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Abstract

Sulfur removal is the most challenging task in petroleum refineries for upgrading clean fuel from crude oil. In this regard,
an efficient Ni-MoS, catalyst was prepared using ammonium tetrathiomolybdate (ATM), (NH,),MoS, as a precursor for
hydrodesulfurization (HDS) reaction. ATM was derived by sulfiding an aqueous ammoniacal ammonium heptamolybdate
and impregnated on alumina support with and without nickel promoter to form a series of MoS,/Al,O;, and Ni-MoS,/
Al,O; catalysts with controlled calcination temperature. The prepared ATM and catalysts were characterized by X-ray
diffraction (XRD), Infrared spectroscopy and nitrogen adsorption-desorption. The phase transformation of ATM to MoS,
was observed by TGA, and number of MoS, layer formation was calculated from the frequency difference between the
redshift and blueshift by Raman spectrum. The catalytic properties of MoS,/Al,0;, and Ni-MoS,/Al,O; were investigated
using thiophene as the model compound for HDS reaction. The HDS rate, C, hydrocarbon product distribution and
selectivity were quantified by microreactor with refinery gas analyzer system. The prepared MoS, catalysts (MoS and
NiMoS) at 350 °C showed a better conversion rate than another catalyst due to the synergy between the promoter and
few-layered MoS, on support. Thus, ATM is a suitable candidate for the formulation of Ni-MoS, catalyst at 350 °C for
improving thiophene HDS activity.
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1 Introduction

Recent literature reveals that one-third to one-half of the
total global energy demand has been fulfilled by fossil
fuels [1, 2]. Perhaps the other striking sources across the
world, fuels are derived from petroleum refinings such
as gasoline, diesel, fuel oil and aviation fuel. Petroleum
feedstocks are expected to emit a significant amount of
sulfur as SO, during combustion that has a direct nega-
tive impact on the environment. Thus, environmental
objectives have been imposed to implement stringent
regulations to control the sulfur level in fuels. Based on
the aforementioned, many countries have started focusing

on reducing the sulfur content of diesel fuel to an ultra-low
level of about 10 ppm [3]. However, the refineries are fac-
ing a significant challenge in achieving the required sulfur
specification [4], because the sulfur level in the petroleum
fraction varies, and depends on the source of crude oils
[5]. The hydrodesulfurization (HDS) is part of the hydro-
treating process for removing organosulfur compounds
from heavy crude oils using the metal disulfide catalyst.
Generally, molybdenum and tungsten are used as active
metals along with the promoter nickel/cobalt, which may
be obtained by two approaches, which are supported [6,
71 and unsupported catalyst [8, 9]. Notably, the supported
catalysts were widely used for HDS process, and prepared
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with different methodologies such as sulfiding metal oxide
[3, 6], thermal decomposition of thiomolybdate [10, 11],
hydrothermal and solvothermal processes [12].

The conventional method reveals that the sulfidation
of molybdenum oxides under hydrogen sulfide flow at
high-temperature is the critical step, because it gives a
mixture of partially converted MoS, and unconverted
MoO, [13], and it may decrease HDS activity due to the
strong interaction between metal and support [14]. How-
ever, the support plays a crucial role in the dispersion of
active metals for enhancing the dispersion of surface met-
als [15]. Hence, a new formulation approach is required to
produce an even dispersion of active metal on the support
for the production of sulfur-free clean fuel from crude oil.
In this regard, the direct sulfided catalyst has been pre-
pared using the thermal decomposition of thiomolybdates
and recognized as a simple route than the conventional
sulfidation of molybdenum oxides. Thiomolybdates pos-
sess tetrahedrally coordinated sulfur atom with molybde-
num atom that undergoes a topotactic reaction during
the decomposition, as resultant, the sulfide structure is
retained in the same precursor [16] that enhances HDS
activity.

