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Abstract
Different tungsten and molybdenum containing heteropolyacid (HPA) catalysts (H3PMo12O40:Mo12, H3PMo8W4O40:Mo8W4, 
H3PMo6W6O40:Mo6W6, H3PW12O40:W12) were immobilized on graphene oxide (GO) to obtain HPA–GO heterogeneous 
catalysts (Mo12–GO, Mo8W4–GO, Mo6W6–GO, and W12–GO). The synthesized catalysts were applied in removal of sulfur 
containing compounds [benzothiophene (BT), dibenzothiophene (DBT), and 4,6-dimethyldibenzothiophene (4,6-DMDBT)] 
with combined extraction–oxidation process using a batch reactor. The sulfur removal efficiency was gradually increased 
with increasing the ratio of molybdenum ions in the HPAs and complete sulfur removal efficiency for DBT was obtained for 
Mo12–GO. The roles of affecting parameters such as extracting solvent, catalyst calcination, and feed concentration were also 
investigated. Among different extracting solvents including acetonitrile, DMF, NMP, methanol, water, and ethylene glycol, 
acetonitrile represented the best ECOD performance as the extracting solvent. The performance of non-calcined catalyst 
for sulfur removal was slightly better than that by the calcined one. It was also found that the high sulfur removal activity 
of the extractive-catalytic oxidative process (ECOD) was retained even at high feed concentration. The kinetic model was 
evaluated considering mass transfer coupled with chemical reaction, in which the catalytic oxidation reaction was recognized 
as the rate-controlling step. The kinetic parameters such as rate constants and apparent activation energy were determined.
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1  Introduction

Emission of harmful exhaust gases from combustion of 
fuels containing sulfur compounds makes deep desulfuri-
zation as a crucial task [1, 2]. According to Euro V stand-
ard protocol, the maximum sulfur level should not exceed 
from 10 ppm in the diesel fuel [3].

The traditional hydrodesulfurization (HDS) is currently 
employed in purification of fuels [4, 5]. Although HDS 
can remove various S-compounds such as thiols, sulfides, 
and disulfides, it demands severe operating conditions i.e. 
high temperature and high hydrogen pressures for less 
reactivate heterocyclic thiophenic compounds such as 
dibenzothiophene (DBT) and its derivatives. Therefore, 
the development of new alternative or supplementary des-
ulfurization technologies for production of clean fuels has 
become a huge challenge.

Recently, oxidation processes in different catalytic and 
non-catalytic forms have been increased as promising 
methods for removal of the aromatic sulfur compounds 
that are hardly eliminated by HDS [6–9].

Among the ODS processes, extractive catalytic oxida-
tive desulfurization (ECOD) carried out in a biphasic sys-
tem, is considered as one of the most promising methods 
with high commercialization potentials due to advantages 
such as operating at atmospheric pressure and low tem-
peratures, simultaneous reaction and separation of sulfur 
compounds in a single unit, no adsorption of sulfone on 
the catalyst, and no need to strong stirring and complicated 
equipments [10–12]. In the ECOD process, sulfur contain-
ing compounds are catalytically oxidized to sulfones in a 
mild condition and sulfones are separated by adsorption, 
extraction, and distillation methods [13–15]. Among dif-
ferent catalysts used in the ECOD, heteropolyacids (HPAs) 
catalyst especially Mo- and W-based ones have stimulated 
much research activities due to their inherent redox poten-
tials, acidities, and their stabilities [4]. Although there 
are many kinds of HPAs, Keggin structures are the most 
widely investigated ones because of their stabilities and 
ease of synthesis [16].

HPAs catalysts can be applied in homogeneous ways, 
however, problematic catalyst recovery inspires researchers 
to incorporate these active spices on various solid supports 
such as SiO2, Al2O3, MOFs, CNT, and activated carbon to 
increase their reusability [6]. Meanwhile, those catalysts fre-
quently suffer from a drawback of weak interaction between 
HPAs and the support leading to consequent leaching that 
makes these catalysts impractical for a continuous industrial 
application [3, 6, 15].

Nowadays, graphene-related materials have attracted 
great attention as novel catalyst supports due to their out-
standing structural, physical, and chemical properties [5, 17]. 
Zhang and Wang claimed that GO has a high compatibility 
with the oxidative-adsorptive desulfurization system [18]. 
Menzel et al. applied GO-containing hybrids for adsorption 
of sulfur containing compounds from liquid hydrocarbons 
[19]. Hajjar and coworkers reported Co–Mo/graphene as an 
active HDS catalyst [20].

In our previous studies, GO supported HPAs as novel 
oxidation catalysts were introduced for the ECOD process 
and the optimum conditions of catalyst synthesis and operat-
ing condition were determined [6, 21]. The features such as 
rapid and complete ECOD desulfurization performance as 
well as high durability of the catalyst inspired us to investi-
gate other effective parameters in the process.

Therefore, in the present research, several HPAs cata-
lysts including H3PMo12O40:Mo12, H3PMo8W4O40:Mo8W4, 
H3PMo6W6O40:Mo6W6, H3PW12O40:W12 were immobilized 
on the graphene oxide (GO) to produce HPA–GOs heteroge-
neous catalysts (Mo12–GO, Mo8W4–GO, Mo6W6–GO, and 
W12–GO) and utilized in the ECOD process.

