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Abstract
CoMo-supported mesoporous catalysts were synthesized by 50 wt% of HZSM-5 and 50 wt% of FSM-16,
KIT-6, and MCM-48. These catalysts were prepared by the wet-impregnation method and pre-sulfided
with CS2. The catalytic performance was evaluated for HDS reaction of dibenzothiophene over a temperature range of 250-400 °C in a micro fixed-bed reactor under atmospheric pressure. The supported
CoMo bimetallic catalysts were characterized by XRD, XRF, FT-IR, N2 adsorption-desorption, and
SEM. The CoMo/KIT-6/HZSM-5 indicate higher activity than other catalysts at 400 °C for dibenzothiophene hydrodesulphurization. Also, the best selectivity to cyclohexylbenzene (CHB) is related to
CoMo/FSM-16/HZSM-5. The activation energy was also calculated for all prepared catalysts for the
conversions of less than 10%; according to which, the activation energy for CoMo/KIT-6/HZSM-5 is less
than other catalysts (~21 kJ/mol) which can be related to the appropriate pore size and high surface area of the support. Copyright © 2020 BCREC Group. All rights reserved
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1. Introduction
Sulphur-containing compounds such as benzothiophene (BT) and dibenzothiophene pollutants which are mainly released from vehicles
because of the combustion of the diesel fuels and
gasoline [1]. On the authority of environmental
regulation, the amount of sulphur in the diesel
fuels should be less than 10 ppm. Thus, it is
necessary to remove the sulphur-content materials or reduce from the exhausts [2]. In order to
* Corresponding Author.
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Telp.: +98 58 32257024; Fax: +98 58 32427408

reduce the sulphur amount, various methods of
desulfurization have been applied, such as: biological desulfurization, adsorption and hydrodesulphurization (HDS). Among these techniques, HDS is the most effective method for removing sulphur on a large scale, which follows
catalytic hydrogenation [1]. Consequently, the
preparation and development of HDS catalysts
with significant activity and selectivity to less
dangerous components are crucial in the refining industry [1,3]. Mesoporous supports are the
most common materials because of their sufficient pore sizes, pore volumes, and high surface
areas. These mesoporous supports, such as:
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SBA-15 [1], MCM-48 [4], and FSM-16 [5], were
used as supports in catalytic hydrodesulphurization [6]. The use of mesoporous silicate materials has greatly expanded due to extraordinary
properties such as high surface area, adjustable
pore size, and rich-pore structure. Although
many microporous zeolites, such as: ZSM-5, has
been used as supports in HDS reactions [7], the
diffusion limitation as a consequence of their
low pore sizes in the reactions involving larger
substrates, has restricted their application [8].
In the past decades, the use of micro/mesoporous composites has gained
considerable attention as catalysts in heterogeneously catalysed reactions. Wu et al. investigated that NiMo/ZSM-5 KIT-6 catalyst rate for
HDS of 4,6-DMDBT is double as NiMo/Al2O3
[9]. Wang et al. illustrated that a series of NiMo/ZSM-5-SBA-16 composites, which synthesized by hydrothermal crystallization method,
showed high TOF values of 4,6-DMDBT for
HDS reaction [10]. Zhang et al. concluded that
NiMo/ZSM-5-FDU-12 exhibited better performance than NiMo/FDU-12 [11]. The reason for
adding zeolite as a second component of the
substrate is not only to increase the specific
surface area of the catalysts but also to enhance the access of acidic/basic sites due to the
useful role of these properties in catalytic
activity [12].
In this study, a series of two partial composites containing HZSM-5 and a second part including a different mesoporous material were
prepared. The second part of composites in this
research are FSM-16, MCM-48, and KIT-6. It
should also be noted that the reason for using
different mesoporous in the preparation of composites is to investigate the effect of the nature
of each of these materials, the specific surface
area and the pore sizes on the performance and
activity of the catalysts. Furthermore, the
physiochemical properties of composite supports were characterized by different methods
and also the performance of catalytic hydrogenation or hydrodesulphurization using dibenzothiophene (DBT) as a model of sulphurcompound was investigated. The effect of the
second part of the composition in catalysts was
also compared and evaluated.
2. Materials and methods
To prepare the catalysts, all materials and
chemical reagents with analytical grade were
used without further purification. Powder
Na/ZSM-5 were purchased from Sigma Aldrich
which were ion exchange with the NH 4NO3 0.1
M solution, for 12 h at 70 °C then washed with

