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 The desulfurization-hydrogenation of thiophene and benzothiophene in hexadecane as a 
model diesel fuel was studied through a divided cell with the incorporation of a membrane 
electrode assembly (MEA) under different current density at a constant charge. The 
reduction of the thiophenic compounds was investigated using a prepared MoS2 nano-
electrocatalyst, Nafion (commercial proton exchange membrane), and synthesized 
sulfonated poly ether ether ketone (SPEEK). Field emission scanning electron microscopy 
(FESEM) and X-ray diffraction (XRD) were used to characterize the MoS2 electrocatalyst, 
which confirmed the formation of 23-25 nm ball-like nano-threads of MoS2. Also, the 
electrocatalyst and/or MEA was electrochemically analyzed by cyclic voltammetry (CV), 
linear sweep voltammetry (LSV), and electrochemical impedance spectroscopy (EIS). The gas 
chromatography-mass spectroscopy (GC-MS) analysis of the reactants and products 
revealed the direct desulfurization on the thiophene reduction process and the 
desulfurization along with the desulfurization pathway on the benzothiophene reduction 
experiment. A maximum desulfurization efficiency of 79.6% at 20 mA cm-2 and 51.5% at 30 
mA cm-2 under the constant charge of 300 C was obtained for thiophene using the MoS2-
Nafion and MoS2-SPEEK system, respectively. Moreover, a maximum hydrogenation and 
desulfurization efficiency of 28% and 59.1% occurred at 50 mA cm-2 and 70 mA cm-2, 
respectively, for the benzohiophene-Nafion system under the constant charge of 400 C. The 
distribution of the products affirmed that the desulfurization reaction contributed more at 
a higher current density against the hydrogenation process at a lower current density. 
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1. Introduction 

Typical organic sulfur compounds found in oil include 
thiophene, benzothiophene, dibenzothiophene, 
benzonaphthothiophene, mercaptans, sulfides, etc. [1]. 
Sulfur oxides (SOx) are a major source of air pollution and 
environmental problems that is mainly caused by the 
combustion of fossil fuels. In recent years, strict regulations 
have been legislated to reduce the sulfur content in 
transportation fuels [2,3]. Thus, great efforts have been 
made to decrease the sulfur content in fossil fuels [4-6]. 

Currently, hydrodesulfurization (HDS) is the most 
commonly used desulfurization method; it is conducted 
under high pressure and elevated temperature, and it also 
requires high energy consumption and a host of processing 
equipment [7,8]. Regarding the limited efficiency of HDS 
toward the desulfurization of thiophenic compounds [9,10], 
several new technologies such as catalytic oxidation 
desulfurization [11-13], selective adsorption desulfurization 
[14,15], extraction desulfurization, biodesulfurization, and 
electrochemical desulfurization have been proposed 
[16,17]. Among the new desulfurization technologies, 

