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A B S T R A C T

A series of CoMo catalysts were prepared by various methods with three different supports (Al2O3-1 of g
phase, Al2O3-2 containing g and d mixed phases, SiO2). And the effect of morphology of (Co)MoS2 phases

on selective hydrodesulfurization was studied systematically. The TEM images showed, in general, the

average slab length, the stacking number and the ratio of edge/corner of the sulfided catalysts increase

remarkably in the order: SiO2 > Al2O3-2 > Al2O3-1, with the extent of metal–support interaction

decreasing in the order: SiO2 < Al2O3-2 < Al2O3-1. And the hydrodesulfurization selectivity correlates

linearly with the slab length (or the ratio of edge/corner) of (Co)MoS2 phases, the longer average slab

length, the higher ratio of edge/corner, and then the better hydrodesulfurization selectivity. Among all

the catalysts, sulfided CoMo/SiO2 of the longest average slab length and the highest edge/corner ratio

exhibits the best hydrodesulfurization selectivity.
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1. Introduction

Clean gasoline (S <10 ppm) production as an important subject
of environmental catalysis has received considerable attention in
recent years [1–11]. And it is well known that FCC gasoline
contains high levels of sulfur (0.005–1.5 wt.%), depending on
whether the FCC feed stocks have been prehydrodesulfurized or
not, and also a great quantity of olefins (20–40 wt.%), which
provides it with a fairly good octane number [1,2]. However, during
the process of hydrodesulfurization (HDS) of FCC gasoline,
hydrogenation (HYD) reactions of olefins take place simulta-
neously and inevitably cause octane loss to some extent. So it is
imperative to develop highly selective HDS catalysts so as to
eliminate a maximum of the sulfur impurities with a minimum
olefin saturation. So far, many studies have focused on the effects
of reactivity of olefins, catalyst preparation parameters (increasing
Co/Mo ratios, doping alumina with alkaline elements, adding
chelating agents, etc.), sulfidation temperature and reaction
conditions (hydrogen pressure, temperature, coking pretreatment,
etc.) on selective HDS in CoMo/Al2O3 catalysts. And it is well
accepted that the nature of the support plays an important role in
the morphology and dispersion of the active metal phases and
catalytic activity of the catalysts [12–17], but to the best of our
knowledge, the correlation of morphology of (Co)MoS2 phases and
selective HDS has never been reported comprehensively in public.
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Therefore, the aim of this work is to prepare a series of CoMo
catalysts by various methods to obtain (Co)MoS2 phases of
different morphology, and study the effect of morphology of
(Co)MoS2 phases on selective HDS.

2. Experimental

2.1. Catalyst preparation

Three different kinds of commercial supports Al2O3-1 (CLDT-1,
SINOPEC Changling catalyst company), Al2O3-2 (CLDT-2, SINOPEC
Changling catalyst company) and SiO2 (Cukong-silica, Qingdao
Haiyang chemical Company) were obtained without further
treatment. The XRD patterns shown in Fig. 1 indicate Al2O3-1 of
pure g phase and Al2O3-2 of d and g mixed phases and silica of
amorphous SiO2 phase. In all of the preparation of catalysts, the
incipient wetness impregnation method was used, with cobalt
nitrate and ammonium heptamolybdate as the precursor of Co and
Mo, respectively. CoMo/Al2O3-1, CoMo/Al2O3-2 and CoMo/SiO2

were prepared by co-impregnation method with an ammonia
solution of the Co and Mo salts, respectively. CoMo-EDTA/SiO2 was
prepared by co-impregnation of the solution containing the Co, Mo,
and EDTA salts (the molar ratio of EDTA/Co = 2.0). Co/Mo-S/Al2O3-
1 and Co/Mo-S/Al2O3-2 were prepared by the sequential impreg-
nation of Co and Mo. First, Mo was impregnated, followed by
drying at 393 K for 4 h and sulfiding (the details see the catalyst
presulfidation below) at 593 K for 3 h; second, Co was impreg-
nated. And the final metal loadings of all the catalysts as
determined by XRF are approximately 2.5 wt.% CoO and 8 wt.%
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Fig. 1. X-ray diffraction patterns of (a) Al2O3-1, (b) Al2O3-2 and (c) SiO2.
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MoO3. Prior to use, all the catalysts were dried at 393 K for 4 h,
except Co/Mo-S/Al2O3-1 and Co/Mo-S/Al2O3-2 were dried under
vacuum.