distilled water in order to use in composites.
Ammonium nitrate (99%), ammonium molybdate (>99%), cobalt (II) nitrate hexahydrate
(>98%), sodium hydroxide (99.6%), cetyl trimethyl ammonium bromide (>99%), HCl (2 M, 35
wt%), P123, 1-butanol (>99%) and tetra ethyl
ortho silicate (>99%) were purchased from Sigma-Aldrich company.
The Mo and Co-promoted catalysts were
prepared by the wet impregnation method.
With the amount of 10 wt% molybdenum and 3
wt% cobalt of (NH4)6Mo7O24 as a source of molybdenum and Co(NO3)2.6H2O as a source of cobalt. In particular, for synthesis of FSM-16
[13], 12 g silica and 8 g NaOH were dissolved
in 100 mL DI water and this mixture was
stirred for 3 h at the room temperature then
was dried at 100 °C for one week. Then it was
calcined at 650 °C for 6 h. In order to obtain
kanemite paste 2 g of the kanemite was dissolved in 25 mL cetyl trimethyl ammonium
bromide and heated for 3 h at 70 °C. Afterwards, the pH value was regulated with HCl (2
M) to 8.5 and the mixture was again heated at
70 °C for 3 h. The left product was filtered and
washed with water then dried for 6 h at 60 °C.
In a typical synthesis of KIT-6 [14], 63 g of HCl
35 wt% and 32 g P123 were dissolved in 115 g
of DI water stirring at 35 °C for 8 h. After adding 32 g of 1-butanol, the solution was stirred
at 35 °C for one hour. Afterwards, 68 g of TEOS was added to the solution and stirred at the
same temperature for 24 h. Then the obtained
solution was heated up to 130 °C for 24 h in an
autoclave. The obtained product (KIT-6) was
filtered, dried and washed with HCl-methanol
and calcinated at 600 °C.
MCM-48 was prepared by the following
method [15]. 2.4 g CTAB was dissolved in 50 g
DI water. Then 50 mL ethanol and 12 mL ammonia (32 wt%) were added to the mixture and
then stirred for 10 min. Afterwards 3.4 g TEOS
was added and stirred at room temperature for
2 h. The final products were filtered, washed
with water and dried in the air. Finally, the obtained MCM-48 was calcined for 6 h at 800 °C.
The mesoporous composite catalysts were
prepared by the following method [16]. In order
to prepare composites, 0.5 g of HZSM-5 were
added to the obtained solution during the synthesis of each mesoporous materials. For
HZSM-5/KIT-6 after adding TEOS, for HZSM5/FSM-16 after adding kanemite and for
HZSM-5/MCM-48 after adding TEOS and preparing the homogeneous solution. The final
synthesized composites were dried in an oven
at 110 °C for 24 h and then calcined at 500 °C
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for 4 h. These composites summarized as M-Z,
K-Z and F-Z.
2.1 Catalyst Characterization
The physiochemical properties of catalysts
were measured by N2 adsorption-desorption
isotherms with a micrometrics gas sorption analyzer at -196 °C. In order to measure pore volumes, specific area, porosity and pore sizes of
the supports. To estimate the specific surface
area, the Brunauer-Emmett-Teller formula was
applied at the relative pressure of 0.99 (P/P0).
To measure the amount of metals, the catalysts
were characterized by X-ray Fluorescence
(XRF) using a 60 kV XRF Rh. Powder X-ray
Diffraction (XRD) was evaluated by X-PERT
diffractometer 45 kV and 50 mA between 2 =
1° and 80°. Fourier Transform infrared (FT-IR)
spectra were obtained by a BOMEM spectrophotometer mode Arid-zone TM/BM series in
the wave number range of 400 to 4000 cm-1. In
order to observe the morphologies of the catalysts field-emission scanning electron microscopy was used by a HITACHI-SU3500 with an
accelerating voltage of 30 kV.
2.2. HDS Catalytic Reaction
The hydrodesulphurization reaction over the
prepared catalysts was evaluated in a tempera-

Scheme 1. Schematic diagram of the fixed-bed
reactor.