The unsupported trimetallic HDS catalyst is prepared
using different thiometallates precursor with better cata-
lytic activity [17-20]. However, the unsupported catalysts
tend to have increased pressure drop, reduced lifespan,
and less economic feasibility, whereas, the supported cata-
lyst can be recycled and possesses a long life due to the
synergistic properties of active metal and support [21]. The
porous support materials are considered as an efficient
candidate for uniform dispersion of active constituents
over high surface area and suitable pore size for the mobil-
ity of reactants inside. Currently, there are a number of
supports reported for dispersion of an active metal, such
as alumina, silica, carbon, titanium oxide and carbon [22].
Especially, alumina has some advantages like high surface
area, good strength, tailoring pore structure, and low cost
[23], and more acid sites are available that offers the strong
interaction between metal and support, which promotes
the hydrotreating and hydrogenation reactions [24, 25].
Hence, the highly dispersed active MoS, or WS, supported
catalyst was prepared from thiometallates by thermal
decomposition for better catalytic activity and which pro-
vides excess sulfur for the simultaneous sulfidation of the
promoter without H,S sulfidation process [26, 27].

In this work, a well-dispersed MoS, on alumina sup-
port was synthesized using ammonium tetrathiomolyb-
date (ATM) as a precursor for MoS,, and Ni as a promoter
by incipient wetness impregnation method. The metal
sulfide formation was studied as a function of calcination
temperature under an inert medium in order to diffuse
excess 'S’ to convert the promoter as in sulfide form. The
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physicochemical properties of synthesized ATM and series
of the catalyst with and without promoter (mole ratio 0.3
(Ni/(Ni+ Mo))) were characterized using several analytical
techniques. The hydrodesulfurization activity of the cata-
lyst was investigated using thiophene as a model com-
pound at atmospheric pressure, and calculated reaction
rate and selectivity of C, hydrocarbons. Further, the effect
of calcination temperature was also studied, which plays
a significant role in the catalytic activity. The synthesized
MoS,/Al,0; and Ni-MoS,/Al,O; catalysts reveal a higher
thiophene HDS conversion rate and selectivity, and hence
can contribute as efficient catalysts for HDS reactions.

2 Experimental section
2.1 Synthesis of ammonium tetrathiomolybdate

Ammonium tetrathiomolybdate (ATM) was prepared
by sulfidation of ammonical molybdate salt as reported
elsewhere [17]. Typically, ammonium heptamolybdate
(8.09 mmol, (NH,)¢Mo,0,,-4H,0) dissolved in the mixture
of ammonium hydroxide (60 ml) and water (5 ml). The
reaction mixture was purged with hydrogen sulfide (H,S)
for sulfidation at 25 °C for 60 min, and the temperature
was slowly raised to 60 °C with continuous H,S purging
until turn a dark red color. The reaction mixture was kept
in an ice bath for crystallization of red ATM crystals, and
followed by vacuum filtration, washed several times with
cold isopropyl alcohol and dried under vacuum. The pre-
pared ATM was stored under an inert atmosphere and sub-
jected to further characterization and used as a precursor
for catalysts preparation.

2.2 Preparation of MoS and NiMoS catalysts

The commercial alumina (y-Al,O;) extrudates (Sasol, Ger-
many) was used as a support and synthesized ATM as a
precursor for MoS,. The stoichiometric molar ratio of Ni/
(Ni+Mo)=0.3 of ATM precursor and promoter nickel as
nitrate salt were dispersed on y-Al,O; by incipient wetness
impregnation method. The promoter nickel was dispersed
on y-Al,O; by wet impregnation using nickel, dried at 120 °C.
Similarly, ATM/Al,O; was prepared without a promoter to
evaluate the role of the promoter. The prepared nickel pro-
moted ATM/AI,O; was calcined at 300 °C, 350 °C, 400 °C
and 450 °C under inert medium and corresponding catalyst
were denoted as NiMoS-1, NiMoS-2, NiMoS-3, and NiMoS-4,
respectively. Likewise, the other catalyst also prepared from
ATM/AL,O; by calcined as above temperatures and labeled as
MoS-1, MoS-2, MoS-3, and MoS-4, respectively. The prepared
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series of MoS and NiMoS catalysts were characterized and
evaluated for their catalytic activity.

