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KEYWORDS Abstract The sulfidation of NiMo catalyst by thermal decomposition of support surface-bound
Hydrodesulfurization; thiols to generate stoichiometric amount of H,S has proved to be a clean and remarkable approach
Sulfidation; for catalyst activation. The role of loading of thiol groups on the formation and dispersion of MoS,
Thiol; active phase on the mesoporous silica support was further evaluated. The catalytic activity of the
Silica; supported catalysts and a reference catalyst was evaluated in the hydrodesulfurization (HDS) of
Dibenzothiophene dibenzothiophene. The soft acid-soft base interaction between Mo metal and thiol groups enhanced

proportionately the metal’s dispersion on the thiol containing support. The thermal decomposition

of thiols to generate H,S result in slow and uniform sulfidation of the NiMo to form the NiMoS

catalyst. This approach of in-situ generation of H,S for sulfidation provides a promising green

method of activating the HDS catalysts without direct use of H,S.

© 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction The activity of HDS catalysts depends mainly on the nature
of the active metals, their support (in the case of supported cat-

There is an increasing effort to improve the activity and selec- alysts) and the synthesis strategy adopted. A recent review arti-
tivity of hydrodesulfurization (HDS) catalysts due to the strict cle by (Tanimu and Alhooshani, 2019) has discussed the recent
environmental regulations limiting the amount of sulfur in progress in the HDS catalyst design and development. The
transportation fuel (Chandra Srivastava, 2012; Ganiyu et al., synthesis strategy appears to be most effective when focused
2017b; Ganiyu and Alhooshani, 2019; Tanimu et al., 2019a). on the choice of active metals and catalyst support modifica-
tion. To put it simply, the synthesis strategy determines largely
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E-mail address: hooshani@kfupm.edu.sa (K. Alhooshani). strategies, the formation and dispersion of active phases can
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tant conversion and product selectivity (Cao et al., 2020). By
ultrasound irradiation and subsequent non-thermal plasma

N treatment, the phase structure, textural properties, and partic-
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bon nanotube-supported NiMoW catalyst have been signifi-
cantly enhanced (Ashenacian et al., 2018). Silicalite-1 support,
prepared by 2 h sonication of the precursor solution, has good
textural properties that are almost intact after impregnation
with NiMo active metals (Tanimu et al., 2019b). These textural
properties give the catalyst good HDS activity. Similarly, a
large pore diameter Al-modified silica has been synthesized
as NiMo support by anionic assisted approach; the pore diam-
eter is more than 20 nm after impregnation of the active met-
als, which makes it exceptionally good HDS catalyst for
sterically large sulfur compounds (Jiao et al., 2017). The syn-
thesis strategy also involves the choice of precursors of both
the active metals and support. Indeed, the formation and dis-
persion of active metals, the catalyst textural properties, the
activation of the metal oxides and their HDS activity depend
to a large extent on the type of active metal and the catalyst
support precursors (Hein et al., 2017; Shan et al., 2016; Vit
et al., 2014). The use of Keggin polyoxometalate (a single pre-
cursor salt containing all the active metals) has been reported
as a good approach to enhance the metal dispersion due to
close interaction of all metals within the polyoxometalate
(Alsalme et al., 2016). Furthermore, sulfur containing
alkyltrimethylammonium thiomolybdatethiotungstate cobal-
tate (II) has been used for in-situ generation of MoS, and
WS, active phases in a trimetallic catalyst (Shan et al., 2016).
Chelating agents such as ethylenediaminetetraacetic acid and
citric acid have also been utilized to increase the formation
of MoS, or WS, active phases by retarding the reduction
and sulfidation of the Co-promoted Ni and Co via complex
formation (Badoga et al., 2014, 2012). The approach adopted
to activate the HDS catalyst to form the active MoS, or WS,
phase may also have significant effect on the number of active
sites formed, the active phase dispersion and the HDS activity
of the catalyst (Tanimu and Alhooshani, 2019). The generally
adopted technique of activation of HDS catalysts is the reduc-
tion of the active metal oxides in the flow of H, and subsequent
sulfidation using H,S gas or solution of CS,. However, new
techniques that exempt the direct use of these poisonous chem-
icals are continuously being realized and slowly getting
adopted. The thermal decomposition of thiosalts such as
tetraalkylammoniumthiotungstate and
alkyltrimethylammoniumthiomolybdate thiotungstate-
cobaltate (IT) in H, or Ar gas has been reported as an effective
approach for the synthesis of bulk MoS, and/or WS, catalysts
(Espinoza-Armenta et al., 2014). A traditional wet chemistry
synthesis of high density ultrasmall monolayer MoS, as bulk
HDS catalyst has been performed by one-pot reaction of Ni
(acac),/Co(acac);, Mo(CO)s and sulfur in oleylamine at
300 °C for 2 h. By using sulfur element, this approach elimi-
nates the direct use of H,S or CS, in the formation of MoS,
active phases and the resultant catalyst has extraordinary per-
formance (Guo et al., 2018). An in-situ generation of NiS and
MoS, nanoparticles supported on graphene aerosol based on
the hydrothermal synthesis of metal thiosalts solution and gra-
phene support gives a promising HDS catalyst with a high dis-
persion of the active metals (Lonkar et al., 2018). Inspired by
these new approaches of HDS catalyst activation, we designed
a thiol containing mesoporous silica as support for NiMo cat-
alyst in which the thiols are used as the source of H,S for the
in-situ sulfidation process. The thiols that are attached to the