ture range of 250-400 °C using DBT dissolved
in toluene as a model of sulfur-content compound in a continuous Pyrex fixed-bed micro
reactor containing 0.5 g of each catalyst
(Scheme 1). The solution of DBT diluted with
toluene (5% by volume) was fed into the reactor
by a liquid feed pump with LHSV (liquid hour
space velocity) of 1 h-1. All catalysts before
starting the HDS reaction were pre sulfurized
with a solution of 2 wt% CS2 in cyclohexane
and H2 flow of 40 mL.min-1 at 350 °C for 2 h
with the rate of 2 mL.h-1 under atmospheric
pressure. After cooling the reactor, the HDS
tests were evaluated at a constant atmospheric
pressure and H2 flow rate of 40 mL.min-1 and
the DBT solution rate of 2 mL.h-1. The obtained
products were analyzed with an Agilent technology 7890 A GC equipped with a FID detector. The temperature range of the oven in GC
was from 80 °C to 290 °C with a rate of 10
°C.min-1.
3. Results and discussion
Figure 1 shows the FT-IR spectra of sulfated samples. The presence of peaks at the 1080
cm-1 with shoulder at 717 cm-1, as well as peak
at around 1380 cm-1 are related to the symmetric and asymmetric stretching mode of Si-O-Si
group, respectively. In addition, the peaks of
the hydrogen stretching and bending vibrations of hydrogen in Si–OH group appear in the
regions of 3463 cm-1 and 1640 cm-1, respectively
[17-20]. For ZSM-5 zeolite, the peaks at the
520, 810, and 1000 cm-1 indicates the asymmetric and symmetric stretching vibrations of T–
O–T (T = Si,Al) bond and vibration of the T–O
band in SiO4 or AlO4 structure [21]. The peaks
related to the terminal Mo=O group and the
asymmetric stretching vibration of Mo–O–Mo
band are seen in regions 900-1050 cm-1 and

Figure 1. FT-IR spectra of various composites.
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700-850 cm-1. The vibrations of the tetrahedral
and octahedral species of molybdenum appear
on the peaks at 830-930, 930-990, and 800-860
cm-1, respectively [3].
Figure 2 demonstrates the X-ray diffraction
patterns of sulfated CoMo catalysts. The sharp
peak at 2θ = 2.9° demonstrates the d211 diffraction of the MCM-48 cubic phase. It should be
added that the weak peak seen at 2θ = 3.4° is
related to the d220 reflection [17,20]. The main
characterized peaks of FSM-16 appear at 2θ =
2.2°-2.5°, 4.2°, 4.7°, and 6.3°, that are attributed to the two-dimensional hexagonal structures
(100, 110, 200, and 210) [21]. For KIT-6, highintensity diffraction that seen at 2 = 1.09°, indexed to the three-dimensional and regular
structure [18]. The diffractions appeared in 2θ
= 6°-11° and 22°-25° show the ZSM-5 phase.
The diffractions of metal are not clearly visible,
due to the high dispersion and homogeneity of
metal particles on composite substrates [3].
The morphology of calcined catalysts is
shown in Figure 3 (a-c). In all images, the hexagonal structure of ZSM-5 zeolite is well
known. For CoMo/FSM-16-ZSM-5, the nodule-

structure of FSM-16 and the accumulation
composition are observed. In addition, the
Figure 3 (a, c) clearly shows a spherical morphology of MCM-48 and the rock-like of KIT-6.
All catalysts have aggregated shape particles
after calcination.
The surface properties of catalysts calculated by BET method are presented in Table 1.
Pore diameters indicate that the powders are
in the mesoporous classification. As it is obvious, the surface area is in the range of 326-486
m2/g, and the largest surface area is for
CoMo/M-Z catalyst. Also, the pore size of the
CoMo/K-Z sample is larger than the others,
and it seems that it is convenient to trap the
DBT molecule inside the pores and hence hydrogenation. From the SEM images of the prepared catalysts, it can be concluded that all of
the constitutional fractions, including microporous zeolite and the mesoporous silica
materials, are successfully formed as composites.
To investigate the activity of the catalysts,
0.5 g of each were subjected to hydrodesulfurization at the temperature of 250-400 °C; specifically, the conversion of the reactants to the
products is directly related to variation of the
reaction temperature. Table 2 summarizes the
results of the activity test at a temperature
range of 250-400 °C. According to the data,
with increasing reaction temperature, the conversion of dibenzothiophene to products inTable 1. Surface and pore properties of CoMo impregnated catalysts.
Catalysts
CoMo/K-Z
CoMo/M-Z
CoMo/F-Z

SBET
(m2/g)a
408
486
326

dp
(nm)c
6.70
2.30
2.08

a BET

Figure 2. X-ray diffractions of CoMo loaded on
mesoporous composites.

