
Abstract
Various organic fuels, including citric acid, ethylene glycol, glycine and urea, were used to synthesize alumina-sup-
ported NiMo catalysts via the solution combustion method and applied in thiophene hydrodesulfurization at atmo-
spheric pressure. The as-synthesized catalysts were characterized by X-ray diffraction (XRD), Thermogravimetric 
analysis (TGA), Field emission scanning electron microscopy (FESEM), Energy dispersive X-ray analysis (EDX), 
Nitrogen adsorption/desorption, and Temperature program reduction (TPR). The results showed that the type of or-
ganic fuel has a considerable effect on the phase structure, surface morphology and reducibility potential due to the 
different amounts of heat and gaseous products released during the combustion reaction. Also, a relatively homoge-
neous distribution of the metals over support was obtained in all samples. The highest activity was obtained over a 
sample synthesized with citric acid as fuel due to its significant proper-ties, such as high surface area, considerable 
surface pore structure, and weakened metal-support interaction, compared with other fuel additives. Activity assess-
ment of the prepared catalyst by ethylene glycol and glycine demonstrated that 100% abatement of thiophene was 
achieved at 105 °C and 30 min.

Keywords: HDS, Fuel Type, Combustion, Ultrasonic, Thiophene.

Influence of Fuel Type on Ultrasonic-assisted Combustion Synthesis of NiMo/
Al2O3 Catalyst for Hydrodesulfurization of Thiophene

Roya Hamidi1, Reza Khoshbin2 and Ramin Karimzadeh1*  
1. Chemical Engineering Faculty, Tarbiat Modares University, Iran
2. Department of Chemical and Materials Engineering, Buein Zahra Technical University, Buein Zahra, Qazvin, Iran

*Corresponding author: Ramin Karimzadeh, Chemical Engineering Faculty, Tarbiat Modares University, Iran
E-mail addresses: ramin@modares.ac.ir
Received 2022-03-19, Received in revised form 2022-04-09, Accepted 2022-04-10, Available online 2022-09-05

Journal of Petroleum Science and Technology 11(4): 32, 2021, Pages 14-23
DOI:10.22078/JPST.2022.4702.1778

Journal of Petroleum Science and Technology
Research Peaper

https://jpst.ripi.ir/

Introduction
In the new environmental legislation, the sulfur reduction 
from transportation fuels has become a central issue 
owing to negative effects on the atmosphere and human 
health. Also, sulfur-containing impurities can cause 
severe corrosion in reactors and storage vessels [1]. In 
this regard, strict constraints have been imposed on the oil 
industry to reduce the sulfur content in refined products 
to less than 10 ppm [2]. Hydrodesulfurization (HDS) is 
commonly employed to eliminate sulfur compounds in 
petroleum-derived feedstock in the refining industry and 
the HDS catalyst has a significant role in that reaction. 
Heterogeneous catalysts based on Mo/W (10-30 wt.%) 
promoted by Ni/Co (3-8 wt.%), located on the edge of 
MoS2/WS2 slabs, and supported on alumina are generally 
used in the HDS reactions [3]. Various substances have 
been utilized as support in the HDS process, including 
zeolites [4], carbon and carbon-based material [5], silica 
[6] and some metal oxides such as zirconia [7]. Among 
them, gamma alumina is considered as a distinctive 
support for HDS reaction due to its low price, sufficient 
porosity, high mechanical strength, improved thermal 