mesoporous silica support aid the dispersion of the NiMo met-
als via soft acid-soft base interaction. In addition, when the
catalyst is heated at 500 °C, the thiols slowly decompose to
release H»S, which react with the reduced Mo to form MoS,,
the active form of the catalyst. By this approach, the direct
use of highly toxic H,S is successfully eliminated, thus making
the new approach environmentally friendly and the catalyst
synthesis step also became shorten. This advancement in
HDS catalyst activation is compared with the general activa-
tion approach and it is demonstrated that both metal disper-
sion and HDS activity are greatly improved via the direct
activation approach.

2. Experimental

2.1. Synthesis of thiol-functionalized silica supports

Three sets of thiol-functionalized silica supports (IRSH, 2RSH
and SRSH), each containing 1 wt%, 2 wt% and 5 wt% thiol,
were prepared by addition of 0.491 g, 0.982 g and 2.455 g,
respectively, of (3-mercaptopropyl)trimethoxysilane to an
already stirred sol solution containing 2 g of Pluronic P123,
10.3 mL concentrated HCI, 65 mL deionized water and
4.25 mL TEOS. The solutions were further stirred for 12 h
at 30 °C before transferring each solution into a Teflon-lined
autoclave for hydrothermal synthesis at 90 °C for 24 h. The
white powder of thiol-functionalized silica was obtained after
centrifugation and drying in an oven at 100 °C overnight.

2.2. Impregnation of Ni and Mo into support framework

The catalysts were prepared by impregnation of 3 wt% Ni and
10 wt% Mo on the thiol-functionalized silica supports. Typi-
cally, 1 g of each of 1RSH, 2RSH and 5RSH silica supports
was dispersed in 0.1272 g of nickel(Il) acetate tetrahydrate
and 0.2224 g of ammonium molybdate tetrahydrate in deion-
ized water. The solution was stirred continuously to near
dry, then subjected to drying under ambient conditions. The
air-dried samples were further dried in an oven at 100 °C for
12 h. The resultant catalyst oxides (1IRSH-NM, 2RSH-NM
and SRSH-NM) were later subjected to in-situ activation. Dur-
ing the dispersion of SRSH silica support in deionized water,
the support was noticed to demonstrate some hydrophobicity
due to the concentration of thiol group on the silica surface
and therefore did not mix efficiently with the deionized water
and the metal precursors at the early stage of stirring. Thus,
another 1.0 g portion of SRSH support was further dispersed
in ethanol solution containing dissolved 0.1272 g of nickel
(IT) acetate tetrahydrate, and a concentrated solution of
0.2224 g of ammonium molybdate tetrahydrate was subse-
quently added to the mixture dropwise to ensure homogeneity
of the system. The formed catalyst oxide, N-5RSH-M, was
also subjected to the in-situ activation. For the purpose of
comparison, an SBA-15-NiMo catalyst (reference) with equal
loading of Ni and Mo as the RSH-NM series was also pre-
pared and activated by the general sulfidation approach of cat-
alyst oxide reduction under the flow of 10% H,/He and
sulfidation under the flow of CS, solution following our previ-
ously reported method (Ganiyu et al., 2017a).
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2.3. In-situ activation of the thiol-functionalized silica supported
NiMo catalysts