http://aet.irost.ir/


  F. Mehri et al. / Advances in Environmental Technology 1 (2019) 23-33  
24 

 electrochemical desulfurization is a promising technique 
that is environmentally friendly and low cost [18]. It allows 
for the controlling of the distribution of products by 
adjusting the applied potential or by controlling the overall 
conversion rate by setting the applied current. Also, the 
experiments can be carried out at an ambient temperature 
and pressure; promising results have been reported using 
this technology [19]. Electrochemical desulfurization (ECDS) 
technology can be carried out in a divided cell to bypass the 
need for mixing the aqueous electrolyte with the organic 
fuel, which is a necessary step when an undivided cell is 
used [20]. In these types of cells, the cathode and anode are 
separated from each other by an ion-exchange membrane. 
Typically, water is oxidized to oxygen, a proton, and an 
electron. The protons (H+) can migrate through a proton 
exchange membrane (PEM) such as commercial Nafion and 
combine with an electron to reduce the organics in the 
catholyte. Despite numerous researches about the 
reduction or hydrogenation of organics using an 
electrochemical membrane reactor [21-23], a few studies 
have been devoted to the fuel desulfurization of refractory 
sulfurs (i.e., thiophenic compounds). Baez et al. [24] 
investigated the removal of sulfur from a hydrocarbon 
feedstock containing thiophene by applying a constant 
current. They simultaneously used a divided cell with 
palladium metal as a membrane and a working electrode so 
that separating the electrolyte from the desulfurized 
products was not required. The results illustrated the 
removal of 35% thiophene from the fuel after 24 h. Greaney 
et al. [25] used a separated cell by a permeable ion-
membrane for electrochemical desulfurization of hard 
sulfur compounds. In their study, heated and pressurized 
(204 °C and 200 psig) hydrocarbon feedstock entered into 
the cathode chamber under hydrogen gas, and sulfur 
compounds were reduced to hydrogen sulfide. Then, the 
hydrogen sulfide was sent back to the anode chamber to be 
oxidized and generate protons. Via this method, a 
conversion higher than 90% was obtained for 
dibenzothiophene for 164 h. Camacho et al. [26] performed 
the electrochemical reduction of thiophenic compounds by 
passing active hydrogen through a palladium membrane, 
and relatively high conversions (25–50%) were achieved for 
the reactions performed under mild conditions (25 °C and 
1.0 atm) at 1.92 mA cm-2.  
In spite of using a proton exchange membrane with an 
acceptable ionic conductivity in an electrochemical 
membrane reactor toward desulfurization, incorporating a 
cathode and an efficient electrocatalyst for the reduction of 
thiophenic compounds are the other main concerns of this 
type of electrochemical cell. Nafion, as the most 
conventional PEM, has been frequently used in 
electrochemical divided cells [27,28], and other less 
expensive alternatives to PEM can also be used [29-33]. 
Platinum is the most active electrode among the precious 
metals for the desulfurization of thiophenic compounds, 

but it suffers from high cost and has a tendency to be toxic 
and/or passivation occurs during the experiment [34,35]. 
Also, its low overpotential for a hydrogen evolution reaction 
(HER) as a side reaction during reduction decreases the 
current efficiency [36]. So, finding an appropriate 
electrocatalyst with high activity toward desulfurization and 
a high overpotential toward the hydrogen evolution 
reaction is essential to overcome the present challenges. In 
this context, few electrocatalysts have been used for 
desulfurization individually and/or integrated with a PEM. 
For example, Shu et al. [37] desulfurized diesel fuel by 
sodium borohydride in situ generated via sodium 
metaborate electroreduction in a divided cell. Under the 
optimal conditions, a desulfurization efficiency of 93% was 
obtained for 3-methyl benzothiophene (3-MBT) and 
dibenzothiophene (DBT) in n-decane as the model diesel 
fuel. Huang et al. [38] performed the electrochemical 
reduction desulfurization of thiophene and benzyl 
mercaptan on C/Nafion electrodes at -0.35 V at 50 °C for 
over 2 h, and the conversion of 70% and 15% were obtained, 
respectively. In selecting an electrocatalyst for the 
electroreduction of refractory sulfurs, the use of HDS 
catalysts can be useful, since the hydrogen adsorption on 
this catalyst under high temperature and pressure is similar 
to that which occurs on electrocatalysts under specified 
potential or current. In this regard, the transition metal 
sulfides are an interesting group of catalysts used in the 
hydrodesulfurization process [39]. Their unique structure 
has led to their use in various processes, including catalytic 
hydrodesulfurization of petroleum [40,41], 
electrohydrogenation [42], lithium-ion batteries [43], 
supercapacitors [44], and lubricants [45]. Molybdenum 
disulfide (MoS2) is one of the catalysts used in the 
desulfurization process; its use in the HDS process is very 
common and has shown good performance owing to its 
high chemical stability, low cost, and excellent 
electrocatalytic performance [46]. Also, molybdenum 
disulfide as an efficient catalyst for the desulfurization of 
refractory sulfur and has been investigated extensively 
[40,47]. MoS2 has a stacked layer structure in which each 
layer of molybdenum is sandwiched between two sulfide 
layers. The van der Waals forces between the layers provide 
a degree of freedom for them to move back and forth. This 
property is of importance in its catalytic performance [48]. 
The structure of the nano-sized bulk molybdenum sulfide is 
important because it is linked to the catalytic performance. 
The activity of MoS2 in both the hydroprocessing and 
hydrotreating reactions is dependent upon the morphology 
of the catalyst, and several studies have reported on the 
structure-activity relationships for MoS2 catalysts [48]. In 
this research, MoS2 as a new desulfurization electrocatalyst 
with a higher hydrogen evolution overpotential than that of 
platinum was synthesized, characterized, and investigated 
toward the desulfurization of thiophene and 
benzothiophene in a diesel model fuel (hexadecane) using 
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 an electrochemical membrane reactor. Two different 
proton exchange membranes of Nafion and synthesized 
sulfonated poly ether ether ketone was examined in the 
electroreductive desulfurization of the model diesel fuel 
under different applied constant currents. The fuel was 
analyzed with GC-MS to determine the desulfurization 
efficiency, initial feed, and final desulfurized model. 

