. The top and bot-
om discs are defined as rim sites and the discs between the top
nd bottom discs are defined as edge sites. However, Wu et al. [48]
ad reported that Rim-Edge model was not suitable to explain the
ctive sites for the HDO reaction of p-cresol because of the “steric
indrance” effect. Edge decoration model claimes that there gen-
rates Ni–Mo–S phase in the Ni promoted MoS2 catalyst and the
igh catalytic activity is attributed to the formation of Ni–Mo–S
ctive phase [28,49,50]. Recently, Yoosuk et al. [27] had reported
hat the maximum synergetic effect of Ni–Mo–S amorphous cata-
yst in the HDO of phenol was attributed to the higher dispersion
f active species and the generation of more active Ni–Mo–S phase.
owever, Edge decoration model might be not very accurate in

his study because it was hard to determine whether there really
xisted Ni–Mo–S phase or not during HDO reaction. But the charac-
erization results showed that there appeared some Ni sulfides in
he catalyst, which suggested that there might only exist separate
i and Mo  sulfides in the prepared catalysts and the high activity
f Ni–Mo–S might be attributed to the synergistic effect of MoS2
nd Ni sulfides. To verify this conjecture, we prepared MoS2–NiS
ith the same Ni/(Ni + Mo)  molar ratio as that in Ni–Mo–0.3 by

wo-step hydrothermal method and then applied it into the HDO
f p-cresol. MoS2–NiS catalyst was prepared as following. Firstly,
he mixed solution containing ammonium heptamolybdate and
hiourea was added into a reactor and heated at 200 ◦C for 12 h.
econdly, nickel nitrate and thiourea were added into the reactor
nd heated at 200 ◦C for 12 h. The XRD and HRTEM character-
zation results of MoS2–NiS are shown in Fig. 6. The peaks at
� = 14◦, 33◦, 39◦ and 59◦ were corresponded to MoS2 while the
eaks at 2� = 27◦, 31◦, 35◦, 38◦, 45◦ and 53◦ were attributed to
iS2. Two groups of parallel dark thread-like fringes could be

bserved from the HRTEM image of MoS2–NiS, where the one
roup with a distance of 0.65 nm characterized the MoS2 while the
ther group with a distance of 0.26 nm represented NiS2. It also

Fig. 6. XRD pattern and TEM im
cyclohexane + H2O −6.6 −3.0 0.7 4.3
yclohexane −0.5 1.9 4.3 6.7

 H2 = methylcyclohexane −2.4 1.243 5.2 9.4

displayed that NiS2 homogeneously dispersed on the surface of
MoS2.

Fig. 7a and b shows concentration changes of p-cresol and prod-
uct versus reaction time on MoS2–NiS and Ni–Mo–0.3 under the
conditions of 3.0 MPa  and 300 ◦C. After 5 h, p-cresol conversion
on MoS2–NiS was 99.5% with none oxygenated compounds, being
much higher than that on Ni–Mo–0.3 (76.5%). According to the
preparation method for MoS2–NiS, it was  very clear that MoS2 was
prepared firstly and then NiS2 precipitated on the surface of MoS2.
In this case, Ni–Mo–S phase was hard to form. Moreover, we  also
prepared MoS2 + NiS catalyst by physically mixing separately pre-
pared MoS2 and NiS2 and tested its HDO activity, as shown in Fig. 7c.
p-Cresol conversion was  92.0%, which was  higher than that on
Ni–Mo–0.3 but lower than that on MoS2–NiS at the same reaction
conditions. The higher HDO activity of MoS2–NiS than MoS2 + NiS
resulted from the more uniform distribution of NiS2 on MoS2 in
MoS2–NiS. These indicated that the high activity of Ni promoted
MoS2 catalyst was  attributed to the synergistic effect of MoS2 and
NiS2 rather than the formation of Ni–Mo–S active phase. Accord-
ing to the reports by Gil-Llambías et al. [29,30], the synergistic
effect could be well explained by the RC model through a migra-
tion of hydrogen spillover. Hydrogen spillover was generated on
NiS2 (donor), by the dissociation of molecular species (H2) which
migrated to the active phase of MoS2 (acceptor). If NiS2 on the cata-
lyst surface was more, the hydrogenation product would be higher,
but excess NiS2 would cover some MoS2 active sites, inhibiting the
adsorption of p-cresol, leading to a reduction on conversion. There-
fore, an optimal balance between NiS2 and MoS2 ensured a high
HDO activity of Ni–Mo–S.

