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Abstract−The catalytic activity of Mo-based catalysts prepared from (NH4)6Mo7O24 and (NH4)2MoS4 was com-

pared in the sulfur resistant methanation process. The catalyst using oxide precursor had relatively higher activity than

the catalyst using sulfide precursor, and the presulfidation procedure almost had no effect on the catalytic performance

of the catalyst using oxide precursor. In view of the characterization results, it could be supposed that the amorphous

MoS2 was more active for sulfur-resistant methanation than the crystalline MoS2. The molybdenum sulfides and oxides

with lower valence states (Mo4+, Mo5+) could be responsible for the catalytic activity and make a possible contribution

to the carbon monoxide methanation in the reaction condition.

Keywords: Sulfur-resistant, Methanation, Precursor, Active Species

INTRODUCTION

The production of substitute natural gas (SNG) from coal or bio-
mass is good for relieving the problem of greenhouse gas emission
and the energy crisis. Methanation is the key step which needs to
be achieved with catalyst [1,2]. Ni-based catalyst is generally applied
for the methanation reaction as follows:

3H2+CO→CH4+H2O (1)

In former methanation literatures, the Ni-based catalysts usually
show high conversion of CO when they react with hydrogen-rich
feed (H2/CO>3) and low reaction temperature (<400 oC). But be-
cause the syngas produced from gasifier is the mixture in a H2/CO
mole ratio from 0.3 to 1.3 which is low for good CO conversion,
so the water gas shift process (CO+H2O↔CO2+H2) is needed be-
fore methanation step to enhance the H2/CO mole ratio close to 3.
Moreover, a sulfur species removal process such as rectisol wash is
crucial before methanation due to the restrictions of sulfur-sensitive
catalyst like Ni-based catalyst. These processes increase the cost of
SNG production on Ni-based catalyst. For these reasons, Mo-based
catalysts have received much attention for their insensitivity to sulfur
poisoning [3,4] and their tolerance to outlet gases from gasifiers
with low H2/CO ratios [5,6] although they have only modest activ-
ity. It is possible for Mo-based catalyst to cover the shortage of rela-
tively lower activity by using simplified production technology. The
methanation reaction occurring on Mo-based catalyst is described
as follows:

2CO+2H2→CH4+CO2 (2)

The above reaction is the sum of a methanation (1) and water gas

shift reaction, which can be achieved because the water gas shift
reaction activity on Mo-based catalyst is much higher than that on
Ni-based catalyst. All the sour species (H2S, CO2, etc.) can be re-
moved in one-step operation after methanation process. By this way,
the SNG production from coal or biomass can be achieved in a shorter
process on Mo-based catalyst than that on the Ni-based catalyst.

Ammonium heptamolybdate (AHM) was a commonly used pre-
cursor to prepare supported Mo-based catalyst, and a sulfidation
process was normally needed to activate this kind of catalyst. For
this kind of catalyst, Al2(MoO4)3 species could be formed on the
catalyst surface and result in decreased reaction activity [7,8]. As
reported, ammonium tetrathiomolybdate (ATM) decomposed in
inert gas can directly lead to a nonstoichiometric MoS2 formation
[9], which has been successfully used in the hydrodesulfurization
studies. Some results indicate that the catalyst prepared by decom-
position of ATM has a higher activity than the conventional cata-
lyst prepared from AHM [10,11].

Previous studies and density functional theory calculations showed
that low valence sulfur species located on the MoS2 edges were sup-
posed to be involved in H2 activation [12,13]. CO was found to adsorb
on the bridge position of the Mo-edge of a MoS2 surface with a tilted
configuration, and it was unlikely to dissociate into O and C [14].
Some C1 species may be acceptable for the hydrogenation of CO
adsorbed on the coordinatively unsaturated molybdenum sites of
MoS2 clusters [15,16]. However, to our knowledge, there is no related
report concerning the active sites on sulfur-resistant methanation
catalysts. In this work, we investigate the difference of (NH4)6Mo7O24

or (NH4)2MoS4 as precursor in methanation activity and discuss the
effect of precursor in this process.

EXPERIMENTAL

1. Catalyst Preparation

ATM ((NH4)2MoS4) was self-made by adding a 20 wt% aque-
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ous solution of (NH4)2S to a solution of AHM ((NH4)6Mo7O24) and
NH3·H2O upon stirring at room temperature. The mixture was stirred
and heated moderately at 60 oC for 1 h, then kept in a refrigerator
for 24 h. The precipitated dark red crystals of ATM were filtered
and washed with cold ethanol, followed by drying under vacuum.
The characteristic X-ray diffraction (XRD) peak positions and rela-
tive intensities of self-made sample clearly corresponded to a com-
mercial product from Alfa Aesar with purity of 99.99% metal basis
(Fig. 1).