2. Materials and methods 

2.1. Chemicals 

All chemicals used in this study were of analytical grade. The 
sulfuric acid, ethanol (C2H5OH, 99 %), acetone (C3H6O, 99 %), 
ammonium heptamolybdate tetrahydrate ((NH4)6Mo7O24, 
99 %), thiourea (CH4N2S, 99 %), Dimethylformamide 
(C3H7NO, 99 %) were used as purchased (Merck company) 
without purification. The thiophene, T, (C4H4S, ≥99%), 
benzothiophene, BT, (C8H6S, ≥99%), Poly (oxy-1,4-
phenyleneoxy-1,4-phenylenecarbonyl-1,4-phenylene), 
(PEEK), average Mw ~20800, average Mn ~10300 and 
Hexadecane (ReagentPlus®, 99%), Nafion™ 117 proton 
exchange membrane (thickness: 183 µm), D521 Nafion 
ionomer dispersion (Alcohol-based 1100 EW at 5 wt.%), and 
Toray Paper (TGPH-60, thickness of 190 μm) were 
purchased from the Fuel Cell Store. The aqueous solutions 
were made from deionized water. The simulated diesel fuel 
with a sulfur content of 2000 mg/l was prepared by 
dissolving T and/or BT in n-hexadecane.  

2.2. Electrocatalyst synthesis and MEA preparation 

2.2.1. MoS2 nanosheets synthesis 

The MoS2 nanosheets were prepared by a one-step 
hydrothermal reaction using ammonium heptamolybdate 
tetrahydrate and thiourea as the molybdenum and sulfur 
source, respectively, based on the reaction indicated in Eqs. 
(1) to (4). First, 1.24 g of (NH4)6Mo7O24 and 2.28 g of N2H4CS 
were dissolved in 36 ml of deionized water under stirring for 
over 60 min to provide a homogeneity in the final solution. 
The solution was then poured into a 100 ml Teflon-lined 
stainless steel autoclave and heated at 220 °C for 24 h, and 
then it was cooled down to 25 °C. The resultant black 
precipitates were washed and centrifuged several times 
with distilled water, ethanol, and acetone. The final 
precipitate was dried in vacuum at 70°C for 20 h. 

CSN2H4 + 2H2O → 2NH3 + CO2 + H2S )1) 
(NH4)6Mo7O24 → 6NH3 + 7MoO3 + 3H2O (2) 
MoO3 + 3H2S + H2O → MoO2 + SO4

2− + 2H+ (3) 
MoO2 + 2H2S → MoS2 + 2H2O (4) 

2.2.2. Membrane electrode assembly (MEA) preparation 

The SPEEK was prepared according to the work of Sarirchi 
et al. [49]. The MEA was prepared in the following manner. 
First, the well-dispersed catalyst ink was made by mixing 5.0 
mg of MoS2 powder with 66.7 mg of a 5wt% Nafion 
ionomer, 0.1 mL deionized water, and 0.2 mL 

dimethylformamide. Then, the prepared catalyst ink was 
spray-coated on 5wt% Teflon treated carbon paper with a 
geometric area of 5.0 cm2 at the loading of 0.5 mg cm-2 and 
dried in air at ambient temperature. Finally, the catalyst 
coated carbon paper was hot-pressed on one side of the 
pretreated Nafion and/or SPEEK membrane at 0.7 MPa for 
2.0 min at 120 °C and 0.9 MPa for 2.0 min at  
130 °C, respectively.  