stability and accessibility of acid sites [8]. From the 
literature survey, some strategies for enhancing catalytic 
performance have been reported, which could be 
achieved by using various transition metal precursors, 
utilizing other metals instead of conventional metals, 
employing novel active phases like nitrides and carbides 
and using chelating and surfactant agents [9]. The 
incorporation of secondary promotors such as fluorine, 
boron and phosphate is another beneficial way for 
improving catalyst activity in the hydrotreating process 
[10].
According to the literature, several methods have been 
applied for the preparation of HDS catalysts, classified 
as precipitation [11], sequential or co-impregnation [12], 
sol-gel [13], chemical vapor deposition (CVD) [14], and 
hydrothermal deposition [15]. Although these techniques 
can produce advanced HDS catalysts, they demonstrated 
disadvantages such as complicated experimental devices, 
lengthy preparation time, multitudes of preparation 
steps, high energy requirement, costly substances 
and environmental contamination, which make them 
inappropriate for scale-up [16]. To overcome
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the aforementioned drawbacks, an alternative technique for 
producing HDS catalysts called the combustion method was 
presented by González-Cortés et al. [17]. Their results showed 
that mono and polymolybdate generation had been facilitated 
by urea-matrix combustion methodology in comparison 
with the impregnation method. Also, they reported that the 
catalysts prepared by the combustion method were more 
active than the impregnation and the chelating approaches 
in the HDS process. The combustion technique is based on 
the redox reaction, which uses metal salts as oxidants and 
organic reactants (fuels) as reducers [18]. In this method, the 
fuel is oxidized by a utilized oxidant, and metal cations take 
the oxygen from the oxidants and transform it into an oxide 
form. Due to the high amount of gases like CO2, H2O, N2 
and CO during the combustion process, the as-combusted 
powders have a foamy and porous structure [19]. The 
physicochemical characteristic of the as-combusted products 
such as surface area, porous structure, agglomeration and 
particle size distribution is controlled by the volume of 
exhausted combustion gases and amount of released heat, 
determined by the type of fuel and fuel to oxidant ratio [20]. 
The combustion reaction is performed within a short time 
with the highest temperature of 1500 °C. Such temperature 
assists the formation of crystalline material that possesses 
individual characteristics [21]. A wide variety of organic 
compounds such as urea [22], glycine [23], citric acid [24], 
ethylene glycol [25] and a mixture of them [26] have been used 
through combustion method. Synthesis of alumina supported 
bimetallic and trimetallic HDS catalysts via a combustion 
method by employing urea as a fuel was investigated by 
Gonza ´lez-Cortes et al [27] It was concluded that due to the 
efficient interaction between support and metal species in 
this method, the HDS performance was enhanced. A series 
of Co–Mo/Al2O3–TiO2 HDS catalysts via the combustion 
(using urea as organic fuel) and impregnation methods was 
synthesized by Jiao and colleagues [28], and it was reported 
that as-combusted prepared catalyst had a higher surface area 
than those obtained by impregnation method. Furthermore, 
they observed that in the combusted sample, dispersion of 
metal phase over the support was improved and formation 
of the inert phase was prevented. Therefore, they concluded 
that the combustion method was superior to the impregnation 
approach in the HDS process. It has been well documented 
that the utilization of ultrasound irradiation increases the rate 
of chemical reactions, which it has been demonstrated to be 
a desirable technique for catalyst synthesis [29]. Dissolution, 
nucleation and growth of crystals can be changed by acoustic 
cavitation which was driven from ultrasonic power. When a 
solution is exposed to the ultrasonic waves, small bubbles 
are generated and enlarged in liquid medium, which lead to 
bubble collapse. In the collapsing bubbles, local hot spots 
are formed. Therefore, they provide the reaction energy and 
ultimately increase the chemical reactivity [30]. NiMoS and 
CoMoS were synthesized in the presence of sulfur using an 
ultrasonic method by Ramos et al [31], and it was concluded 
that the bimetallic HDS catalysts were more active than the 
CoS and NiS catalysts. In this study, synthesis of γ-Al2O3 
supported NiMo HDS catalysts via combustion technique 
using different fuels, including glycine, urea, citric acid and 
ethylene glycol under ultrasonic irradiation is proposed. 

The characterization of as-combusted powders was assessed 
using various methods, including XRD, TGA, FESEM, 
EDX-dot mapping, N2 adsorption-desorption and H2-TPR. 
Finally, catalytic activity of the prepared NiMo catalyst has 
been evaluated toward HDS process using thiophene as a 
model sulfur compound at atmospheric pressure.