The γ-Al2O3 support used in this study is commercially available
(Yixing, China). The molybdenum oxide sample was prepared by
the incipient wetness impregnation method with an aqueous solu-
tion of AHM. After impregnation for 24 h, the obtained sample was
dried in air at 120 oC for 12 h and then calcined at 600 oC for 4 h.
This catalyst was designated as MoOAl. The molybdenum sulfide
sample was prepared by impregnation of the support with an aqueous
solution of ATM. The obtained sample was dried in inert gas at 60 oC
and then stored in a desiccator under nitrogen atmosphere. This cata-
lyst was designated as MoSAl. All above catalysts were prepared
with the same loading of Mo (10 wt%).
2. Activity Test

Activity tests were carried out in a fixed-bed reactor (700 mm
length and 11 mm diameter) with three independent electric heat-

ing zones to ensure the isothermal region was larger than 10 cm in
the middle part. The temperature in each zone was controlled by
individual thermocouple and the reaction temperature was meas-
ured with another thermocouple placed in the middle of the cata-
lyst bed. In this way, the temperature gradient along the catalyst
bed was controlled less than 10 oC in the experiment we tested. The
reaction temperature in the paper means the hot-spot temperature,
which was determined by moving the thermocouple along the cata-
lyst bed during reaction. As for the radial temperature gradient, we
think it can be neglected because the inner diameter of the reactor
tube is as small as 11 mm.

Prior to the catalyst test, the as-prepared catalyst (3 mL, 20-40
mesh) was activated in the reactor under different condition at atmo-
spheric pressure. The catalyst MoSAl was calcined in nitrogen at
400 oC for 5 h, and the catalyst MoOAl was sulfurized by a 3 vol%
H2S/H2 gas mixture at 400 oC for 5 h. As a comparison, MoOAl
without pre-sulfidation was also investigated.

The syngas, at a flow rate of 250 mL/min (volume ratio of N2 :
CO : H2=1 : 2 : 2, with 0.2 vol% H2S), was introduced to the reac-
tor. The reaction pressure was 3 MPa. The exit gases were on-line
analyzed using an Agilent 7890A gas chromatography instrument.
The composition of CO, CO2, CH4, and C2H6 was obtained using
external standard method based on gas chromatography analysis
results.
3. Characterization

N2-physisorption analysis of the prepared catalysts was performed
at 196 oC on a Tristar-3000 apparatus (Micromeritics, America) to
obtain the textural properties of catalysts. XRD analysis was per-
formed using a Rigaku D/max-2500 X-ray diffractometer with a
Ni-filtered Cu-Kα radiation source (λ=1.54056 Å). The morphology
and structure of the catalysts were characterized by a JEM-2100F
(200 kv) transmission electron microscope (TEM) with a high reso-
lution of 0.15 nm/200 kv. X-ray photoelectron spectroscopy (XPS)
analysis of all catalyst samples was performed using PHI-1600 ESCA
XPS equipment with monochromated Mg-Kα X-ray radiation.

RESULTS AND DISCUSSION

1. Comparison of Methanation Activity

Under experimental conditions with 0.2 vol% H2S, methanation
activities of the two catalysts are presented in Fig. 2. Each point in

Fig. 1. XRD patterns of (NH4)2MoS4.

Fig. 2. Methanation activity of catalysts prepared from different precursors.
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the figure is the average of two hours data after an eight hour test.
The results indicated that the catalysts increased their CO conver-
sion with increasing reaction temperature. As reaction temperature
increased, CH4 selectivity increased while CO2 selectivity decreased,
and C2H6 selectivity decreased at a low level. It was clear that the
MoSAl catalyst prepared from ATM exhibited a lower CO con-
version than the MoOAl from AHM. However, there was no dif-
ference in the selectivity of any product.

In previous studies [17,18], Mo-based methanation catalysts were
reported to have significant activity with CO conversion about 60%
at relatively lower space velocity (800-2,000 h−1). In our paper, the
space velocity (5,000 h−1) is relatively higher than those reported. To
some extent, our results progressed compared with reported results.
2. Analysis of Catalyst Property

The textural properties of used catalysts are shown in Table 1. It
is observed that data of the catalysts are similar to each other. This
indicates that AHM and ATM had comparable effect on the tex-
tural properties of Al2O3 support. The difference of pore size could
be attributed to the larger grain size of MoS2 on catalyst MoSAl.

The phase identification of used catalysts was performed by means
of X-ray diffraction techniques (Fig. 3). It is clear that the γ-Al2O3

structure (broad peaks, 2θ of 32.8o, 37.0o, 45.8o, 59.9o and 66.8o)
are present on the two catalysts. Al2(MoO4)3 phase was not detected
before monolayer coverage was achieved [19]. On catalyst MoSAl,
the peaks corresponding to MoS2 (2θ of 14.4o and 40.0o) proved
the existence of a considerable amount of crystalline MoS2. But no
diffraction peaks of MoS2 were detected on MoOAl, which meant
that the molybdenum sulfides were highly dispersed on this cata-
lyst surface. So the predominant molybdenum species of MoOAl
in test were amorphous or microcrystalline MoS2, relatively rich in

defects. These phases could provide more active sites for CO ad-
sorption on the Mo-edge of a MoS2 surface [20].