2.3. Physical and chemical analysis 

The X-ray diffraction patterns of the catalysts were taken 
using a Siemens D5000 powder diffractometer using Cu-Kα 
radiation. The morphology of the samples was studied using 
a field emission scanning electron microscope via a Zeiss 
microscope under an accelerating voltage of 15.0 kV 
purposing. The 2θ range was from 5° to 50°, and the 
scanning rate was 5°min-1. The quantitative elemental 
analysis of the nanoparticles was done by an energy 
dispersive X-ray microanalyzer (EDS, TESCAN model) in the 
range of 300─20 kV. The analysis of the desulfurized model 
fuel was performed using a gas chromatography-mass 
spectroscopy instrument (Agilent 7890A/5975C System) 
equipped with an HP-5MS capillary GC column (30 m × 0.5 
mm × 0.25 μm). The injector temperature was 275 °C, and 
the column temperature was programmed from 80 °C (4 
min) to 330 °C (5 min) at 25 °C/min. The column head 
pressure was 7.5 psig, and helium was employed as the 
carrier gas. A split/splitless injection was employed. The 
transfer line to the MS was held at 325 °C. The injection 
volume was 1.0 μL, with a 20:1 split ratio. The mass spectra 
were measured at an ionization voltage of 70 eV with a 
range of 40-500 amu in an ion source temperature of 200 °C 
full-scan mode. 

2.4. Electrochemical analysis 

All electrochemical characterizations of the MoS2 
electrocatalyst were performed by the aid of electrocatalyst 
coated glassy carbon (2.0 mm diameter) as the working 
electrode, platinum as the counter electrode, and an 
Ag/AgCl (sat. KCl) reference electrode (SE11, Sensortechnik 
Meinsberg, Germany) using a divided cell in a solution 
containing 2000 mg/l of T and/or BT in 1.0 M H2SO4. The CV 
of each electrocatalyst was taken to find the appropriate 
potential and its corresponding current density at which the 
release of hydrogen and oxygen does not occur. 
Furthermore, the electrochemical behavior and stability of 
the electrocatalysts and surface reactions involved in the 
related working potential range could be understood [50]. 
Also, linear sweep voltammetry of the electrocatalysts was 
conducted over a given potential range to determine the 
overpotential of each of the working electrodes in the 
reduction of the sulfur compounds toward the hydrogen 
evolution reaction as an undesired reaction. Galvanostatic 
electrochemical impedance spectroscopy (GEIS) of the 
electrocatalyst was performed in the range of 300 kHz down 
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 to 10.0 mHz at the best current density toward 
desulfurization to identify the charge transfer resistance of 
the electrocatalyst associated to the desulfurization of the 
sulfur compounds. Finally, the electrochemical active 
surface area (ECSA) of the electrocatalysts was examined 
based on the charge of adsorption of hydrogen in the 
potential region of the voltammogram of the electrocatalyst 
before H2 evolution as described by McCrum et al. [51]. This 
method is applicable for those electrocatalyst showing 
hydrogen adsorption or a desorption peak in their 
respective voltammogram [52]. Thus, the ECSA (m2 mg-1) 
was calculated according to Eq. (5): 