Materials and Methods
The preparation of catalysts has two steps: Initially, a 
known amount of (NH4)6Mo7O24.4H2O (22 wt.% as MoO3) 
and Ni(NO3)2(H2O)6 (5 wt.% as NiO) were dissolved in 
a minimum amount of deionized water. Then γ–alumina 
powder was added to this solution and stirred for 1 h. In 
the next step, NiMo/Al2O3 was prepared by the ultrasonic-
assisted combustion method. Four different organic 
compounds at fuel to oxidant molar ratios of 4 were utilized 
for this aim. For this purpose, 3.39, 1.80, 2.42 and 2.91 g 
of organic fuels were individually added to the solution in 
the case of citric acid (CA), ethylene glycol (EG), glycine 
(G) and urea (U), respectively. The obtained slurry was 
stirred at ambient temperature for 1 h. In the following, an 
aqueous ammonia solution was added to neutralize the pH 
of the obtained slurry. The sonication was adopted, and the 
mixture was subjected to ultrasound irradiation at room 
temperature for 30 min and power 250 W. Then, the resulted 
slurry was stirred at 80 °C to obtain a fuel-based paste. It was 
then fed into a preheated electric furnace for the combustion 
reaction. Finally, the powders were subjected to calcination 
in the airstream at 550 °C for 4 h to ensure that all the organic 
additives would decompose.
In the current work, the obtained NiMo/Al2O3 is referred 
to NMA (x) (x= CA, EG, G and U) where x indicates the 
type of fuel. To evaluate catalysts’ performance in the HDS 
reaction, the sulfidation process has been performed on oxidic 
catalysts. For this purpose, the samples were sulfided ex-situ 
in a continuous fixed-bed reactor operated at 400 °C for 3 h 
at atmospheric pressure with 7 wt.% CS2-heptane mixture. 
The activity of the sulfided catalysts was evaluated in the 
hydrodesulfurization of thiophene using a slurry reactor at 
atmospheric pressure. The reactor was filled with 20 mg of 
sulfide prepared catalyst. The feed, a solution of 35000 ppm 
thiophene in decane, under hydrogen stream (flow 50 cm3 

min-1), was mixed with a catalyst. The HDS process was 
ongoing for 30 minutes, taking a sample every 15 minutes 
at 55 °C and 105 °C and sulfur content assessment by gas 
chromatography. Conversion of thiophene as an index of 
catalytic activity was calculated based on the thiophene 
concentration in feed (35000 ppm) and product.

Results and Discussions
Characterization of Ni-Mo/Al2O3 Catalyst

X-ray diffraction spectra of the as-combusted NMA (x) 
catalysts over alumina in the 2θ range from 20° to 80° are 
presented in Figure 1. All of the fabricated catalysts display 
typical characteristics of alumina, denoting that its structure 
was preserved after the deposition of metals. It is to be noted 
that the peaks at 37.44º, 39.67°, 42.82º, 45.79°, and 67.30º 
(JCPDS card 00-004-0880) are due to the cubic structure of 
alumina. 
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Regarding the JCPDS database files, NiMoO4 (monoclinic, 
00-045-0142), MoO3 (monoclinic, 00-047-1081) and NiO 
(cubic, 01-073-1519) diffraction peaks were seen in all XRD 
sepctrum. The diffraction peaks at 2θ= 23.015°, 25.008°, 
25.96°, 33.37°, 42.15°, 47.02°, 48.56° and 51.3°  are assigned 
to the monoclinic phase of molybdenum oxide.
Also, the position of peaks at 2θ values of 23.35°, 26.58°, 
27.19°, 28.47° and 32.141° corresponded to the formation 
of nickel molybdenum oxide in its monoclinic phase. 
These results proved that the desired crystalline phases had 
been successfully formed in all samples. However, some 
differences in the diffraction peak areas between the samples, 
which are proportional to crystallinity, were observed by us. 
Samples NMA (G) and NMA (U) exhibited higher diffraction 
intensities at 2θ values of 23.15° and 20.58° than the samples 
NMA (CA) and NMA (EG), which are attributed to the 
crystalline phase of MoO3 and NiMoO4, respectively. The 
small peaks of the mentioned phases might be originated 
from their high dispersion in the case of NMA (CA) and 
NMA (EG) catalysts, leading to better accessibility of the 
reactants to active sites. The high crystallinity of the NMA(G) 
sample may be attributed to the combustion heat of glycine 
(-3.24 Kcal g-1), which is higher than citric acid (-2.78 Kcal 
g-1) and, accordingly, facilitates the growth of crystal facets 
[32]. It is worth mentioning that the heat released from the 
combustion reaction between ammonia evolved from the 
decomposition of urea or glycine, and NOx formation due 
to the decomposition of metal nitrate salts is greater than that 