2.3 Characterization of ATM and catalysts

The textural properties of prepared catalysts were analyzed
by N, adsorption—-desorption at 77 K on Micromeritics ASAP
2020. The crystal structure of ATM and catalyst were col-
lected using powder X-ray diffraction (XRD) patterns with
Cu-K, radiation (A\=0.1542 nm) on PANalytical PW3040, and
unit cells quantified with X’pert PRO software. ATM sym-
metric and asymmetric vibration modes were recorded
with potassium bromide pellet method by Fourier-transform
infrared spectroscopy (FTIR), Vertex 70 spectrometer, Bruker.
The Raman spectroscopy was recorded for active modes of
MoS,>” and MoS, structure by Senterra, Bruker. The ther-
mal decomposition pathway of ATM — MoS; —MoS, and
prepared catalysts were performed under N, medium at a
ramping rate of 10 °C/min from 40 to 800 °C by thermogravi-
metric analyzer (TGA), Mettler. H,-temperature-programmed
reduction (TPR) profile of the MoS and NiMoS catalyst were
carried out by AMI-300S, Altamira Inc, USA. About 100 mg of
each catalyst was placed in a quartz cell, pretreated at 150 °C
for 2 h under Ar medium, and cooled to room temperature.
TPR was performed using 10% H.,/Ar flow (30 ml/min), and
the sample was increased up to 1000 °C at a ramp rate of
10 °C/min [28]. Thermal conductivity detector (TCD) was
used to measure the hydrogen consumption during TPR run.

2.4 Evaluation of catalysts for HDS activity

The prepared MoS and NiMoS catalysts were evaluated for
HDS activity using thiophene, as reported elsewhere [29].
Typically, about 100 mg of each catalyst was placed in the
glass microreactor under continuous purging of hydrogen
gas (50 ml/min) into thiophene. The flow of thiophene (feed)
was kept at constant by controlling saturator temperature at
5 °C, and thiophene containing hydrogen gas was injected
into the reactor at 350 °C over 4.5 h for achieving steady
state average values. The reactor outlet was connected to
online gas chromatography (Agilent, USA) equipped with a
capillary column for flame ionization detector and packed
column for thermal conductivity detector for quantifica-
tion hydrocarbons and gaseous products, respectively. Gas
chromatography (GC) analyzed data were collected at a con-
stant interval to calculate the reaction rate and C, product
selectivity.

The overall HDS conversion rate and selective C, hydro-
carbon formation rates were calculated according to the
following equations:

77,‘_ no

Conversion fraction (a) =

(1

Ui

FiX a
HDS rate (k) = -

(2)

C, hydrocarbon rate = y; X « (3)

where 7; and 7, are the thiophene concentration (moles)
in feed and output of the reactor, respectively, and «, F,
and m are overall conversion rate (mol h™'g™"), reactant
feed (mol h™") and weight of catalyst (g), respectively. The
selectivity of individual C, hydrocarbon conversion rate
was calculated according to Eq. 3, where y;is mole fraction
of respective C, hydrocarbon.

3 Results and discussion

3.1 Characterization of ammonium
tetrathiomolybdate

Figure 1a shows the X-ray diffraction pattern of ATM
precursor that exhibits sharp and narrow peaks with a
well-defined orthorhombic crystallographic structure,
which complies with a standard ICDD pattern of ATM
(00-033-0068). The crystal axis of the synthesized ATM
was a=12.189A, b=9.495A, c=6.94A; a=B=y=90°, and
unit cell volume 804 (AA3). The Bragg reflection peaks at
20=17.43°18.65° 25.40°,28.96° 29.26°, 31.76°, and 45.96°,
corresponds to the crystal faces (hk/) (111), (200), (020),
(301), (022), (311), and (413), respectively. Also, Fig. 1b
displayed the TGA curve of ATM that shows the plausible
conversion pathway of ATM to MoS, [30]. The weight loss
about 25.72 wt% was observed in the temperature range
of 150-330 °C, which attributes to the initial conversion of
ATM to MoS;, NH; and white substance ammonium hydro-
gen sulfide (NH,HS). Subsequently, NH,HS decomposed to
NH; and H,S. Furthermore, 12.36 wt% loss occurred in the
temperature range 380-500 °C due to the decomposition
of the intermediate MoS; to MoS,. The overall weight loss
in the conversion of ATM to MoS, was 38.08 wt%, which
complies with theoretical stoichiometric weight loss (38.46
wt%). Thus, TGA confirms the formation of MoS, by ther-
mal decomposition of ATM through intermediate MoS;
and elimination of two-mole ammonia and one-mole
hydrogen sulfide.