The thiol-functionalized silica supported catalyst oxides
(IRSH-NM, 2RSH-NM, 5RSH-NM and N-5RSH-M) were
activated in a tubular furnace under the flow of 10% H,/He
gas at flow rate of 50 mL/min. The furnace temperature was
initially set at 40 °C, then raised to 400 °C at ramping of
2 °C/min for 2 h, and in this stage, the catalyst oxide was
expected to be completely reduced. Later, the temperature
was raised to 500 °C (thiol decomposition temperature to form
H,S) at ramping of 5 °C/min for another 2 h after which the
temperature was brought down to 40 °C for cooling at the rate
of 5 °C/min. The activated catalysts were characterized accord-
ingly and pelletized to 300-500 pm size.

2.4. Characterization of supports and catalysts

The catalyst supports and the activated catalysts were charac-
terized using the Micromeritics ASAP 2020 to analyze their
surface area and porosity based on the adsorption-
desorption isotherms technique. The analysis involves sample
degassing at 250 °C for 3 h under continuous flow of N, gas.
The X-ray diffractometer, Rigaku Ultima IV, was used to
measure the X-ray diffraction pattern of the activated catalysts
by scanning with radiation of 40 kV and 40 mA at a speed of
3°/min in the range of 5-90° 20. Thermogravimetric analysis of
the catalysts was carried out on SDT Q600 V20.9 instrument,
by scanning from 25 °C to 700 °C at the rate of 10 °C/min
under the flow of nitrogen. The FTIR spectra of catalyst sup-
ports and the activated catalysts were recorded using a Thermo
Scientific Nicolet 6700 FTIR spectrometer. Typically, a 100:1
mixture of KBr and the sample was pelletized, then inserted
into a sample holder which was directed to the IR source
before commencing the analysis. The stacking degree and crys-
tallite length of the MoS, active phase in the activated catalysts
were determined from the transmission electron microscope
(TEM) images, which were recorded on a JEOL-JEM-2100
operated at 200 kV. The chemical states and chemical environ-
ment of the activated catalysts were determined (under high
vacuum condition) by X-ray photoelectron spectroscopy
(XPS) using PHI 5000 Versa Probe II, ULVAC-PHI Inc. spec-
troscope. The catalysts were pelletized into an approximately
1 mm diameter disc, then attached to the sample holder and
inserted into the XPS machine. The obtained XPS spectra were
analyzed using the Avantage software.

2.5. Catalyst activity studies

The catalytic activity of the activated catalysts (in the pel-
letized form) was studied in a high-pressure Parr 4590 Micro
Bench Top Reactor operated at 350 °C reaction temperature,
a Hj pressure of 5 MPa and 100 rpm stirring rate. An approx-
imate amount of 25 mg catalyst was inserted into a 25 mL
reactor vessel containing 15 mL of model fuel, which included
of 1000 ppm DBT in dodecane. The reaction was monitored
for 4 h after the system conditions (temperature and pressure)
had been stabilized, and sampling of the model fuel was carried
out at an hour interval. The sampled model fuel was analyzed
for the amount of reactant and product using the gas chro-
matography mass spectrometer (GC-MS) technique.

