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The introduction of surfactants during the fabrication of hydrodesulfurization catalysts could not only tune

themicrostructure but also promote the dispersion of active components. In this work, CoMo bulk catalysts

with the hierarchical structure of three-dimensionally ordered macro–mesopores were successfully

fabricated by using a colloidal crystal template with the addition of PEG 400 and/or F127 surfactants. The

obtained samples were characterized by various techniques, and the possible mechanism of the

structure formation was also discussed. The characterization and evaluation results reveal that the

addition of surfactants can promote the formation of the mesopores (3–4 nm) inside the macroporous

walls of these bulk catalysts, which is essential for the increase of catalyst surface area, and the active

sites for reaction. The CoMo–PF-1 catalyst displayed superior catalytic performance for thiophene

hydrodesulfurization with the thiophene conversion of 99.4% under 1 MPa at 360 �C, which is much

higher than that (77.8%) at 0.1 MPa. This result is even comparable to our previous report with the

thiophene conversion of 99.2% over the 3DOM CoMo catalyst under 3 MPa.
1 Introduction

With the strict environmental regulations worldwide,1 the
hydrodesulfurization (HDS) process has attracted a lot of
attention as an efficient technique to reduce sulfur content in
transportation fuels. Currently, the supported Mo(W)S2 with the
assistance of the Co or Ni promoter is still the state of the art
catalyst,2–5 because of its high efficiency for the removal of
sulfur-containing compounds and high stability in long-term
operation. However, these supported catalysts hardly reduce
the sulfur content to ultralow levels under mild conditions due
to the limitation of active sites and unfavorable interaction
between carrier and active metals. Besides, it is also difficult to
acquire direct information about the inherent activity of active
sites due to the interference of the support.6

Recently, the bulk catalysts consisted of two or more active
components have been conceived as a viable alternative option
for the updates of HDS catalysts.6–11 Compared to the supported
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ones, the bulk catalysts without the support can generate
a larger number of active sites aer the pre-sulfurization treat-
ment. Impressively, the NiMoW bulk catalyst showed the HDS
activity three times higher than the traditional supported
CoMo/g-Al2O3 catalyst.6 It is also possible to directly investigate
the morphology and stacks of Mo(W)S2 for further improving
the HDS activity without the inuence of support.7,12,13 However,
the absence of support would result in the poor dispersion of
the active metals. Therefore, bulk catalysts usually exhibit much
lower atom efficiency than some supported catalysts, which
limits their application and development. To address the above
issues, some researchers tried to increase the surface area of
bulk catalysts by adding a wide variety of additives such as
ethylene glycol, polyvinylpyrrolidone (PVP), and pluronic 123
(P123).7,12–15 However, the utilization of active metals is still
unsatisfactory. Therefore, it is still a challenging subject to
search the highly efficient methods for the full utilization of
active metals in bulk catalysts.

Nowadays, the hierarchical materials with three-
dimensionally ordered macroporous (3DOM) structure fabri-
cated by using the colloidal crystal template (CCT), such as PS,16

PMMA17 or SiO2,18 are widely used in many specic elds
because of their novel physicochemical properties.17,19–22 In our
previous work,23 the prepared 3DOM bulk catalysts with the
micropore size (>150 nm) can not only supply more active
centers but also reduce the mass transfer resistance of the
reactants and products through the three-dimensionally porous
network. Therefore, these 3DOM bulk catalysts exhibit superior
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The schematic diagram of the fixed-bed micro-reactor for
catalyst activity test.
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HDS activity for thiophene conversion. However, one of the
common drawbacks of 3DOM materials is the relatively low
specic surface area,24–27 which is also the main reason for the
low atom efficiency of these materials. Thus, various surfactants
were introduced into the catalyst precursor during the prepa-
ration process to increase the surface area.28–32 Dai's group
successfully fabricated the worm-hole-like mesoporous 3DOM
MgO with surface area higher than 100 m2 g�1.32 In addition,
the introduction of surfactants can also improve the dispersion
of the active phase of the prepared catalysts, and further
enhance the HDS performance.12,13,33 Therefore, these results
enlighten us to employ the surfactants to create the mesoporous
pores in the walls of 3DOM bulk catalysts for improving their
HDS activity.