Figure 2 shows the FT-IR spectrum of ATM displays their
particular vibration band of Mo-S at 383 and 482 cm™'
corresponding to strong and stretching modes, respec-
tively [31]. The other band observed at 3137 cm™" and
1386 cm™' were attributed to stretching and bending
vibration of N-H bands, respectively, and the weak hydro-
gen bond at 2761 cm™. Also, there are some minor peaks
observed which might be an association of Mo =0 groups
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Fig.2 FTIR spectrum of ammonium tetrathiomolybdate
(NH,),MoS,

between the sulfide surface and environment. Figure 3
shows Raman spectra of ATM at two different wavelengths,
visible (532 nm) and near infra-red (785 nm) regions. The
tetrahedral [MoS4]2‘ possesses four active Raman charac-
teristic modes as v, (A,), v, (E), v; (F,), and v, (F,), in which
the asymmetric stretching (v;) and symmetric (v,) vibra-
tion of a Mo=S bond in ATM, were observed at 477 and
456 cm™' in the both 532 and 785 nm regions (Fig. 3a). The
other two Raman active modes of 8§(MoS,) [v,(E) +v,(F,)]
in 785 nm exhibits strong band at 193 cm™' and a medium
band at 181 cm™', whereas the visible region appears as
strong band at 194 cm~'in 532 nm [31, 32].
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In addition, the stability of ATM was also evaluated with
different laser power at 532 nm (Fig. 3B), as MoS42* ion is
unstable at high laser power. Photochemical decomposi-
tion of ATM is minimized at a low power of 0.2 mW and
shows all Raman active modes. However, ATM decomposes
to gas products as ammonia and hydrogen sulfide, and
partial conversion of MoS, to MoO; under atmospheric air
environment at 2.0 mW laser power. The formation of MoS,
was confirmed by the characteristics vibration bands of
A, (402 cm™), E,, (387 cm™ ) and E, (378 cm™). Further,
it was also verified by surface oxidization of MoS, to stable
MoO; with higher laser power (5 mW) under atmospheric
condition. The peaks observed at 158, 291, 666, 820, and
990 cm™' due to symmetric and asymmetric stretch of the
terminal oxygen atom of Mo-O complies with the pure
MoO; spectrum (2 mW-MoO;, Fig. 3b) [33]. Therefore, the
Raman spectrum reveals minimum laser power is a suit-
able condition for ATM without oxidation at atmospheric
environment (for example, 0.2 mW at 532 cm™.

3.2 Characterization of MoS and NiMoS catalysts

Figure 4 and S1 show the series of X-ray diffraction pat-
terns of MoS and NiMoS, respectively, and derived by
thermal decomposition of ATM/Al,O; and nickel sup-
ported ATM/AI,O, from 300 to 450 °C. The XRD pattern
reveals the poor crystalline structures of 2H-MoS, in MoS
and NiMoS catalysts. When increasing the decomposition
temperature, MoS,?” is slowly converted to MoS, and its
corresponding characteristic peak emerges at 200 (hk/) as
two broad peaks at 26 =24-27° and 42-47°. These XRD
patterns reveals that the low crystalline MoS, lattice planes
were associated with alumina. The characteristic of MoS,
peak on MoS and NiMoS catalysts are agreed with ICDD
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card of MoS, (03-065-0160). Some Ni,S, and MoO; peaks
were also observed at higher temperature due to surface
oxidation [34]. The NiMoS catalyst exhibited its oxide
peaks at 26 =23.33°, 25.75° and 27.33°, which is in line
with ICDD card 00-05-0508. It is expected that MoS; dif-
fuse its sulfur atom (MoS; — MoS,) during the calcination
to form nickel sulfide.