2.2. Characterization

X-ray diffraction (XRD) patterns were recorded on a Philips
X’Pert diffractometer, using the Cu Ka radiation at 40 kV and
40 mA. The element contents of the catalysts were determined on
a ZSX100e X-ray fluorescence analyzer. The transmission
electron microscopy (TEM) images of the sulfided catalysts were
recorded on a Tecnai G2 F20 S-TWIN microscope. The catalysts
were sulfided in a 15% H2S/H2 (by volume) flow of 100 cm3/min,
heating to 673 K at a rate of 6 K/min, then keeping at 673 K for
4 h. Subsequently, the sample was cooled to room temperature
under flowing N2. And the sample was milled in an agate mortar
and ultrasonically suspended in cyclohexane. A drop of the
supernatant liquid was placed on a copper grid coated with a
sputtered carbon polymer. At least 10 representative micro-
graphs were taken for each sample, and the average slab length
(L) and the stacking number (N) were determined by manually
measuring at least 150 slabs per sample. Considering that small
sulfur-containing molecules (like thiophene) may not exhibit the
rim/edge effect due to the absence of steric interference [18], the
corner-edge model is used to describe the effect of morphology of
(Co)MoS2 phases on selective HDS. In accordance with the recent
STM results of the promoted Co–Mo–S structures [19], it is found
that Co promotion changes the morphology of the MoS2

nanoclusters and that their shape becomes significantly more
hexagonal. Therefore, these (Co)MoS2 slabs are assumed as
Table 1
Formulae for the morphology parameters of (Co)MoS2 slabs.

Number Formula Symbol and defi

1 L ¼
P

li
n

L: the average s

2 N ¼
P

niNi

n
N: the average

3 n0i ¼
10� L̄=3:2þ 1

2
n0i: the number

4 Me ¼ ð6n0i � 12ÞN̄ Me: the numbe

5 Mc ¼ 6N̄ Mc: the numbe

6 MT ¼ ð3n0i2� 3n0i þ 1ÞN̄ MT: the total nu

7 f e; % ¼ 100�Me=MT fe: the fraction

8 f c ; % ¼ 100�Mc=MT fc: the fraction

9 f ¼ f e= f c ¼ n0i � 2 ¼ 10� L̄=3:2� 3

2
f: the ratio of fe
perfect hexagons. For these calculations, the published data of
Kasztelan et al. [16] were employed. The number of Mo
atoms along one side of a (Co)MoS2 slab denoted as n0i were
determined from its length (L ¼ 3:2� ð2n0i � 1Þ) [16], that is,
n0i ¼ ð10� L̄=3:2þ 1Þ=2. Besides, the number of Mo atoms at the
edge sites (Me), the number of Mo atoms at the corner sites (Mc)
and the total number of Mo atoms (MT) were calculated,
respectively, by using the equations deduced by [15,16,20].
For the sake of clarity, all the formulae, related symbols and
definitions for the morphology parameters of the (Co)MoS2 slabs
are listed in Table 1.

2.3. Catalytic activity evaluation

The catalytic activity tests were carried out in a continuous flow
fixed-bed micro-reactor under the conditions: 1.6 MPa, 533 K, the
catalyst loading of 1.00 g, 10 wt.% thiophene and 20 wt.% 1-hexene
in heptane as the model feed, the feed flow rate of 0.16 cm3/min,
the H2 flow rate of 360 cm3/min. The catalysts were presulfided in
situ with the sulfiding feed of 6 vol.% CS2 in cyclohexane, 1.6 MPa
and 593 K for 3 h. After steady-state conditions were reached, the
liquid effluents were periodically auto-sampled and analyzed on-
line by Agilent 6890N Gas Chromatograph with a 30 m capillary
column OV-101. Finally, according to [21], the HDS activity, HYD
activity and HDS selectivity factor of the catalysts were calculated
as follows:

HDS conversion ðXTÞ; % ¼ ½ðS feed � S productÞ=S feed� � 100

where Sfeed and Sproduct denote the thiophene content in the feed
and products, respectively.

HYD conversion ðXHÞ; % ¼ ½ðH feed � H productÞ=H feed� � 100

where Hfeed and Hproduct denote the hexene content in the feed and
products, respectively.

HDS selectivity factor ðSTÞ ¼ ½lnð1� XTÞ�=½lnð1� XHÞ�

3. Results and discussion

3.1. Transmission electron microscopy

Representative TEM micrographs of six sulfided catalysts were
shown in Figs. 2–4, exhibiting the well-known (Co)MoS2 slab-like
structure. The average slab length (L), the stacking number (N) and
the ratio of fe/fc of the sulfided catalysts were summarized in Table 2.
It is interesting to find that, in general, L, N and fe/fc ratio of the
sulfided catalysts remarkably increase in the order: SiO2 > Al2O3-
2 > Al2O3-1, with the extent of metal–support interaction decreas-
ing in the order: SiO2 < Al2O3-2 < Al2O3-1, as evidenced by the TPR
results (the TPR profiles of the oxidic catalysts showed, the reduction
nition

lab length of (Co)MoS2 slabs; n: the total number of slabs; li: the length of slab i.

stacking number of (Co)MoS2 slabs; ni: the number of stacks with Ni layers.

of Mo atoms along one side of a (Co)MoS2 slab.

r of Mo atoms at the edge sites.

r of Mo atoms at the corner sites.

mber of Mo atoms.

of Mo atoms at the edge sites.

of Mo atoms at the corner sites.

to fc.