Fig. 1 XRD patterns of catalysts fabricated via ultrasonic-assisted combustion method: a)NMA(CA), b)NMA (EG), c)NMA (G), d)NMA (U).

evolved through a reaction between hydrocarbon fragments 
and oxygen [33]. The high intensity of the mentioned peaks 
in the NMA (U) sample can be attributed to the high energy 
released during the combustion process (-2.98 Kcal g-1), 
which assists the growth of crystals. 
The TGA/ DTG curves of the gel precursors are presented in 
Figure 2. According to the TGA/DTG profiles, all samples 
have successive weight loss stages. The weight loss from 
room temperature until about 200 °C was owing to the 
elimination of physically adsorbed water on the sample 
surface and partial dehydration-decomposition of nickel 
and molybdenum precursors. The second mass reduction is 
attributed to the total decomposition of Ni and Mo precursor 
salts and the decomposition of remained organic additives 
resulting in the evolution of CO2, N2 and H2O [3,22]. The 
second mass loss related to combustion reaction in prepared 
catalysts with citric acid, urea, glycine and ethylene glycol is 
33%, 28%, 34% and 12%, respectively. Looking at Figure 2, 
the NMA (CA), NMA (G) and NMA (EG) burn gradually. In 
the case of NMA (U) the rate of decomposition is faster than 
the equivalent one in the other samples and burns rapidly.
According to TGA profiles, no weight loss was observed 
during 520-600 °C. It can be concluded that all remained 
volatile compounds were eliminated at a temperature above 
520 °C. Therefore, the as-combusted samples were calcined 
at 550 °C for 4 h in the air atmosphere to ensure the removal 
of remaining organic materials.

2 θ (degree cu)
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Fig. 2 TGA/DTG plots of alumina supported NiMo oxidic precursors 
using different fuels.

FESEM images of the fabricated catalysts were taken to 
obtain information about the surface morphology, and the 
representative images of various samples are depicted in 
Figure 3. Generally, when a mixture contains an oxidant 
agent and fuel is heated, the fuel undergoes melting and 
dehydration. The gel mixture had been expanded because 
of the production of gaseous compounds as by-products. 
Finally, the swelled gel broke out due to the accumulation of 
a huge amount of gases. 
It can be seen that utilizing citric acid as fuel has led to the 
construction of considerable surface pores with large pore 
diameters. The resulting pores originated from escaping large 
amounts of combustion gases derived from pyrolysis of high 

Fig. 3 FESEM images of catalysts fabricated via ultrasonic assisted combustion method: a)NMA(CA), b)NMA (EG), c)NMA (G), d)NMA 
(U).