In this work, the PEG400 and F127 surfactants were
employed to develop 3DOM CoMo bulk catalysts with the
mesoporous wall. The obtained CoMo bulk catalysts were
characterized by various techniques and their HDS performance
was tested in a xed bed micro-reactor.
2 Experimental
2.1 Catalyst preparation

The preparation of the well-ordered polymethyl methacrylate
(PMMA) hard template is similar to our previous work.23,34 The
three-dimensionally ordered macro–mesoporous CoMo bulk
catalysts were synthesized by the CCT method.34 Typically,
0.01 mol Co(NO3)2$6H2O and (NH4)6Mo7O24 (molar ratio of Co/
Mo ¼ 2/1) was dissolved in 10.0 g of ethanol aqueous solution
(50 wt%) under stirring at 35 �C for 2 h to obtain an orange-red
transparent precursor solution. Then, 0.50 ml poly(ethylene
glycol) (PEG400, molecular weight ¼ 400) or/and F127 (0.50 g,
1.00 g or 2.00 g) with an average molecular weight of
12 600 g mol�1 were sequentially introduced into the above
solution under stirring for another 1 h. Finally, the PMMA
template (ca. 6.0 g) was soaked into the precursor solution for
4 h and ltered to remove the excess solution, followed by
drying in a desiccator at room temperature for 12 h and in an
oven at 40 �C for another 4 h. The calcination procedure con-
sisted of two steps: (1) in nitrogen for 3 h at 300 �C, and (2) in air
for 5 h at 400 �C with the heating rate of 1 �C min�1.

The samples prepared with PEG 400 and F127 were referred
as CoMo–PEG and CoMo–F127, respectively. The samples with
the addition of PEG400 and F127 (molar ratio of PEG400/F127¼
35.2, 17.6, and 8.8) were denoted as CoMo–PF-1, CoMo–PF-2,
and CoMo–PF-3, respectively. The 3DOM CoMo sample (deno-
ted as CoMo) without the addition of the surfactants was also
prepared for comparison purposes.
2.2 Catalysts characterization

The scanning electron microscopy (SEM, HITACHI S-4800) was
used to investigate the morphologies of the CoMo bulk cata-
lysts. The low-temperature N2 adsorption–desorption experi-
ments were performed on a Micromeritics Tristar II 3020
adsorption analyzer at�196 �C to determine the N2 adsorption–
desorption isotherms, surface areas of the samples. The
This journal is © The Royal Society of Chemistry 2020
crystalline phases of the samples were detected by the X-ray
diffraction (XRD) tests on a Bruker AXS-D8 diffractometer with
the Cu Ka radiation source in the range of 10�–70�. The ther-
mogravimetric analysis (TGA) was carried out on a thermal
analyser (Netzsch, STS 449F5 Jupiter) to study the thermal
stability of these samples over 10–600 �C at the heating rate of
10 �C min�1. The high-resolution transmission electron
microscopy (HRTEM) was employed to further investigate the
relationship between the MoS2 active sites and thiophene
conversion.

2.3 The evaluation of HDS performance

The HDS activity tests over the prepared CoMo bulk catalysts
were carried out in a continuous high-pressure xed-bed micro-
reactor, as depicted in Fig. 1. A minor amount (0.8 g) of the bulk
catalyst was loaded in the center of the reactor, and in situ pre-
sulfurized by the mixture of 3.0 wt% CS2 in cyclohexane at
210 �C for 2 h and subsequent 300 �C for 5.5 h under 3 MPa of
H2 pressure. The ramp rate in the in situ pre-sulfurization
process was 3 �C min�1. Then, the sulfurizing agent was
altered to the solution of 0.5 wt% thiophene in octane under the
WHSV of 7.8 h�1 and H2/oil ratio of 500/1 (v/v), while the
hydrogen pressure was reduced to 0.01 MPa. The ramp rate of
5 �C min�1 was applied in the following temperature for the
HDS reaction. The product was analyzed by the gas chromato-
graph equipped with a ame detector. The catalyst activities
were determined by the thiophene conversion. The steady-state
conversion aer 3 h reaction under the target temperature for
each catalyst was used for the nal performance comparison.

3 Results and discussion

Fig. 2 presents the SEM images of the prepared CoMo bulk
catalysts. Except for CoMo–PF-3, the other samples possess the
“inverse-opal” structure with three-dimensionally ordered
macropores. The formation of the 3DOM structure can be
RSC Adv., 2020, 10, 37280–37286 | 37281
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Fig. 2 The SEM images of the prepared CoMo bulk catalysts with three-dimensionally orderedmacroporous structure ((A and a) CoMo; (B and b)
CoMo–PEG; (C and c) CoMo–F127; (D and d) CoMo–PF-1; (E and e) CoMo–PF-2; (F and f) CoMo–PF-3).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 2
:1

2:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
controlled and tuned based on the well-ordered PMMA
templates and other factors, such as the suitable precursor
concentration, impregnation process, drying, and calcination
conditions.19,35 Themacropore size of these CoMo bulk catalysts
is around 150 nm, which is approximately equivalent to a 31%
reduction compared to the initial microsphere particle size (220
nm) of PMMA due to the shrinkage of the template during the
heat treatment procedure.31,34 Besides, the introduction of
a certain amount of PEG400 or F127 can benet the formation
of the high-quality 3DOM structure, while F127 with the high
content (molar ratio of PEG400/F127 ¼ 8.8) in the precursor can
lead to the failure in the formation of 3DOM structure due to
Fig. 3 The low-temperature N2 adsorption–desorption curves (a) and t

37282 | RSC Adv., 2020, 10, 37280–37286
the high solution viscosity.30,31 Furthermore, the TG and DTG
curves (Fig. S1†) illustrate that the weight loss reaches a plateau
when the temperature is higher than 400 �C, indicating the full
elimination of the organic precursors in these catalysts. The
3DOM structure can supply more active sites for improving the
HDS activity of the prepared CoMo bulk catalysts, as veried in
the following discussion of the catalytic performance.

Moreover, the adsorption–desorption isotherms of all bulk
CoMo samples can be classied to type-II with H3 hysteresis
loop at the high relative pressure range (Fig. 3a), which is no
adsorption platform with the elevated relative pressure. This
indicates the pore size of the obtained bulk catalysts extends to
he pore size distributions (b) of the obtained CoMo bulk catalysts.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Preparation parameters and BET surface area of obtained CoMo bulk samples

Catalysts Surfactant
(Co +
Mo)/F127 (mol mol�1)

PEG 400/F127
(mol mol�1)

BET surface
area (m2 g�1)

CoMo — — — 39.4
CoMo–PEG PEG 400 — — 44.9
CoMo–F127 F127 126/1 — 47.6
CoMo–PF-1 PEG400 + F127 63/1 35.2/1 48.4
CoMo–PF-2 PEG400 + F127 126/1 17.6/1 50.5
CoMo–PF-3 PEG400 + F127 252/1 8.8/1 42.5
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the range of large pores,24,25 which is consistent with the SEM
characterization results from Fig. 2. Except for the CoMo and
CoMo–PF-3, the pore size distributions of the other bulk cata-
lysts in the Fig. 3b verify the existence of the mesopores (mostly
3–4 nm) in the macroporous wall, which reveals the positive
effect of the surfactants on the formation of mesopores.31,32 The
existence of the mesoporous structure also can benet the
increase in the specic surface area of the prepared bulk cata-
lysts, thus supply more active sites for HDS reaction. Aer the
addition of the surfactants, the prepared bulk catalysts exhibi-
ted a much higher specic surface area compared to the CoMo
catalyst prepared without the surfactant (Table 1). Especially,
the specic surface area of the CoMo–PF-2 bulk catalyst is as
high as 50.5 m2 g�1, which is equivalent to 28.2% enhancement
as compared to that (39.4 m2 g�1) of the CoMo catalyst.
However, it is difficult for the Co/Mo species to inltrate into the
interstices of the PMMA template due to the high-concentrated
surfactants in the catalyst precursor, which can be responsible
for the low specic surface area of the CoMo–PF-3 bulk catalyst.

Fig. 4a provides the XRD patterns of the CoMo bulk catalysts
before sulfurization. All these samples exhibit the characteristic
Co3O4 phase (JCPDS no. 43-2120) because of the relatively high
loading of Co elements in these catalysts. The diffraction peaks
at 26.5� and 23�correspond to b-CoMoO4 (JCPDS no. 21-0868)
with tetrahedral coordinated Mo atom.36 Compared with the
CoMo catalyst, the other catalysts exhibit the relatively high
peak intensity of the b-CoMoO4 crystalline phase, indicating
that the surfactants PEG400/F127 are benecial to the
Fig. 4 The XRD patterns of CoMo bulk catalysts before (a) and after (b)

This journal is © The Royal Society of Chemistry 2020
formation of the high-quality b-CoMoO4 crystalline phase. The
diffraction peaks at about 33� and 47� can be ascribed to the
thermodynamically stable a-CoMoO4 phase (JCPDS no. 25-1434)
with octahedral coordinated Mo atom. Aer the sulfurization, it
can be seen from the corresponding XRD patterns in Fig. 4b that
all sulfurized catalyst exhibit the emergence of the Co9S8 phase
(JCPDS no. 65-6801) with the disappearance of all oxide phases,
indicating the high degree of sulfurization. Moreover, the MoS2
with low-intensity characteristic diffraction peak
(JCPDS no. 75-1539) is also observed in the sulfurized samples,
implying that the weakly crystalline MoS2 can be hardly detec-
ted by XRD.37