For Mo-based sulfides catalyst, it had reported that its activity
did not directly depend on the surface area [27,39]. According to the
HDO of p-cresol on Ni–Mo–S with different Ni/(Ni + Mo)  ratio, the

results in this study seemed to support this conclusion. As shown in
Table 2, the reaction rate constant (k) for Mo–S with a surface area
of 79.8 m2/g [1.2 × 10−2 mL/(s g catalyst)] is lower than Ni–Mo–0.3

age of MoS2–NiS catalyst.
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ig. 7. The concentration changes of p-cresol and product versus reaction time on
emperature 300 ◦C, stirring rate 900 r/min.

ith a surface area of 16.3 m2/g [3.2 × 10−2 mL/(s g catalyst)]. Nev-
rtheless, these catalysts contained different active constituents,
eading to different surface areas. There lacked evidence for the
ctivity comparison of catalyst with the same active constituents
ut different surface area. Here, we compared Ni–Mo–0.3 with
oS2–NiS on the catalytic activity. These two  catalysts had the

ame Ni/(Ni + Mo)  mole ratio but different surface area. The above
iscussion showed that the activity for Ni–Mo–X  catalysts was
ecreased above a certain threshold nickel concentration level
ecause of the coverage of active sites by NiS2. According to
his, MoS2–NiS would have lower catalytic activity than that of
i–Mo–0.3 because the XRD and HRTEM results shows that Ni sul-
de on MoS2–NiS surface was much more than that on Ni–Mo–0.3.
owever, MoS2–NiS with a surface area of 84.3 m2/g exhibited
uch higher HDO activity than Ni–Mo–0.3. Obviously, surface area

lso influenced the catalytic activity. Although the Ni sulfide on
oS2–NiS catalyst surface was very high, covering many active

ites, its large surface area exposed more available active sites.
onsequently, the surface area also contributed to the activity of
o-based sulfide catalyst in the HDO reaction, but it was not the

ecisive factor. Recent studies had also reported the similar results.
or instance, Li et al. [51] had claimed that the excellent lithium
torage property of MoS2 was attributed to its large specific sur-
ace that could provide a large number of reaction sites. We  had also
emonstrated that the high HDO catalytic activity of MoS2 catalyst
epended on its large surface area while the product distribution
epended on its morphology [52].
. Conclusions

Unsupported Ni–Mo–S catalysts were prepared by hydro-
hermal method at low temperature (200 ◦C) and without H2 or
o–0.3 (a), MoS2–NiS (b) and MoS2 + NiS (c). Reaction condition: pressure 3.0 MPa,

inert gas. With increasing Ni content in the Ni–Mo–S catalyst,
the surface area decreased from 79.8 m2/g for Mo–S to 10.7 m2/g
for Ni–Mo–0.5, and some of Ni sulfide was detected when the
Ni/(Ni + Mo)  molar ratio was  above 0.3. In the HDO  of p-cresol, the
conversion on Ni–Mo–0.3 reached to 99.9% with a deoxygenation
of 99.8% at 300 ◦C and 4.0 MPa  hydrogen pressure for 6 h, which
showed much higher catalytic activity than traditional Ni–Mo–S/�-
Al2O3 catalyst. The reaction rate constant k increased firstly and
then decreased with the increase of Ni/(Ni + Mo)  molar ratio. The
HYD route yielding methylcyclohexane was enhanced as tempera-
ture increased to 300 ◦C, and then inhibited when further increasing
the temperature. In the selected pressure range (2.0–4.0 MPa),
both the conversion and HYD selectivity were improved with the
increase of hydrogen pressure. Compared Ni–Mo–S catalyst pre-
pared by one step with MoS2–NiS and MoS2 + NiS, the high HDO
activity of Ni promoted MoS2 catalyst depended on the synergis-
tic effect of MoS2 and NiS2 rather than the formation of Ni–Mo–S
active phase. This synergistic effect was well explained by the RC
model through a migration of hydrogen spillover. An optimal bal-
ance between NiS2 and MoS2 leaded to the maximum HDO activity.
The surface area also influenced the HDO activity of Mo-based sul-
phide catalysts.
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