amounts of carbon compound in citric acid. It is known that 
there is a linear relationship between the carbon number of 
fuel and the quantity of evolved gas from combustion reaction 
that influences the porosity of resulting powders [34]. The 
liberation of gaseous products assists the formation of porous 
material by limiting the interparticle contact, breaking large 
particles, and creating pores between clusters. Additionally, 
some aggregation with spherical shapes is observed in Figure 
3 (a). This result supports the previous observation [24]. 
According to Figure 3 (b), the as-combusted catalyst using 
the ethylene glycol fuel is composed of rode shape particles. 
Ethylene glycol with two hydroxyl groups on adjacent carbon 
atoms has a linear structure. Figure 3 (c) shows the porous and 
sponge-like structure of the sample fabricated with glycine 
as fuel. In contrast, in the case of urea fuel (Figure 3(d)), 
the spherical shape nanoparticles have been aggregated, 
and some cracks are designed across the agglomerates. 
For estimating the surface particle size distribution of the 
catalysts, Image-J software is used for the prepared sample 
with citric acid, and the result is presented in Figure 4. As 
seen, the average size is 51.8 nm. This catalyst’s minimum 
and maximum particle size are estimated 16.9 and 107.4 
nm, respectively. The major part of the particle size of NMA 
(CA) catalyst is less than 70 nm. Also, the most frequency 
of distributed surface particle size is estimated between 30 
and 40 nm with 23.1%.  It is worth mentioning that  around 
97 % of the particles have been evaluated at less than 100 
nm, confirming the formation of the nanometric particle size 
of the prepared catalysts, which supply more active sites for 
catalytic activity. The particles above 100 nm are negligible.
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Fig. 4 Surface particle size histogram of NMA (CA).
In order to verify the existence of adopted components and 
the distribution of metal species in the catalyst structure, the 
EDX dot-mapping analysis was carried out. The EDX dot-
mapping micrographs of the NMA (CA), NMA (EG), NMA 
(G) and NMA (U) catalysts are depicted in Figure 5. All the 
elements used in the fabricated samples (nickel, molybdenum, 
aluminum and oxygen) were detected in the EDX spectra. 
The high distribution of active metals is a notable parameter 
to make sure the accessibility of reactants to the active phase 
and, accordingly, the high performance of the catalysts. 
According to Figure 5, no aggregation of dispersed Mo and 
Ni elements has been observed for the synthesized samples, 
which means that these species scattered homogeneously 
over the support. This point demonstrated that all the prepared 
samples could supply sufficient active phases for the reactant 
molecules in the HDS process.
Nitrogen adsorption-desorption diagrams and pore diameter 
distribution of the support and catalysts are displayed in 
Figure 6. Based on the IUPAC classification, the alumina 
support and corresponding catalysts presented type IV 
adsorption/desorption isotherms with H3 hysteresis loop 

at high relative pressures, suggesting the slite-shaped 
mesoporous structure [35]. Considering this result, a wide 
unimodal pore size distribution in the range of 3-40 nm with 
the most probable pore diameter around 9 nm was obtained 
for all catalysts, which made the fabricated catalysts desirable 
for the reactions containing large molecules.
The textural properties, including BET surface area, external 
surface area, and total volume of mesopore derived from the 
N2 adsorption-desorption analysis, are summarized in Table 
1. As seen in Table 1, for alumina support, the BET surface 
area, external surface area and total pore volume are 56.7 m2 

g-1, 50.8 m2 g-1 and 0.184 cm3 g-1, respectively.
Regarding the alumina support and corresponding catalysts, 
it can be seen that the NMA (x) series catalysts have smaller 
textural properties than support. This phenomenon might 
be derived from the deposition of the metal species into the 
mesopores of the alumina. According to Table 1, the NMA 
(CA) and NMA (G) catalysts have higher surface area than 
the NMA (EG) and NMA (U), owing to increased gaseous 
products evolution and heat generated from the combustion 
process, which is in line with results of FESEM analysis. 



Roya Hamidi et al. Journal of Petroleum Science and Technology 11(4): 32, 2021, 14-23
19

Fig. 5 EDX analysis of catalysts fabricated via ultrasonic-assisted combustion method: a)NMA(CA), b)NMA (EG), c)NMA (G), d)NMA (U).

Fig. 6 N2 adsorption-desorption isotherm of fabricated catalysts with different fuels: a)NMA(CA), b)NMA (EG), c)NMA (G), d)NMA (U) 
and (e) Alumina.
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It is well known that a catalyst with a higher surface area 
exhibits higher catalytic performance owing to the higher 
availability of active sites for interaction with reactant 
molecules.
Furthermore, similar results in the fabricating of MgO/
MgAl2O4 using different fuels were observed by Yosefi and 
co-workers [34]. The BET surface areas of NMA (CA), 
NMA (EG), NMA (G) and NMA (U) were 37.8, 31.9, 36.2 
and 32.5 m2 g-1, respectively. Comparing the total pore 
volume and volume of mesopores of the fabricated catalysts, 
it could be said that the NMA (CA) sample has superior 
textural properties to the other fabricated samples for the 
HDS reaction. 
In order to clarify the interaction between metal species 
with support and reducibility of the samples, the synthesized 
alumina-supported Ni-Mo catalysts with temperature 
program reduction have been characterized by us, and the 
recorded TPR profiles are depicted in Figure 7. 

Table 1 Textural properties of catalyst synthesized via ultrasonic assisted combustion method using various fuels.