The surface area of prepared catalysts was determined
by the Brunauer-Emmett-Teller (BET) and pore size by
Barrett-Joyner-Halenda (BJH) method. Figure 5 summa-
rizes the textural properties of the prepared catalysts,
and Figs. S2 and S3 show the nitrogen adsorption/desorp-
tion isotherms of MoS and NiMoS catalyst with hysteresis
loop and well-defined pore size distribution. The surface
area, pore volume and pore size of alumina support are
228 m?/g, 0.86 cm®/g, and 98 A, respectively. Figure 5
reveals the surface area loss in both the MoS and NiMoS
catalysts compared to the support that may be due to
the filling of the narrow pores by the impregnated met-
als. On the other hand, the calcination temperature of the
catalysts also affects the surface area. There is no remark-
able difference in surface area of NiMoS catalyst when
the temperature increases from 300 to 350 °C. Whereas,
a significant change in surface area was observed when
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the temperature was increased from 350 to 450 °C (16%).
These increase may be due to the evaluation of ammonia,
hydrogen sulfide, and elemental sulfur during the decom-
position of ATM. Further, about 95-98% of the overall pore
size of NiMoS catalysts were retained at different calcina-
tion temperature and shows type IV nitrogen adsorption/
desorption hysteresis loop (Figs. S2A and S3A). The pore
size distribution of MoS and NiMoS catalysts shown in Figs.
S2B and S3B.

Fig. S4 and S5 shows the thermal stability of prepared
MoS and NiMoS catalysts determined by a thermogravi-
metric analyzer (TGA). The TG profiles inferred different
structural changes of catalysts through a mass change in
the range of 40 °C to 800 °C. MoS and NiMoS supported
catalysts show about 5-8% weight loss below 180 °C due
to the loss of physisorbed moisture from the atmosphere.
Also, the TGA curve exhibits a descending order in the
weight loss of catalysts with increasing calcination tem-
perature from 300 to 450 °C, due to decomposition of
bounded ammonium hydrogen sulfide. MoS-1 and MoS-2
show higher weight loss about 7% than MoS-3 and MoS-4
in this region of 180-480 °C, which is mainly due to the
undecomposed intermediate or incomplete MoS; phases
(Fig. S4). NiMoS catalyst shows the minimum mass loss
(~3%) in the same temperature range, which attributes
to the low retaining capacity of humidity (Fig. S5). Above
500 °C, the weight loss observed in NiMoS catalyst may be
due to the oxidation of Ni,S, to nickel oxide on support.