Fig. 2. TEM images of sulfided catalysts of CoMo/Al2O3-1 (left) and CoMo/Al2O3-2 (right).

Fig. 3. TEM images of sulfided catalysts of Co/Mo-S/Al2O3-1 (left) and Co/Mo-S/Al2O3-2 (right).
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peak of CoMo/SiO2 shifts to lower temperature (1023 K) compared
with those of CoMo/Al2O3-2 (1056 K) and CoMo/Al2O3-1 (1103 K),
indicating that metal oxides are more easily reduced on SiO2 than
Al2O3-2 and Al2O3-1) [22]. To be specific, for Al2O3-1 supported
catalysts, a higher fe/fc ratio for sulfided Co/Mo-S/Al2O3-1 than
CoMo/Al2O3-1 was seen, ascribed to the increase in the average slab
Fig. 4. TEM images of sulfided catalysts of CoM
length of (Co)MoS2 slabs after re-sulfidation. Similar results were
also observed for Co/Mo-S/Al2O3-2 and CoMo/Al2O3-2. Compared
with CoMo/SiO2, the introduction of EDTA in the impregnation
solution, decreases the average slab length of CoMo-EDTA/SiO2 but
slightly influences its average stacking number. It resulted in a lower
fe/fc ratio for sulfided CoMo-EDTA/SiO2 than CoMo/SiO2.
o/SiO2 (left) and CoMo-EDTA/SiO2 (right).



Table 2
The characteristics of the morphology of the sulfided catalysts.

Catalyst Average slab

length (nm)

Average stacking

number

fe fc fe/fc

CoMo/Al2O3-1 4.8 2.2 21.3 3.6 5.9

CoMo/Al2O3-2 5.4 2.6 19.6 2.8 7.0

Co/Mo-S/Al2O3-1 5.3 2.1 19.7 2.9 6.8

Co/Mo-S/Al2O3-2 6.2 2.5 17.6 2.2 8.0

CoMo/SiO2 6.6 2.7 16.9 1.9 8.9

CoMo-EDTA/SiO2 6.3 2.7 17.8 2.2 8.1
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3.2. Catalytic activity evaluation

The evaluation results of various catalysts were listed in
Table 3. The HDS activity of the catalysts increase considerably
in the order: CoMo/Al2O3-2 > Co/Mo-S/Al2O3-2 > Co/Mo-S/
Al2O3-1 > CoMo/Al2O3-1 > CoMo-EDTA/SiO2 > CoMo/SiO2, but
the HYD activity of the catalysts markedly increase in the
order: CoMo/Al2O3-2 > CoMo/Al2O3-1 > Co/Mo-S/Al2O3-2 � Co/
Mo-S/Al2O3-1 > CoMo-EDTA/SiO2 > CoMo/SiO2. In general, the
HDS and HYD activity of the catalysts approximately increase in
the order: Al2O3-2 > Al2O3-1 > SiO2. It can be explained that, on
the one hand, apparently, the Al2O3-1 supported catalysts have
more total active sites (edge sites and corner sites) than the
corresponding Al2O3-2 supported catalysts as listed in Table 2,
but stronger metal–support interaction for Al2O3-1 stimulates
more Co to interact with Al2O3-1 instead of Mo than Al2O3-2,
resulting in less formation of Co–Mo–S active phases and
relative lower activity. On the other hand, compared with the
Al2O3-1 and Al2O3-2 supported catalysts, the SiO2 supported
catalysts have fewer total active sites because of poorly
dispersed (Co)MoS2 phases with longer average slab length
and higher stacking number due to its too weak metal–support
interaction, just showing the lowest activity.

To be specific, for Al2O3-1 supported catalysts, the introduc-
tion of Co to the presulfided Mo/Al2O3-1 can apparently lead to a
significantly higher decoration of the MoS2 edges than conven-
tional co-impregnation, because in the latter case the easier
diffusion of Co ions into the alumina lattice to form cobalt
spinel due to its strong metal–support interaction, in good
agreement with the results of [23]. Moreover, because the
promotion of Co on Mo increases markedly the C–S bond
breaking reaction but in less extension influences the hydrogen
transfer reactions as reported by [24], a higher HDS activity and
lower HYD activity for sulfided Co/Mo-S/Al2O3-1 than CoMo/
Al2O3-1 were seen.