Sample
Fuel type Fuel ratio SBET(m2/g) SExt(m

2
/g) Vt(cm

3
/g) Vmeso(Cm

3
/g)

Al2O3 - - 56.7 50.8 0.184 0.182

NMA (CA) Citric acid 4 37.8 34.6 0.130 0.127

NMA (EG) Ethylene gly-
col 4 31.9 30.5 0.111 0.110

NMA (G) Glycine 4 36.2 30.0 0.118 0.116

NMA (U) Urea 4 32.6 30.2 0.109 0.108

Fig. 7 TPR analysis of catalysts fabricated via ultrasonic assisted 
combustion method: a)NMA(CA), b)NMA (EG), c)NMA (G), d)
NMA (U).
As seen, the TPR curves of the as combusted catalysts 
exhibited different hydrogen consumption peaks. When 
MoO3 species are deposited on the alumina, octahedral 
molybdenum species are reduced at the temperature range 
of about 300-600 °C, weakly bonded to the support. The 
reduction peaks at 700-1000 °C intervals can be assigned to 
the first step reduction of tetrahedrally coordinated Mo oxide 

and subsequent reduction of octahedral Mo species, which have 
strong interaction with support. Moreover, the reduction peak 
located at 600-700 °C has been attributed to the reduction of 
Ni+2 on the surface of the alumina [36]. The reduction profile 
of the NMA (U) sample exhibits three hydrogen consumption 
peaks centred at temperatures of around 456, 555, 680 °C and a 
small shoulder at 745 °C. The first two peaks are assigned to the 
partial reduction of Mo species from Mo+6 to Mo+4. The shoulder 
at 745 °C is due to the further decrease of partially reduced 
polymeric octahedral, tetrahedral and bulk molybdenum species. 
Furthermore, the peak at 680 °C is attributed to the octahedrally 
coordinated NiO species [37]. Compared to the NMA (U) 
sample, the position of the first two reduction peaks for the 
NMA (CA) catalyst shifted to a lower temperature, indicating 
that the reducibility of Mo species has been improved.
Furthermore, the peak area in the first reduction temperature 
was broadened, whereas that in the second TPR temperature 
was lessened compared with that on NMA (U). This 
demonstrates that the relative portion of easily reduced 
molybdenum species had been enhanced. This result indicated 
the formation of well-dispersed metal active phases in the 
NMA (CA), confirmed by XRD analysis. Considering the TPR 
profile, it can be said that although the NMA (EG) catalyst 
approximately showed the same TPR position compared to 
that of NMA (U), the area of the first peak has been broadened. 
Going from NMA (CA) to NMA (G) catalyst, the shift of the 
TPR peak toward higher temperatures occurred. Additionally, 
the absence of the reduction peak at 700-1000 °C interval in 
the case of NMA (CA), NMA (EG) and NMA (G) catalysts 
in comparison to that for NMA (U) indicated the weakened 
interaction of Mo species over the support in the three former 
catalysts. The amount of total hydrogen consumption for the 
deposited Ni and Mo oxides in the NMA (x) series increased 
in the following order: NMA (U) (2.99 mmol g-1) ˂ NMA 
(G) (3.46 mmol g-1) ˂ NMA (EG) (3.52 mmol g-1) ˂ NMA 
(CA) (3.73 mmol g-1). The above results demonstrated that the 
metal species on the NMA (U) catalyst were difficult to reduce 
compared to those prepared by the other three fuels.

Comparative Performance of Catalysts toward HDS 
Reaction
Effect of Temperature and Time

The catalytic activity of the NMA (x) series catalysts was 
assessed on a batch reactor at two temperatures (55, 105 °C) and 
reaction times (15 and 30 min). The HDS results as a function of 
temperature at 15 min under atmospheric pressure are presented 
in Figure 8 regarding thiophene conversion in percentage.
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Fig. 8 Influence of fuel type toward hydrodesulfurization of 
thiophene over ultrasonic-assisted combustion fabricated NiMo/
Al2O3 catalysts at 15 min.