Raman spectra confirm the formation of MoS, from
ATM at different calcination temperatures. The Raman
analysis is an indicative technique to identify the forma-
tion of hexagonal MoS, geometry, which consists of Dy,
(P65/mmc) space group symmetry on the support surface
[35]. The structural characteristics of supported MoS,
and Ni-MoS, catalyst indicated a significant amount of
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Fig. 6 Raman spectra of prepared NiMoS catalyst at different calci-
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molybdenum-oxygen stretching at 300 °C. The peak inten-
sity of Mo-O was decreased on calcination at 350 °C and
disappeared on calcination temperatures at 400 °C and
450 °C calcined catalyst. On the other hand, the presence
of strong bands at 402 and 378 cm™' belong to MoS,,.
Raman spectra of bulk MoS, exhibits four active vibra-
tion modes suchas A, £, E;gand Eﬁgthat corresponds to
out-of-plane vibrations of S atoms, in-plane vibrations of
S atoms, in-plane vibrations of Mo-S bond, and in-plane
of the rigid atomic bond, respectively [36]. The frequency
and intensity of Raman peaks depend on out-of-plane
vibrations of the sulfur atoms that soften the redshift
at~402 cm™ (A,g), and strong in-plane vibration of Mo
and S atoms, which stiffens the blueshift at ~380 cm™ (E;)J
S atoms. MoS catalysts exhibited E}Q/ibration modes in the
calcination region of 300 °C to 350 °C. In case of NiMoS
catalysts, NiMoS-1 shows MoS, and MoOj; peaks at 300 °C
and other NiMoS-2 to NiMoS-4 catalysts indicated active
A;g and Eg_(;'nodes of MoS, at calcination temperature 350
to 450 °C (Fig. 6). When increasing the calcination tem-
perature, the redshift of A;; peak width slightly increased
and Eégpeak intensity reduced in NiMoS catalyst reveals
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to reduced stacked MoS, layer along with the c axis, and
existence in-plane defect sites, respectively [37, 38]. Thus,
the surface geometry of MoS, varies with stacked layers
due to the different vibration modes of Mo and S atoms.
The wavelength difference between E}Qand Aqgare fin-
gerprint modes that correspond to the number of layer for-
mation of MoS,. Typically, monolayer formation is denoted
when the difference between Ejand A, is 18 cm™', and
the few-layer formation for the difference of 19 cm™ to
26 cm™" in bulk crystal [39]. The wavelength difference
between A,g and Eégfor NiMoS-1, NiMoS-2, NiMoS-3, and
NiMoS-4 catalysts were found to be 24.0, 23.3, 23.0 and
22.8cm™’, respectively. Thus, Raman spectra revealed that
the NiMoS catalyst, prepared at calcination temperatures
from 300 to 450 °C under inert medium, possesses few-
layer MoS,. Further, layer formation depends on a function
of calcination temperature, which gives descending order
of MoS, layer with increasing calcination temperature.
The H,-TPR technique suggested that the interaction
between surface MoS, phase and MoO, with support
forms a network structured like MoS,-O-MoO, [40]. MoS
catalysts exhibit four reduction peaks, located at 552, 630,
708 and 863 °C, and whereas NiMoS catalyst shows the
two reduction peaks located at 507 and 760 °C (Fig. 7). It
is reported that the conventional Mo/Al,O; and NiMo/
Al,O; catalyst shows reduction of Mo®* to Mo** on a sup-
port surface at 600-800 °C for reduction of tetrahedrally
coordinated Mo species [41]. However, the prepared
NiMoS catalyst reduced two regions at low-temperature
region 400-550 °C and 600-800 °C, which reflects the high
hydrogen consumption at low-temperature, and results
favor the hydrogenation of highly reactive sulfur species
positioned on the edge of MoS, [42, 43]. TPR results also

TCD signal (a.u.)

T T T T T T T T
200 400 600 800 1000
Temperature (°C)

Fig.7 H,-TPR profiles of MoS-3 and NiMoS-3 catalysts

indicated reduction of MoS; (Mo®*) to other Mo oxidation
state and its interaction with the support. Moreover, the
initial catalyst has Mo and S stoichiometry of S/Mo=2.3,
while in the reduced condition, it is expected to be S/
Mo =2.0.This might be due to the reduction of sulfur from
the hexagonal lattice to the relatively unstable rhombohe-
dral MoS,, which is in agreement with the DFT calculation
[44].

3.3 Hydrodesulfurization on MoS and NiMoS
catalysts

The MoS,-based catalysts with and without promoter
on alumina support were prepared at different tempera-
tures, 300, 350, 400 and 450 °C, and tested for thiophene
HDS activity at 350 °C (Fig. S6). The various products
were obtained by thiophene HDS reaction such as C,
(2-butenes, 1-butene, n-butane, i-butane, and butadiene),
C; (propane and propene), C, (ethane and ethene) and
C, (methane) compounds [45, 46]. The desulfurized prod-
ucts including C;-C; and C, hydrocarbons were quanti-
fied using online refinery gas analyzer (RGA) system with
calibrated Agilent refinery gas mixture P/N 5190-0519.The
initial conversion was the same for both MoS and NiMoS
catalysts, later significant changes in activity on NiMo$S
catalyst were observed, which shows higher HDS rate. The
higher activity may correspond to the role of promoter as
well as higher hydrogenation function of NiMoS catalyst
(Fig. S6B). Thus, the thiophene HDS rate depends on the
calcination temperature of the catalyst, and the order of
HDS activity at equilibrium condition as follows 350 °C > 3
00 °C>400 °C>450°C.