3. Results and discussion
3.1. Characterization results

3.1.1. Fourier transform infrared (FTIR) spectroscopy

Functional groups that are present in both the thiol-
functionalized silica supports and the activated catalysts were
analyzed from the recorded FTIR spectra presented in Fig. 1
(a). The spectra of pure SBA-15 silica support and thiol-
functionalized silica supports show peaks that are characteris-
tic of silica support. The peak at 3500 cm ! is assigned to the
O—H stretching adsorption band due to both SiO—H and
HO—H functionalities, while the peaks at 1050 cm~' and
750 cm ! are assigned to the Si—O—Si and Si—OH stretching
vibrations, respectively. Furthermore, the thiol-functionalized
silica supports show an additional weak peak at 2563 cm™';
the intensity of the peak increases in the higher weight percent
thiol-functionalized silica (Fig. 1(b)). This peak, which is
assigned to the —SH stretching vibration, confirmed the func-
tionalization of SBA-15 support with the thiol group. After
activation of the catalysts, the thiol peak disappears com-
pletely (Fig. 1(c)), which indicates the decomposition of —SH
structure in the support and its possible conversion to H,S
at the activation temperature of 500 °C as reported by
(Moldoveanu, 2010). The in-situ generated H,S provides the
direct supply of H,S gas or CS, solution into tubular furnace,
thus resulting in greener activation process. The scheme of the
activation process is presented in Fig. 2.

3.1.2. X-ray diffraction (XRD)

The XRD pattern of the activated catalysts is presented in
Fig. 3(a). Interestingly, all the catalysts show a broad peak
at 24.5°, which is a typical diffraction pattern observed in
amorphous silica (Velmurugan et al., 2015). The diffraction
peaks of the metal oxides or the corresponding sulfides were
not observed in the XRD pattern of the activated catalysts,
which may imply good dispersion of the catalyst on the silica
support and successful conversion of the metal oxides to their
sulfides. Recent study has shown that the thiol group enhanced
both dispersion and ease of the reducibility of the catalysts (La
Parola et al., 2012).

3.1.3. TGA analysis

The thermal analysis of the catalysts was carried out to have
some insight into the decomposition temperature of the grafted
thiols, which will guide the choice of catalyst activation tem-
perature. The TGA results (Fig. 3(b)) of all the catalysts show
a slight weight reduction (from 100 to 96%) between 80 and
100 °C which is due to evaporation of the volatile components.
Thereafter, the 1RSH-NM and 2RSH-NM show a sharp
decrease in weight percent, from 94 to 60%, between the tem-
perature range of 280-500 °C, and this is ascribed to the
decomposition of surface grafted thiols of the catalysts. The
SRSH-NM and N-5RSH-M catalysts show a gradual multi-
step decrease in the weight percent from the 280-500 °C, and
this may point to the high density of the thiol groups in these
catalysts that is responsible for the gradual and multistep
decomposition. There was no further decrease in catalyst
weight after the 500 °C, which implies that total decomposition
of grafted thiols occurred at 500 °C. Therefore, the catalysts
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activation temperature was considered to be 500 °C. The sharp
decrease in weight percent of IRSH-NM and 2RSH-NM is an
indication that the amount of thiol groups in the catalysts is
relatively small, therefore, the sulfidation degree of molybde-
num will be relatively lower than that of SRSH-NM and N-
SRSH-M catalysts.

3.1.4. Surface area and porosity

The surface area and pore size/pore volume of the thiol-
functionalized silica supports and the activated catalysts,
which were calculated based on the Brunauer, Emmett, and
Teller (BET) approach and Barrett, Joyner, and Halenda
(BJH) method, respectively, are summarized in Table 1. It
was observed that both the BET surface area and the meso-
pore area of the supports decrease as the loading of thiol group
is increased in the support framework. Similarly, the pore vol-
ume and pore size of the support decrease following the
increase in the loading of thiol group on the silica (Fig. SI-
1). The decrease in surface area and porosity is attributed to
the thiol groups that were incorporated on the surface of the
silica support. After loading Ni and Mo active metals and their
activation to form the MoS, active phase, the BET surface
area of the catalysts showed significant increase whereas the
mesopore surface area decreased. In addition, the pore volume
and pore size of the catalysts also decreased when compared to
their respective silica supports. This implies that the thiol
groups that were hitherto on the surface of the silica support
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(a) Wide-angle XRD and (b) TGA of the activated catalysts.