Vp
(cm3/g)b
0.83
0.59
0.68

Sµ
(m2/g)a
83
127
171

surface area by Brunauer–Emmett–Teller method.
pore volume (Vp) and average micropore volume (Vµ)
by BJH desorption.
c Average pore diameter (4V/A) by BET (dp).
b Average

Figure 3. SEM images of CoMo supported on (a) M-Z, (b) F-Z, and (c) K-Z composites.
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creases. It appears that as the reaction temperature increases, the partial pressure of the reactants increases as well. As a result, the
adsorption of the reactant and the surface covered by them increase, and the hydrodesulfurization reaction occurs more easily. Also, with
increasing reaction temperature, physical adsorption decreases.
Gas chromatography analyses also confirm
that the cyclohexyl benzene is the major product. It also seems that by increasing the acidity
of the catalysts, the production of cracking
products, which are by-products, increases that
is not desirable for this reaction.
The results also indicate that the CoMo/K-Z
catalyst shows the best performance at all temperatures than other catalysts. It is hypothesized that this may be mainly due to the nature
of the supports and their structural features.

Figure 4. Arrhenius plots of CoMo supported
over composites.
Table 2. Activity results of CoMo supported on
composites at the temperature range of 250-400
°C. (T: Temperature, C: Conversion, S: Selectivity,
and Y: Yield)
Catalysts

CoMo/K-Z

CoMo/M-Z

CoMo/F-Z

T (°C)

C (%)

250
300
350
400
250
300
350
400
250
300
350
400

45.03
61.95
91.67
98.18
11.32
23.65
29.36
60.75
0.00
0.77
2.42
15.84

SCHB
(%)
78.67
51.82
61.75
64.70
18.41
50.39
88.09
100
27.57
0.16
94.85
100

YCHB
(%)
35.40
31.61
55.91
62.83
2.02
11.58
25.86
60.75
0.00
0.01
2.27
15.84

Also, the obtained data for the selectivity calculations emphasize that the highest selectivity
for the CoMo/F-Z catalyst is at 350 °C. It
should be noted that although this catalyst had
the lowest conversion at all temperatures
compared to other catalysts, the highest selectivity was obtained for the production of cyclohexyl benzene using this catalyst. This
indicates that the low conversion is also related
to the production of cyclohexyl benzene. After
calculating the yield as a parameter for an
overall review of catalytic activity, it was found
that CoMo/K-Z catalyst had the best performance at 400 °C (62.83%). There are two probable mechanisms for HDS reaction depends on
the H2 flow rate [22]. At high flow rates of H 2,
the reaction would prefer the second pathway.
With considering the flow rate of hydrogen in
this study, the reaction prefers the first mechanism according to more production of cyclohexyl benzene (CHB).
Figure 4 shows the Arrhenius plots for prepared catalysts. The activation energy was calculated for all catalysts under the same conditions and conversions of less than 10%. As it is
obvious, the gradient of this plot for the
CoMo/F-Z catalyst is much higher than that of
other catalysts. This means that much more
activation energy is needed to begin the reaction. As a result, this high energy level has
caused the catalyst to have the lowest DBT
conversion. Conversely, the CoMo/K-Z requires
less energy (21 kJ/mol) to initiate the hydro
desulfurization, which ultimately results in the
highest conversion to CHB production. This
could be due to the proper pore size and the
high surface area, which results in better dispersion of the active phases, thereby enhancing
the catalytic performance and specific rate.
(1)
Where R, fDBT, dDBT, MDBT, mcatal, and mmetal are
rate of reaction (mol/g.s), dibenzothiophene
flow (mL/s), density, molar weight (g/mol),

Table 3. Specific rate (×10-3) of CoMo supported
nanoparticles for DBT hydrodesulphurization.
T (°C)

250
300
350
400

CoMo/K-Z
0.98
1.48
2.39
2.77
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Catalyst
CoMo/F-Z
0.01
0.03
0.063
0.44

CoMo/M-Z
0.24
0.56
0.76
1.71
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mass of catalyst (g), and mass of impregnated
metal (wt.%), respectively.
According to Table 3, investigating the reaction rate changes with temperature and calculating it using Equation (1) indicates that they
are in direct relationship with each other in
such a way that the increase in temperature increases the relative pressure of the reactants
and makes them available for the reaction. As
a result, the catalyst rate promotes. The highest rate is obtained for the CoMo/K-Z at 400 °C.
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4. Conclusion
In this work, a series of cobalt and molybdenum catalysts were prepared. A composite of
different mesoporous materials (MCM-48, KIT6 and FSM-16) and ZSM-5 zeolite were used as
catalyst supports and their performances were
evaluated in the hydro desulfurization reaction
of dibenzothiophene in a fixed-bed micro reactor at atmospheric pressure. The results of the
activity tests confirm that the increase in reaction temperature significantly increases the
conversion of DBT to products. In addition, the
results indicate that the best performance for
CoMo/K-Z catalyst is achieved at 400 °C temperature.
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