The TEM analysis shown in Fig. 4 was used to further deter-
mine the structural features of MoS2 on the used catalysts. The image
of catalyst MoSAl displayed a well crystallized MoS2 stack with
more layers in contrast to that of MoOAl with bent MoS2 slabs and
fewer layers. To compare quantitatively the distribution of slab length
and stacking after methanation reaction, statistical analyses were
made based on the analysis of about 10 images and 100 slabs located
in various parts of the each same catalyst. The slab length distribu-
tion of Mo/Al and Co-Mo/Al catalysts is presented in Fig. 5 The
average length and stacking number of MoS2 particles calculated
from the TEM images are summarized in Table 2.

Many single slabs were present on MoOAl, indicating a slab-
alumina interaction which is stronger than the slab-slab interaction.
And the smaller slab could provide more edge active sites. The slab-
like structure contained defects like curvatures, dislocations, substi-
tution of sulfur by oxygen [21]. This meant that molybdenum spe-

Table 1. Textural property of catalysts after test

Catalyst
BET surface area,

m2/g

Pore volume,

cm3/g

Pore size,

nm

MoOAl

MoSAl

150

159

0.22

0.20

5.4

4.3

Fig. 3. The XRD patterns of catalysts after activity test: (a) MoOAl,
(b) MoSAl.

Fig. 4. The TEM images of catalysts after activity test: (a) MoOAl, (b) MoSAl.



2160 H. Wang et al.

December, 2014

cies might have different valence states in the tests.
To know the chemical state and the distribution of Mo on the

Fig. 5. Distribution of slab length for MoOAl and MoSAl catalyst.

Table 2. The average slab length (L) and stacking (n) of the MoS2

slabs on catalysts

Catalyst after

treatment

Average slab length,

nm

Average stacking

degree

MoOAl 4.9 1.0

MoSAl 5.5 2.6

Fig. 6. Peak-fitting of Mo3d-S2s XPS peaks for the used catalysts: (a) MoOAl, (b) MoSAl.

Fig. 7. Methanation activity over time at 550 oC for different samples.

Table 3. XPS parameters derived from curve fitting of Mo3d–S2s

Catalyst S/Mo
Binding energy, eV Quantitative result, %atom

Mo+4 3d5/2 Mo+5 3d5/2 Mo+6 3d5/2 Mo4+ Mo5+ Mo6+

MoOAl

MoSAl

1.85

2.01

229.1

229.2

230.0

230.2

232.6

232.4

69.4

85.3

7.1

6.6

23.5

08.1

carrier, XPS analysis was carried out to characterize the used cata-
lysts. It is obvious in Fig. 6 that the binding energy regions of Mo3d
and S2s overlap with each other. For the deconvolution of the Mo
3d peaks, the following constraints were imposed: the spin-orbit
splitting of the Mo 3d peaks was fixed to be around 3.2. The area
ratios were equal to the theoretical values of 1.5. The decomposition
of Mo 3d spectra represented three types of Mo species: sulfides
(Mo4+), oxides (Mo6+) and oxysulfides (Mo5+), which are well do-
cumented [22,23]. Their peak positions and area ratios are listed in
Table 3.

As O-S exchange occurred easily by reaction of Mo oxide with
H2S at low temperature, the molybdenum phase on used catalysts
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should be mainly the species with lower valence. For catalyst MoSAl,
the higher percentage of sulfide phase (Mo4+) was in agreement with
previous observations. The intermediate, presumably a MoOxSy spe-
cies, was attributed to some oxygen atoms on γ-Al2O3 support oc-
cupied sulfur positions. For catalyst MoOAl, the higher percentage
of MoOx (Mo6+) was partly due to un-sulfurizable molybdenum oxides
and partly due to re-oxidation of the sample exposure to air and water
during storage or transfer [24].
3. Evaluation of Active Species

To study the molybdenum species responsible for the catalytic
performance, methanation activities over time for catalyst MoOAl
were compared at 550 oC in the presence and absence of H2S. Also
evaluated was a MoOAl sample without sulfidation. The curves in
Fig. 7 show that the presulfidation process might not be essential
for this kind of catalyst in methanation. No obvious differences were
detected in the results of these samples. CO conversion decreased
at the initial reaction stage, including subsequent relatively stable
conversion rate. Stable selectivities of products were achieved on
all samples.

As MoO3 was found to be easily reduced by hydrogen to Mo4O11,
MoO2 and Mo metal at temperature higher than 400 oC [25], molyb-
denum was definitely in the oxide form with lower valence on the
sample after reaction in the absence of H2S, showing molybdenum
oxide had similar methanation activity with the molybdenum sul-
fide. Some oxysulfide intermediates could be assumed to have meth-
anation activity under the reaction conditions.

CONCLUSIONS

The catalyst prepared from AHM exhibited better methanation
activity than the catalyst prepared from ATM, through increasing
the dispersion of Mo species on the catalyst surface, diminishing
the MoS2 size and providing more active sites. The amorphous MoS2

phase was more active for methanation than the highly crystalline
MoS2 phase. Also, molybdenum oxide showed a similar activity to
the molybdenum sulfide. So, molybdenum sulfides and oxides with
lower valence could be all active species in methanation process,
and AHM was better as a precursor than ATM even without the
presulfidation treatment.
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