Fig. 5a shows the thiophene conversions over the prepared
CoMo bulk catalysts in terms of temperature. All catalysts
exhibit the progressively enhanced thiophene conversions with
the increase in the reaction temperature, indicating that high
temperature can lead to the acceleration of thiophene conver-
sion due to the kinetically controlled process. The bulk catalysts
prepared with the addition of surfactants, especially the CoMo–
PF-1 catalyst, possess superior HDS performance in comparison
with the CoMo catalyst. This could be attributed to the positive
effects of the PEG400/F127 on the enhancement of specic
surface area and the formation of abundant mesopores on the
macropore walls of the prepared bulk catalysts. Moreover, the
CoMo–PF-1 catalyst exhibits the relatively low stacks of MoS2 for
the maximum HDS activity due to the appropriate amount of
F127 addition, which is in accordance with the results of the
preparation of HDS catalysts with the addition of
sulfurization.

RSC Adv., 2020, 10, 37280–37286 | 37283
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Fig. 5 The catalytic HDS activities of the CoMo bulk catalysts under different reaction conditions.

Fig. 6 The schematics of the fabrication of CoMo bulk catalysts with and without the surfactants.
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surfactants.12,13,38 And the failure in the formation of the 3DOM
structure is responsible for the lowest thiophene conversion
over the CoMo–PF-3 catalyst. Aer changing the reaction pres-
sure from 0.1 to 1 MPa at 360 �C, the thiophene conversion over
each bulk catalyst is signicantly improved due to the
enhancement of the contact between the H2/thiophene and the
active sites under the high pressure (Fig. 5b). The CoMo–PF-1
catalyst exhibited the maximum thiophene conversion of
99.4%, which is much higher than that (77.8%) at the reaction
pressure of 0.1 MPa. This result is even comparable to our
previous report with the thiophene conversion of 99.2% over the
3DOM CoMo catalyst under the H2 pressure of 3 MPa.23

Generally, the HDS catalysts with the low stacking number of
slabs and short slab length demonstrate the high dispersion of
MoS2, resulting in the high HDS activity as reported in previous
literatures.12,13,38,39 The HRTEM characterization results and the
related calculation of MoS2 dispersion were added in Fig. S2 and
Table S1.† It can be observed that the addition of surfactants
can signicantly improve the dispersion of MoS2 over the
prepared bulk catalysts. Especially, the CoMo–PF-1 catalyst
exhibits the shortest average length of 5.0 nm, the lowest
stacking number of 3.3, and the high dispersion of MoS2 of
0.24. This also can be the explanation of the HDS performance
37284 | RSC Adv., 2020, 10, 37280–37286
differences between the CoMo–PF-1 and CoMo–PF-2 catalysts,
although the CoMo–PF-2 catalyst possesses the slightly higher
surface area in comparison with the CoMo–PF-1 catalyst.
Moreover, the thiophene conversions over the supported or
bulk Mo-based HDS catalysts are listed in Table S2.† It can be
seen that the CoMo–PF-1 catalyst exhibits a higher thiophene
conversion than that of other catalysts available in the litera-
tures under the relatively mild HDS conditions. The addition of
surfactants in the bulk catalyst precursor can facilitate the
formation of the mesopores in the macropore walls for
enlarging the specic surface area of prepared bulk cata-
lysts,31,32 and also enhance the dispersion of the active MoS2
phase,12,13,38,39 as illustrated in Fig. 6.
4 Conclusions

The CoMo bulk catalysts with the hierarchical structure of three-
dimensionally ordered macro–mesopores were successfully
synthesized by using the colloidal crystal template with the
addition of PEG400 or/and F127 surfactants. The presence of
surfactants can promote the formation of themesopores (3–4 nm)
in the macroporous walls of the prepared bulk catalysts, which is
essential to increase in the catalyst surface area and the active
This journal is © The Royal Society of Chemistry 2020
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sites for HDS reaction.Moreover, the high dispersion ofMoS2 over
the bulk catalysts prepared with the assistance of these surfac-
tants can be realized. The CoMo–PF-1 catalyst has the superior
HDS catalytic performance with the thiophene conversion of
99.4% under 1 MPa at 360 �C in comparison with the other
catalysts. This research would inspire us to develop the novel bulk
catalysts with superior performance in the conversion of macro-
molecular reactants, such as protein and heavy oil.
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