The overall NiMoS catalysts represented higher con-
version rate than MoS catalysts due to the presence of Ni

6.0E-1 T T T T
/ °
< 5.0E-14 -
- Qo \
= )
3 NiMoS
) \Q
(3
& 4.0E-1 L.
u " . Mo$S
3.0E-1 T T T T
300 350 400 450

Temperature (°C)

Fig. 8 The effect of calcination temperature of MoS and NiMoS cat-
alysts for thiophene HDS rate
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promoter, and has good hydrogenation ability, as shown
in Fig. 8. However, the HDS activity also depends on the
presence of few layers MoS, and weakly bonded sulfur on
the surface of NiMoS catalyst that is affected by calcination
temperature. It was observed that the HDS rate enhanced
in both catalysts calcined at 350 °C due to the formation of
active few-layer MoS, from MoS;. About 34% higher HDS
rate was observed at 350 °C calcined NiMoS than MoS
because the Ni acts as a promoter. Upon increasing the
calcination temperature from 350 to 450 °C, decline trend
in activity revealed in both catalyst, which might be the
partial formation of inactive Mo,S, instead of few-layer
MoS, at higher calcination temperature. The pure alumina
support has only Lewis acid sites, whereas Mo-dispersed
Al,O; catalysts have both Lewis and Brgnsted acid sites on
the surface due to the molybdenum species bounded to
the alumina surface through oxygen bridges with surface
OH groups. Further, the generation of weak acid protonic
sites via dissociative H,S reactions located at the edges of
MoS, creates the anion vacancies that also play a crucial
role in the HDS mechanism.

The plausible pathway of thiophene HDS may occur
through different intermediates by hydrogenation of
C=C bond and the direct desulfurization of the C-S bond
(Scheme 1). The hydrogenation process reveals the forma-
tion of butenes and butane, through dihydrothiophenes
and tetrahydrothiophene intermediates, respectively.
The weaker C-S bonds of thiophene are more reactive on
the catalyst surface, and they undergo hydrogenolysis of
C-S bond through dihydrothiophene to produce butadi-
ene, and subsequently hydrogenated to be produced as
butane and butenes, and formation of 1,3 butadiene was
not observed on any catalysts [45]. The thiophene HDS
reaction mechanism indicated that 1,3 butadiene is a
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primary product, which is expected to decrease with con-
version and subsequent hydrogenation to 1-butene (cis
and trans butenes). The butadiene rapidly converted to
the secondary products in the presence of H, on catalysts
by hydrogenation [47]. The hydrogenated intermediates
dihydrothiophene and tetrahydrothiophene were also not
detected during reaction because of rapid conversion to
butane in the presence of H, environment. However, the
hydrogenation of 1,3 butadiene is faster than tetrahy-
drothiophene [48], which is evidenced by the formation
of significant amount of products like C, hydrocarbons of
butenes (1-butene, 2-butene, and n-butene) and butane,
along with the smaller yield of iso-butane, iso-butene and
cracked (methane, ethane, and propene) products. Hence,
the n-butane, 1-butene, cis-2-butene, and trans-2-butene
were quantified, and the product formation rate was cal-
culated as a function of calcination temperature, as shown
in Fig. 9.