For Al2O3-2 supported catalysts, contrary to the results of
Al2O3-1 supported catalysts, a lower HDS activity and HYD
activity for sulfided Co/Mo-S/Al2O3-2 than CoMo/Al2O3-2 were
observed. It could be ascribed to that in the former case, its
marked increase in the average slab length of (Co)MoS2

slabs after re-sulfidation due to its moderate metal–support
interaction, caused a decrease in total active sites than
Table 3
Comparison of the HDS activity, HYD activity and HDS selectivity factor of various

catalysts.

Catalyst HDS (%) HYD (%) HDS selectivity factor

CoMo/Al2O3-1 33.6 54.8 0.5

CoMo/Al2O3-2 45.6 57.3 0.7

Co/Mo-S/Al2O3-1 36.1 46.3 0.7

Co/Mo-S/Al2O3-2 39.8 46.4 0.8

CoMo/SiO2 10.2 9.8 1.0

CoMo-EDTA/SiO2 23.8 28.3 0.8
conventional co-impregnation, consisting well with the data
listed in Table 2.

For SiO2 supported catalysts, the introduction of EDTA in the
impregnation solution, improves the dispersion of the metal
precursors, decreases the average slab length of (Co)MoS2 slabs
and increases the total active sites, leading to a higher HDS
activity and HYD activity for sulfided CoMo-EDTA/SiO2.

In contrast, the HDS selectivity factors of the catalysts increase
in the order: CoMo/SiO2 > CoMo-EDTA/SiO2 � Co/Mo-S/Al2O3-
2 > Co/Mo-S/Al2O3-1 � CoMo/Al2O3-2 > CoMo/Al2O3-1. The rea-
sons for the different performance of the catalysts will be
explained below.

3.3. The relation between morphology of (Co)MoS2 phases and

selective HDS

Considering that the shape of the (Co)MoS2 phase is assumed
as perfect hexagonal according to the STM results of the
promoted Co–Mo–S structures [19], the edge/corner ratio is
therefore a function of the slab length as listed in Table 1. To
investigate the effect of morphology of (Co)MoS2 phases on
selective HDS, the correlation of HDS selectivity factor with the
slab length of (Co)MoS2 phases was illustrated in Fig. 5. It clearly
exhibits that the HDS selectivity factor correlates linearly with
the slab length of (Co)MoS2 phases. Moreover, the longer
average slab length indicates the higher ratio of edge/corner,
and then the better HDS selectivity. And the reasons for this
linear correlation can be explained as follows. On the one hand,
there are two kinds of active sites on the (Co)MoS2 slabs, edge
sites and corner sites. According to the density functional theory
computation results of [25], the corner sites are more favored
thermodynamically for molecular hydrogen adsorption and
dissociation into atomic hydrogen; moreover, the sulfur atoms
associated with these corner Mo atoms are terminal ones, and
sulfur removal from the corners is much easier than that from
the edges. Thus, it results in a higher degree of coordinative
unsaturation at the corner atoms than at the edge sites, and
more favors HYD reaction at the corner sites, as reported by
[15,16,26]. On the other hand, when the Mo atoms at edge sites
are decorated by the Co atoms, the promoting effect of Co on Mo
will essentially contributes to a noticeable increase in HDS
activity but slightly influences HYD activity, as reported by [24].
Therefore, the higher edge/corner ratio of (Co)MoS2 phases
favors better HDS selectivity. And the sulfided CoMo/SiO2 with
the highest edge/corner ratio, just exhibits the best HDS
selectivity.
Fig. 5. The correlation of HDS selectivity factor with slab length of (Co)MoS2.
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4. Conclusion

A series of CoMo catalysts were prepared by various methods
with three different supports (Al2O3-1 of g phase, Al2O3-2
containing g and d mixed phases, SiO2). The morphology of the
sulfided catalysts was characterized by TEM, and the effect of
morphology of (Co)MoS2 phases on HDS selectivity was studied
systematically. And the conclusions can be reasonably summar-
ized as follows.

First, the TEM images showed, in general, the average slab
length, the stacking number and the ratio of edge/corner of the
sulfided catalysts increase remarkably in the order: SiO2 > Al2O3-
2 > Al2O3-1, with the extent of metal–support interaction decreas-
ing in the order: SiO2 < Al2O3-2 < Al2O3-1.

Second, HDS selectivity correlates linearly with the slab length
of (Co)MoS2 phases. It indicated that the longer average slab
length, that is, the higher ratio of edge/corner, results in the better
HDS selectivity. Among all the catalysts, sulfided CoMo/SiO2 with
the longest average slab length and the highest edge/corner ratio
exhibits the best HDS selectivity.
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