ECSA =
QH

210 × l
 (5) 

where 
HQ (µC) is the total amount of charge concerning 

the voltammetric peaks for the hydrogen adsorption or 
desorption before the hydrogen evolution potential, 210 
(µC cm-2) is the amount of charge that corresponds to the 
adsorption of one hydrogen atom per unit surface area of 

the substrate, and l  (mg) is the loading value of the 

electrocatalyst coated on the glassy carbon electrode. 
The proton conductivity of the membranes was determined 
using electrochemical impedance measurements using a 
Biologic SP-150 frequency response analyzer over a 
frequency range from 1 Hz to 700 kHz at an AC amplitude of 
10 mV. The H+ conductivity, σ, (S cm-1) was calculated using 
Eq. (6): 

σ =
L

Rm × S
 (6) 

where L is the dry membrane thickness (m), S is the surface 
area of the membrane (m2), and Rm is the resistance of the 
membrane (Ω) determined from the first intercept at the Zʹ 
real axis (at high frequency) of the Nyquist plot. 

2.5. Desulfurization experiment 

All the experiments were conducted under a different 
constant current density (galvanostatic control) using a 
potentiostat/galvanostat SP150 (Bio-Logic SAS, Claix, 
France) at ambient temperature. A three-electrode 
configuration was used: platinum as the counter electrode, 
Ag/AgCl (sat. KCl) as the reference electrode (SE11, 
Sensortechnik Meinsberg, Germany), and the working 
electrode was MoS2 coated carbon paper (diameter of 2.52 
cm) integrated with a proton exchange membrane such as 
Nafion and/or SPEEK. As schematically depicted in  
Figure. 1, the reactions were carried out in duplicates in H-
type glass divided cells with 20.0 mL of either anolyte 
containing 1.0 M H2SO4 or catholyte including 2000 mg/l of 
T and/or BT in n-hexadecane. The catholyte and anolyte 
were stirred continuously with magnetic stirrers. 

 
Fig. 1. Schematic of the electrochemical divided cell with MEA. 

The conversion of thiophene (T) and the selectivity of the 
products were calculated by Eq. (7) and Eq. (8), respectively: 

Conversion(mol. %) =
nT

I − nT
F

nT
i

× 100 (7) 

Selectivity of products (i) =

amount of T consumed to produce specific product(i)

Total amount of T converted
× 100 =

𝑛𝑇
𝑖,𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑛𝑇
𝐼 −𝑛𝑇

𝐹      

     

  

(8) 

 

Where I

T
n  and F

T
n are the initial and final mole value of the 

thiophene and consumedi

T
n ,  is the number of mole of 

thiophene that is consumed based on the amount of 
specific detected product. During the experiment, H2S gas, 
as a product of desulfurization, was detected by the lead 
(II)-acetate. Thus, the outlet gas stream of the cell was 
passed through the lead acetate impregnated filter paper, 
which was fixed at the top of the gas-washing bottle. A light 
spot (positive result for H2S) formed, which turned to a dark 
color during the time. 

3. Results and discussion 

3.1. Characterizations of electrocatalyst 

As can be seen in Figure 2a, the MoS2 has an aggregated 
ball-like morphology with nano-threads. According to 
Figure 2b, the average size of each ball is about 500 nm with 
threads in the diameter range of 23-55 nm. An energy-
dispersive X-ray spectrometer was also utilized to estimate 
the elemental composition of the electrocatalyst sample. 
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 Figure 2c shows that Mo and S are the only elements in the 
sample and no other element was determined, except a 
negligible trace of Mo metal. Furthermore, according to the 

peaks, the atomic ratio between Mo and S was about 
1:1.99, which was very close to the stoichiometric MoS2. 

  

  

Fig. 2. (a), (b) FESEM image and (c) EDS spectrum of MoS2 aggregated ball-like nano-threads. 