had been removed by decomposition, thus resulting in the
increased BET surface area. However, the loading of Ni and
Mo active metals led to a decrease in the mesopore surface
area and the pore size and pore volume of the catalysts as
depicted by the N, adsorption-desorption isotherms of the
supports and catalysts shown in Fig. 4(a) and (b), respectively.

The SRSH-NM and N-5RSH-M catalysts, which were pre-
pared using the same catalyst support but by different prepa-
ration method, showed some difference in their textural
properties. It was observed that the N-SRSH-M catalyst has
larger surface area and total pore volume than the SRSH-
NM and this is related to the effective mixing of the metal pre-
cursors with the thiol-functionalized silica support in the
ethanol-water mixed solvent during the preparation of N-
SRSH-M catalyst.

3.1.5. Transmission electron microscopy (TEM )

The effect of amount of thiol groups grafted onto the silica
support on the formation and dispersion of MoS, active phase
can be further evaluated from the TEM images of the activated
catalysts. The representative TEM images (Fig. 5) depict the
catalyst dispersion on the various supports after activation.
All the catalysts show good degree of dispersion as evidenced
from the average particle sizes of the catalysts, which is in
agreement with the XRD result. In addition, the stacking
length and stacking degree of the MoS, crystallites presented
in Table 2 show that the SRSH-NM and N-5RSH-M, with

Mesopore surface area (m>/g)

Total pore volume (cm>/g)  Average pore size (nm)

Table 1 Textural properties of supports and catalysts.
Supports and catalysts ~BET Surface area (m*/g)

1RSH 521 448
2RSH 256 381
SRSH 242 237
1RSH-NM 531 348
2RSH-NM 425 246
SRSH-NM 273 146
N-5RSH-M 299 166

0.65 5.2
0.42 5.1
0.31 4.2
0.48 5.2
0.27 39
0.13 3.5
0.15 3.4
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Fig. 4 N, adsorption—desorption isotherms of (a) thiol functionalized SBA-15 supports and (b) activated catalysts.

10 nm

Fig. 5 TEM images of: (a) IRSH-NM, (b) 2RSH-NM, (c) SRSH-NM, and (d) N-5RSH-M catalysts.

Table 2 Crystallites length and stacking degree of MoS, in the sulfided catalysts.

Catalysts Length distribution (nm) Average length (nm) Stacking distribution Average stacking
IRSH-NM 8.2-10.6 10.3 7-10 8
2RSH-NM 7.5-11.2 10.1 6-10 9
SRSH-NM 4.2-9.8 6.3 4-8 7
N-5RSH-M 2.3-10.0 5.6 4-10 6
Reference 4.5-8.6 6.8 5-9 7

the smallest stacking length, possessed larger amount of MoS;
active phase according to the rim-edge model (Liang et al.,
2018). The N-5RSH-M catalyst shows slightly smaller stacking
length, thus is likely to contain slightly larger amount of MoS,
active phase than the SRSH-NM, and this may be related to
the slightly larger surface area of N-5RSH-M catalyst. The
SBA-15-NiMo reference catalyst has stacking length and

stacking degree that are within the range of those of SRSH-
NM and N-5RSH-M.