Figure 9 shows each C, hydrocarbon formation rate as a
function of calcination temperature from 300 to 450 °C. It
is observed that rates of formation of n-butane, 1-butene,
cis-2-butene, and trans-2-butene were higher on NiMoS
than MoS catalyst calcined at 350 °C catalyst and were
about 1.57, 1.66, 1.37 and 1.77-fold, respectively, which
might be due to the influence of Ni promoter. The butene
formation rate remains constant with increasing calci-
nation temperature and/or presence of Ni promoter. As
discussed previously, the number of few-layer MoS, and
weakly bonded sulfur on the catalyst surface contributes
to the rate of formation of butenes. The number of layer of
MoS, from MoS,*” decreases with increasing calcination
temperature as supported by Raman spectrum and the
same trend is expected for HDS of thiophene. Based on
this, the rate of formation of butene has to decrease, but
the weakly bonded sulfur on surface catalyst stimulates
the isomerization of 1-butene to cis- and trans-2-butene.
Hence, the butenes formation rates were almost similar
either in the presence or absence of Ni promoter for the
catalysts calcined at 450 °C. Overall, the prepared MoS
and NiMoS catalysts reveal that the ratio of formation rate
of cis- to trans-2-butene was higher at 350 °C than other
calcination temperatures due to the availability of weakly
bonded sulfur on the surface of the catalyst.

Figure 10 shows the distribution of C, hydrocarbon pro-
duced on MoS and NiMoS catalysts by thiophene HDS at
350 °C. The layer formation on NiMoS catalysts and the
enhanced hydrogen capacity evidenced by Raman and
TPR analysis has influenced the product distribution as
well. Figure 10 indicates that the selectivity of cis-2-butene
is slightly less over NiMoS than MoS at all the calcination
temperature. The result demonstrated that the presence
of promoter Ni does not have a significant impact on the
formation of cis-2-butene. The MoS catalysts influenced
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the formation of n-butane, 1-butene, and trans-2-bu-
tene, whereas, NiMoS that does not increase the forma-
tion of cis-2-butene, which might be due to the revers-
ible reaction between cis-2-butene and trans-2-butene.
Thus, there exists a thermodynamic equilibrium between
n-butane and butenes (1-butene and 2-butenes) about
35% and 65%, respectively. The two isomerized products
of 1-butenes such as cis-2-butene and trans-2-butene
displayed with the ratio are nearly one. The results also
depicted that product selectivity distribution was high
for n-butane and less for 1-butene among the other C,
products.

4 Conclusions

The characteristics of synthesized ATM such as orthorhom-
bic phase, the strong and stretching vibration mode of
Mo-S bond, the asymmetric stretching and symmet-
ric vibration of a Mo=S bond, and thermal conversion
of ATM — MoS; — MoS, were confirmed by XRD, FT-IR
spectra, Raman spectra, and TGA analysis, respectively. A
series of few-layer MoS, catalysts with and without nickel
promoter on alumina was prepared by thermal decom-
position of impregnated ATM at different calcination tem-
peratures. The Raman spectra revealed that the number
of MoS, layer formation decreased on increasing the cal-
cination temperatures. The surface area of MoS and NiMo$S
catalyst was increased about 4 and 16%, respectively,
when the calcination temperature increased from 350 to
450 °C due to the thermal expansion. TPR exhibits the pres-
ence of well-defined and highly reactive sulfur species that
are weakly bonded and located on the surface of NiMoS
and MoS catalysts. Based on the characteristics of NiMoS
catalysts, higher HDS conversion rate and selectivity for
C, hydrocarbons of n-butane and butenes were observed
when compared to MoS catalyst at 350 °C, due to the pres-
ence of promoter that enhanced the hydrogen capacity on
MoS,. Rates of formation of n-butane, 1-butene, cis-2-bu-
tene, and trans-2-butene were higher on NiMoS catalyst
than MoS catalysts calcined at 350 °C and were about 1.57,
1.66, 1.37 and 1.77-fold, respectively. Finally, synthesis of
the MoS, catalysts by thiomolybdate precursor was found
to be a simple route compared to traditional sulfided route
for catalysts preparation. Thus, the NiMoS, catalysts syn-
thesized by thiomolybdate precursor also proves to be an
efficient catalyst for HDS reaction.
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