As shown in Figure 3, the diffraction peaks at 14.0, 33.4, 
34.1, 38.2 and 39.8 can be attributed to the reflections of 
(002), (100), (101), (103) crystal planes of hexagonal 
(P63/mmc space group) phase of MoS2 respectively with 
lattice constants of a = b = 3.16 Å and c = 12.29 Å, which are 
consistent with the reported values (ICSD Ref. No. 01-087-
2416). This result confirms that pure MoS2 is obtained by 
the synthesis method. Also, the sharp (002) peak in the XRD 
pattern demonstrates the formation of crystalline MoS2 
with ordered stacking along the c-axis. Moreover, the 
crystal size of 5.7 nm obtained for the MoS2 was based on 
the Scherrer equation. 
Figure 4 shows the voltammogram of the MoS2 
electrocatalyst coated on the glassy carbon electrode, 
which is conducted in the potential range of ─0.80 V to 1.90 
V in T and BT (2000 mg/l) containing 1.0 M H2SO4. Two 
distinct peaks appear on the blank electrolyte (i.e., without 
T and/or BT) voltammogram which is related to the 
oxidation of MoS2 to MoO3 at 1.30 V according to Eq. (9) and 
the adsorption of H+ on the surface of MoS2 at -0.20 V 
according to Eq. (10).  

MoS2 + 3H2O → MoO3 + S2
2− + 6H+ + 4e− (9) 

MoS2 + H+ + e− → MoS2 − Hads.  (10) 

 
Fig. 3. XRD pattern of MoS2 nanoparticles. 

(a) 

(b) 

(c) 

(a) 
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Fig. 4. Cyclic voltammogram of MoS2 in a solution containing 
thiophene and benzothiophene (2000 mg/l) in 1.0 M H2SO4 
compared to that of a blank electrolyte. 

Hence, the peak emerged in the presence of thiophene (T-
electrolyte), and the benzothiophene (BT-electrolyte) refers 
to the reduction of thiophene and benzothiophene at ─0.30 
V and ─0.35 V, respectively. So, a little more negative 
potential of BT rather than T is related to the more 
refractory nature of the BT compound, and consequently a 
more difficult reduction. Furthermore, raising the intensity 
of the oxidation peak on T and BT containing electrolyte at 
about 1.30 V is ascribed to the oxidation of thiophene and 
benzothiophene. The linear sweep voltammetry of the 
MoS2 in the blank electrolyte and the T and/or BT containing 
electrolyte were compared to that of the Pt electrode in the 
blank electrolyte to confirm the same reduction peak 
(adsorption of H+ on electrocatalyst) of around ─0.20 V.The 
same reduction peak (adsorption of H+ on electrocatalyst) 
of around ─0.20 V for all the voltammograms was due to the 
adsorption of H+ on this electrocatalyst, as depicted in the 
inset graph of Figure 5. The higher the intensity of the peak, 
the more the adsorption of H+ occurred. Hence, the MoS2 
with a higher peak intensity adsorbed more H+ than Pt 
owing to its nanosized particles and larger surface area. 
Also, diminishing the height of the peaks related to the 
MoS2 in the T and BT containing electrolyte in respect to 
that of a blank electrolyte demonstrated that the presence 
of thiophenic compounds inhibited the adsorption of H+. In 
other words, the adsorption of H+ and the thiophenic 
compounds on the eMoS2 occurred parallelly. Furthermore, 
the introduction of BT and T into the electrolyte shifted the 
onset potential of the hydrogen evolution (HER) from ─0.30 
V for the blank electrolyte to ─0.40 V and ─0.45 V for the T 
and BT containing electrolyte, respectively. This issue 
confirmed the increase of the HER overpotential in the 
presence of thiophenic compounds. The onset potential of 
Pt (i.e., ─0.25 V) as the lowest HER overpotential electrode 

was calculated from its LSV diagram to compare with the 
onset potential of MoS2. 

 

Fig. 5. Linear sweep voltammetry of MoS2 in the thiophene and 
benzothiophene containing electrolyte and in the blank electrolyte 
and of platinum electrode in the blank electrolyte.  