Owing to the endothermic nature of the process, the temperature 
is a determinant factor which exerts limitation on the catalytic 
activity in terms of sulfur removal. According to Figure 8, the 
sulfur removal for the investigated NMA (x) series catalysts 
at 55 °C can be organized in the order shown: NMA (U) 
(31%) ˂ NMA (G) (37%) ˂ NMA (EG) (39%) ˂ NMA (CA) 
(47%). By increasing the reaction temperature to 105 °C, the 
amount of thiophene conversion for NMA (CA), NMA (EG), 
NMA (G) and NMA (U) catalysts was 89%, 83%, 81% and 
76%, respectively. It can be seen that the elimination of the 
thiophene molecule notably improves with the enhancement 
of reaction temperature, revealing that the thiophene HDS 
vigorously depends on the reaction temperature, which is 
consistent with previous observation [3]. As can be observed, 
the NMA (CA) catalyst showed maximum sulfur removal, 
which can be explained by its more multi-layered MoS2 slabs 
and more reducible active sites, as evidenced by TPR analysis. 
Also, the superior activity of NMA (CA) may be related to the 
high surface area and porous morphology of the NMA (CA), 
according to N2 adsorption-desorption and FESEM analyses. 
Yang et al. [1] observed similar results on the effect of catalyst 
properties on HDS performance using alumina support. Based 
on their research, the highest HDS activity occurred over the 
sample with low metal-support interaction and large porosity. 
It is worth noting that the presence of the reduction peak at 
745 °C for the NMA (U) made it relatively hard to sulfidize 
this catalyst, which is inadequate for the hydrodesulfurization 
reaction. Also, the hydrogen consumption in this sample was 
lower than those of the other three samples. 
The hydrodesulfurization activities over the fabricated NMA 
(x) series at 105 °C as a function of time are presented in 
Figure 9. The results exhibited that the thiophene conversion 
of the fabricated catalysts increased with prolonged reaction 
time which can be attributed to stable catalytic activity through 
the HDS reaction. This phenomenon illustrates that the pore 
diffusion resistance of reactants has been eliminated for the 
catalysts fabricated by citric acid, ethylene glycol and glycine 
as fuels in the synthesis step. The conversion of NMA (x) 
series catalysts in the present study is comparable with the 
reported results by researchers who had used alumina support 
in the HDS process. A conversion of 87% using a fixed bed 

reactor with a solution of 1500 ppm thiophene at 290 °C 
and 2.5 MPa was achieved by Huang et al. [38]. In the other 
work, Chao et al. reached a conversion of around 80% at 603 
K and 3.5 MPa with a model fuel containing thiophene at an 
initial concentration of 1500 ppm [39]. In several other studies 
where the alumina was used as support, even though under 
harsh operating reactions (temperature, pressure), the catalyst 
activity was found to be lower than or equal to those of the 
current study [40]. Besides the excellent performance of the 
prepared catalysts in this study, they were prepared by far 
simpler and faster procedure than all the catalysts above. This 
issue makes them a suitable heterogeneous catalyst for the 
hydrodesulfurization process.

Fig. 9 Influence of fuel type toward hydrodesulfurization of 
thiophene over ultrasonic-assisted combustion fabricated NiMo/
Al2O3 catalysts at 105 °C

Conclusions
In the current work, a bimetallic NiMo catalyst supported 
on alumina was fabricated through an ultrasonic-assisted 
combustion method. The effects of four various fuels, 
namely citric acid, glycine, ethylene glycol and urea, on 
the physicochemical properties of the prepared samples 
were studied. The obtained results from different analyses 
demonstrated that surface morphology, mesopore volume, 
BET surface area and reducibility potential of the catalyst 
fabricated by citric acid as fuel presented better results than 
those of the other three fuels. This issue was indicated by the 
higher sulfur removal of this catalyst in the HDS reaction. 
According to TPR analysis, the use of citric acid improved the 
reducibility by decreasing the interaction between deposited 
metal species and support, suggesting the formation of a Ni-
Mo-S type II phase. Catalytic performance tests showed that 
at 105 °C and 15 min, the amount of sulfur removal was 89%, 
83%, 81% and 76% for NMA (CA), NMA (EG), NMA (G) 
and NMA (U) catalysts, respectively. Ultimately, increasing 
reaction time to 30 min has resulted in 100% conversion of 
thiophene in the samples synthesized by citric acid, ethylene 
glycol and glycine, while 94% conversion has been achieved 
for the sample synthesized by urea.
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