3.1.6. X-ray photoelectron spectroscopy (XPS)

The XPS analysis of the sulfided catalysts was carried out to
evaluate the chemical states of the elements present in the cat-
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alysts. Typically, the XPS spectrum is deconvoluted in order to
account quantitatively for the chemical states present in a sam-
ple. After deconvolution, two forms of carbon were noticed in
the catalysts (Fig. SI-1): carbide carbon (Cls at 282.9 eV) and
graphitic carbon (Cls at 284.3 eV). An additional carbon peak
at 285.6 eV was observed in the IRSH-NM catalyst; this peak
is assigned to the graphene oxide carbon which implies that
there exist some C—O/C=0 carbon in 1RSH-NM catalyst
(Morimoto et al., 2016). It was noticed that the carbides in
the RSH-NM catalysts increase as the ratio of thiol group
increases (Table S-1), and this is related to the thiol group pre-
cursor, which contains the propyl group as source of carbon.
Previous studies have proved that carbon, especially carbides,
are good stabilizers of the transition metal sulfide catalysts,
hence enhance their HDS activity (Kelty et al., 2007). Simi-
larly, five peaks of Mo were observed in the deconvoluted
spectra of Mo (Fig. 6). The peaks: Mo(3ds) (229.1 eV) and
Mo3d(3d;/,) (232.3 eV) correspond to the doublet peaks of
Mo*" chemical state, and Mo3d(3ds),) (232.8 V) and Mo3d
(3d3,2) (235.8 eV) correspond to the doublet peaks of Mo®™*
chemical state. The fifth peak observed around 226.4 eV is
due to contribution of sulfur 2 s line. The Mo*" is considered
as the active form of Mo in the activated catalyst, and from
Table S-1, it was observed that the percent of Mo* ™ increases
with thiol group increase (as observed by the TEM), except in

1RSH-NM Mo*(3d;,)
3500 4 Mos*(3ds ) Mo*(3ds,)
1 Mo(3d,),) /
30004 S2s
S
=]
5]
© 25004
2000 4
1500 —T T
245 240 235 230 225 22(
Binding energy (eV)
s0004 S5RSH-NM
5000 =
1]
t
3 4000+
o
30004
2000 4
245 240 235 230 225 220

Binding energy (eV)

Counts

Counts

the case of SRSH-NM and N-SRSH-M where both catalysts
have nearly the same percent of the Mo** active phase.

However, unlike the TEM results where the N-5RSH-M
shows slightly larger amount of MoS, active phase, the XPS
results imply that SRSH-NM has slightly more MoS, crystal-
lites. Therefore, it may be concluded that the preparation
method of the SRSH-NM and N-5RSH-M catalysts did not
significantly affect the active phase formation of the catalysts
although it does affect the textural properties of the catalysts.
The sulfidation degree of the catalysts, calculated as the ratio
of Mo** (MoS,) to the sum of Mo** (MoS,), Mo>* (Mo,S,),
and Mo®" (MoO3) (Gao et al., 2018), was 34.7%, 38.8%,
62.2% and 60.9% for the 1IRSH-NM, 2RSH-NM, 5RSH-
NM and N-5RSH-M catalysts respectively. Although the sul-
fidation degree is less than 80%, which is typical of sulfidation
processes that do not apply H,S directly (Texier et al., 2004),
the green approach still offers a competitive advantage in
terms of safety of operation.

The Ni XPS spectra (Fig. SI-2) also depict two Ni chemical
states: Ni2p (854.9 e¢V) and Ni2p (860.1 eV); these chemical
states correspond to the catalytically active NiMoS phase
according to Zhou et al. (Zhou et al., 2018). The percent of
NiMoS phase in the catalysts (Table S-1) followed the trend:
IRSH-NM < 2RSH-NM < 5RSH-NM ~ N-5RSH-M, which
like in the case of Mo*™, implies that the SRSH-NM or N-

5000

2RSH-NM

4500 4

4000 4

240

2;5 2;0 255
Binding energy (eV)

220

60004 N-5RSH-M

5000

4000 +

3000

2000 +

240

235 230 225
Binding energy (eV)

245 220

Fig. 6 XPS spectra of sulfided catalysts showing the peaks of Mo3d chemical states.
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SRSH-M catalyst is likely to be the most active catalyst for the
HDS reaction.