The apparent surface area of the MoS2 (Sapp.) electrocatalyst 
coated on glassy carbon was 0.03 cm2 while the effective 
surface area (Seff.) was measured as 1.46 m2, which led to a 
Sapp./Seff. of 46.5. This large surface ratio indicated that the 
nanosized MoS2 had an electrochemical surface area of 4.67 
cm2/g. Figure 6 depicts the Nyquist plot of MEA containing 
T-MoS2-Nafion and/or PEEK and Bt-MoS2-Nafion systems. 
Regarding the equivalent circuit of this plot, the intersection 
of each diagram with the Im(Z) axis at zero reveals the high 
resistance of the solution R1, which can be read from the 
Re(Z) axis. The inverse of R1 indicates the ionic conductivity 
of the electrolyte. In this context, the electrolyte containing 
benzothiophene has a slightly higher resistant (0.423 ohms) 
or lower conductivity than that of the electrolyte-containing 
thiophene (0.356 ohms). This difference expresses that the 
more refractory sulfur compounds lead to the lower 
conductivity of the electrolyte due to increasing the 
aromaticity of refractory compounds. In Table 1, all the 
components of the equivalent circuit that disclose the 
electrochemical phenomena of the reduction process are 
listed. The Q (capacitive element) and R2 (resistance of 
electrocatalyst-membrane) are assigned to the 
hydrogenation and/or hydrogenolysis reaction. The Cd 
(double layer capacitance of carbon paper-solution) and R3 
(surface impedance) are related to the desulfurization 
reaction. Thus, the higher Q and R2 values of T-MoS2-SPEEK 
represent the higher rate of HER in comparison to that of T-
MoS2-Nafion. Also, the lower Cd and R3 value of T-MoS2-
SPEEK than that of T-MoS2-Nafion demonstrate the weaker 
adsorption-diffusion of thiophene to the electrocatalyst-
membrane interface and consequently results in the lower 
performance of the desulfurization efficiency of T-MoS2-
SPEEK. Also, all the other parameters of the BT-MoS2-Nafion 
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system derived from the equivalent circuit prove the 
difficult reduction of BT. The proton conductivity of SPEEK 
and Nafion can determine the ion transport properties in 
the proton exchange membrane toward the desulfurization 
process. So a proton conductivity of 80.6 and 77.3 mS cm-1 
is in agreement with the results of the EIS experiment, 
which showed a lower desulfurization performance using 
SPEEK in comparison to Nafion. 

Table 1. Components of equivalent circuit fitted to the Nyquist 
plot using T and/or BT over MoS2 integrated with the Nafion or 
SPEEK membrane. 

EIS 

paramet

ers 

L R1 Q a R2 Cd R3 

T-MoS2-

Nafion 

0.356

e-06 

0.24

1 

0.08

8 

0.58

1 

5.43

2 

0.05

4 

1.21

2 
T- MoS2-

SPEEK 

0.382

e-06 

0.26

5 

0.09

7 

0.59

4 

6.74

1 

0.06

6 

1.74

5 
BT- 

MoS2-

Nafion 

 

0.436

e-06 

0.42

3 

0.18

6 

 

0.75

7 

10.3

34 

0.17

9 

8.93

2  

 

 

Fig. 6. Nyquist plot of thiophene and benzothiophene reduction 
at their respective reduction potential. 

3.2. Desulfurization experiments 

Regarding Figure 7, the thiophene desulfurization efficiency 
in an electrochemical membrane reactor using Nafion and 
SPEEK membranes is raised to a maximum value by 
increasing the current density at a constant total charge of 
300 C and consequently enhancing the rate of reaction. 
Then, the desulfurization efficiency decreases due to the 
consuming of H+ through its reduction to H2 in parallel to the 
thiophene reduction. The maximum desulfurization 
efficiency of T on MoS2 was obtained at 79.60% at 20 mA 
cm-2 and 51.50% at 30 mA cm-2 for Nafion and SPEEK, 
respectively. The delay in reaching the maximum value for 
SPEEK relative to Nafion refer to the difficult adsorption-
diffusion of thiophene to the MoS2-SPEEK compared to the 

MoS2-Nafion system as was demonstrated by the EIS 
analysis. 

 

Fig. 7. Thiophene desulfurization efficiency of MoS2 at different 

current density under the constant charge of 300 °C. 

It was found that Nafion had a better performance toward 
desulfurization as an ion-exchange membrane. Thus, the 
benzothiophene reduction experiment was studied only 
using the Nafion membrane, as illustrated in Figure 8, under 
a different current density at a constant 400 °C. The 
maximum conversion of BT reached to 65.48% at 70 mA cm-

2. According to Figure 8, as the current density increased 
from 40 to 80 mA cm-2, the hydrogenation efficiency 
decreased from its maximum value of 28% at 50 mA cm-2, 
and the desulfurization efficiency increased up to 59.08% at 
70 mA cm-2. This behavior indicated that the HER would be 
a dominant reaction at a current density higher than 80 mA 
cm-2. Moreover, it can be understood that the 
hydrogenation reaction is prone to occur on lower current 
densities against desulfurization reaction, which makes it 
more possible at higher current densities. 

 

Fig. 8. Benzothiophene conversion, desulfurization, and 
hydrogenation efficiency of MoS2 at different current density 

under the constant charge of 400 °C. 

The GC-Ms analysis of T desulfurization showed no organic 
liquid product but had H2S as a gaseous product and 
unreacted thiophene. The BT desulfurization experiment 
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proved that H2S is the only product of the desulfurization 
reaction of BT and thiophene (T) according to the 
mechanism depicted in Figure 9. Also, figure 10 illustrates 
the respective GC-MS chromatogram of the initial and 
desulfurized model fuel containing thiophene and 
benzothiophene as well as some other ingredients (i.e., 
some hydrocarbons).  

 
Fig. 9. Benzothiophene reduction mechanism using the MoS2 
electrocatalyst. 

 

 

Fig. 10. GC-MS of model fuel containing (a) thiophene and (b) 
benzothiophene.  

The thiophene formation during the hydrogenation 
pathway in the BT reduction experiment reveals that the 
benzene ring is more likely to react with the H+ instead of 

the thiophene ring in the benzothiophene at a lower current 
density. According to Figure 11, the yield of H2S increases 
from 41.69% up to 94.50% as the current density increases 
while the maximum yield of thiophene occurs at 40 mA cm-

2, which is 58.31% and decreases to 5.49% at 80 mA cm-2. 
These findings are in accordance with hydrogenation and 
desulfurization efficiency trends. Although desulfurization 
efficiency increases at a higher current density, the current 
efficiency decreases due to increasing the rate of HER as an 
undesirable reaction. 

 

Fig. 11. The yield of products during benzothiophene reduction 
using MoS2 at different current density under the constant charge 

of 400 °C. 

4. Conclusions 

The viability of the electroreduction of thiophenic 
compounds through the electrochemical membrane 
reactor was demonstrated over a MoS2 electrocatalyst 
integrated with a proton exchange membrane such as 
Nafion and SPEEK. The results of this study have shown that 
direct desulfurization is the only pathway to thiophene 
reduction, while hydrogenation is a rival reaction along with 
benzothiophene direct desulfurization. This issue implies 
that the probability of hydrogenation of unsaturated bonds 
increases with the number of the benzene rings in 
thiophenic compounds. Also, the current density can 
control the reaction pathway so that on a lower current 
density, the BT hydrogenation is dominant and approaches 
to 28% at 50 mA cm-2, while desulfurization is the main 
pathway on higher current densities and reaches to 59.08% 
at 70 mA cm-2. The maximum desulfurization efficiency of T-
MoS2-Nafion (i.e., 79.6% at 20 mA cm-2) proves the higher 
performance of this system towards desulfurization in 
comparison with T-MoS2-SPEEK (and 51.5% at 30 mA cm-2). 
The higher constant charge that is needed to reach an 
acceptable desulfurization efficiency of benzothiophene 
relative to those required in the thiophene reduction 
process indicates the higher resistance in the 

(a) 

(b) 
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desulfurization of more refractory sulfur compounds. 
Finally, MoS2 can be a promising electrocatalyst towards the 
desulfurization of thiophenic compounds individually or 
mixed with a platinum electrocatalyst due to its significant 
desulfurization efficiency and lower cost compared to Pt (as 
the most active electrocatalyst toward desulfurization of 
the thiophenic compound). 
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