3.2. Catalyst activity and selectivity studies

The activity of the catalysts was studied based on the percent-
age of DBT removal over a reaction time of 4 h. The plot of
HDS activity for the catalysts (Fig. 7) shows that the new acti-
vation strategy for the catalysts does enhance the activity of
the catalysts in addition to offering a safer activation process
that is free from the direct use of H,S. Table S-2 gives the per-
centage of DBT removal over the reaction time of 4 h for the
catalysts studied. It was observed that the reference catalyst
had a conversion of 35% in 1 h reaction time, which was the
lowest conversion among the catalysts studied. The activity
(conversion) sequence of the catalysts after 1 h of reaction is:
N-5RSH-M (52.0%) > SRSH-NM (47.8%) > 2RSH-NM
(46.5%) > 1RSH-NM (39.9%) > reference (35.4%). The
observed trend agrees with the results of catalyst characteriza-
tion, which shows that the formation of active metals and their
dispersion on the silica support is strongly influenced by the
amount of thiol groups on the surface of the support as previ-
ously reported by Parola et al. (La Parola et al., 2012).
Furthermore, during the activation, carbon was formed
from the propyl group attached at alpha-position to the
—SH group and this carbon played a positive role in the
HDS activity of the catalysts. The activity of the catalysts con-
tinued to increase with the reaction time up to 4 h. However,
the conversion trend changed over the reaction time. After
2 h, the reference catalyst outperformed 1RSH-NM. At 3
and 4 h, the reference catalyst performed better than all the
catalysts under study except for N-SRSH-M, which had a con-
version of 91%. This implies that the IRSH-NM and 2RSH-
NM catalysts are likely to deactivate faster than the reference
catalyst (see the first order rate constants at 1 h and 4 h reac-
tion time in Table S-3). A slight decrease in the rate constant
for the N-5RSH-M catalyst over the reaction time of 4 h is typ-
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Fig. 7 HDS activity plot for synthesized catalysts and reference
catalyst.

ical of HDS reactions where the reaction rate decreases slightly
with time due to gradual catalyst deactivation. Overall, it may
be concluded that within the studied reaction time, the N-
SRSH-M catalyst stands out to be the best catalyst after 4 h
reaction time. The better performance of the N-SRSH-M cat-
alyst may be attributed to the larger surface area, increased
amount of active phase and better dispersion as can be sug-
gested from the BET, TEM and XPS analysis. The selectivity
studies of the catalysts were performed using the product dis-
tribution and first order rate constants shown in Table S-3. As
presented in the table, all the catalysts formed only biphenyl as
the product except for the reference catalyst. This means that
the HDS reaction occurs via the most preferred direct desulfu-
rization pathway with these catalysts except for the reference
catalyst which shows little formation of cyclohexylbenzene,
thus indicating that some of the HDS reaction occurred via
the hydrogenation pathway.

4. Conclusion

In this study, a new approach to the sulfidation of mesoporous
silica-supported NiMo catalysts has been presented. This
approach includes grafting thiol groups onto the surface of
the silica support, followed by decomposition of the grafted
thiol groups at 500 °C to slowly release H,S, which reacts with
the impregnated and reduced NiMo metals to form the active
NiMoS phase. This in-situ generation of H,S has provided a
green approach for the sulfidation of silica-supported NiMo
catalysts by preventing the direct use of H,S gas. The FTIR
results confirm the loading of the thiol groups and the TEM
and XPS analyses show that a larger amount of better dis-
persed MoS, is formed in the 5 wt% thiol-grafted silica-
supported NiMo catalyst. The textural analysis shows that
the 5 wt% thiol-grafted silica-supported catalyst N-SRSH-M
prepared by dispersing the catalyst support in ethanol has lar-
ger surface area than its analog SRSH-NM that was dispersed
in deionized water. The better structural properties of the N-
SRSH-M catalyst result in its enhanced catalytic activity even
beyond that of the silica-supported NiMo catalyst that was
sulfided by the direct treatment with H,S gas or a solution
of CSz
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