In addition, the effects of other parameters (extracting 
solvent, calcination of catalyst, and feed concentration) 
were investigated and a kinetic model was developed for 
the ECOD process.

2 � Materials and Methods

2.1 � Materials

Materials used in the present research including pris-
tine graphite powder (Timcal, 325 mesh, 99.9%), phos-
phoric acid (Sigma-Aldrich, 99%), sulfuric acid (Merck, 
98%), hydrochloric acid (Merck, 37%), hydrogen peroxide 
(Merck, 30% in water), sodium nitrate (Sigma-Aldrich, 
99.8%), potassium permanganate (Merck, 99.5%), ben-
zothiophene (BT, Merck, 99%), dibenzothiophene (DBT, 
Merck, 98%), 4,6-dimethyldibenzothiophene (4,6-DMDBT, 
Haohua Industry Company Ltd., China, ≥ 99%), ethyl ace-
tate (Merck, 99%), hexadecane (Merck, 99%), n-hexane 
(Merck, 99%), acetonitrile (Merck, 99.5%), n-methyl-
2-pyrrolidone (NMP, Merck, 99.5%), dimethylformamide 
(DMF, Merck, 99.8%), methanol (Sigma-Aldrich, 99.8%), 
and ethylene glycol) Sigma-Aldrich, 99.8%), phosphomo-
lybdic acid hydrate (Sigma-Aldrich, 99%), phosphotungstic 
acid hydrate (Sigma-Aldrich, 99%) were purchased. The 
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tungsten-substituted molybdophosphoric acids were pre-
pared in the lab according to procedures in literature [3].

2.2 � Catalyst Preparation

Immobilization of catalysts on GO were performed accord-
ing to previously described procedures [6, 21], and the het-
erogeneous catalysts were then characterized. Graphene 
oxide was synthesized according to the modified Hum-
mer method as described in previous papers [22, 23]. For 
each catalyst preparation, a colloidal suspension of GO 
(20 g L−1) was sonicated in a mixed solvent (water/methanol 
with volume ratio of 1:1). Then equal mole content (0.001)
of the HPA (H3PMo12O40:Mo12, H3PMo8W4O40:Mo8W4, 
H3PMo6W6O40:Mo6W6, H3PW12O40:W12) was added to the 
suspension. The containing vessel was kept under constant 
stirring (500 rpm) overnight on a magnetic stirrer at room 
temperature. After evaporating the mixtures solvent in a 
vacuum rotary evaporator (90 °C, 700 rpm), the mixture 
was dried at 100 °C for 12 h. The dried solid was crushed in 
an agate mortar to obtain a powder as a HPA–GOs hetero-
geneous catalyst (Mo12–GO, Mo8W4–GO, Mo6W6–GO, and 
W12–GO) and utilized in the ECOD process. For investiga-
tion of the calcination impact on the catalyst performance, a 
portion of the catalyst was calcined at 300 °C for 3 h.

2.3 � Characterization Analysis

FT-IR characterization of the samples was recorded by a 
Perkin-Elmer spectrum 65 frontier instrument (Germany). 
Energy dispersive spectroscopy (EDS) was taken to deter-
mine the elemental analysis (EDX, TESCAN, Vega3, Czech 
Republic). The sulfur content analyses were made with a gas 
chromatograph (GC, Varian, CP-3800) with a flame ioni-
zation detector (FID) and capillary column (Chrompack, 
30 m × 0.25 mm × 1.2 µm). The GC analysis conditions 
were as follows: carrier gas of nitrogen; injector temperature, 
280 °C; detector temperature, 280 °C; column temperature, 
200 °C for 2 min, and then heated to 280 °C for 15 min with 
a rate of 10.0 °C min−1. Hexadecane was used as the internal 
standard.

2.4 � Experimental Methods

Batch experiments were conducted in a 100-mL round-bot-
tom flask immersed in an oil bath placed on a mechanical 
stirrer. Various model fuels were prepared by dissolving dif-
ferent amounts of sulfur containing compounds (BT, DBT, 
and 4,6-DMDBT) in n-hexane (500 ppmw).

A water condenser was fixed on the middle neck of the 
flask and the side neck was plugged with a stopper. A 
comparison between performances of the prepared cata-
lysts was carried out in the oxidation of different sulfur 
containing compounds (BT, DBT, and 4,6-DMBT) with 
a model fuel (500 ppmw), an oxidant/sulfur molar ratio 
(O/S) of 6, and E/F = 0.3 at 50 °C for 30 min.

Different extracting solvents namely acetonitrile, DMF, 
NMP, methanol, water, and ethylene glycol were used to 
assess the effect of extracting solvent.

The solvent used in the experiment containing DBTO2 
is then distilled in a distillation column, in which DBTO2 
is separated from the solvent at the bottom of the column 
and the distilled solvent as the top product is recycled to 
the process.

After the oil bath was heated up to the desired tempera-
ture, the required amounts of catalyst (0.1 mol), hydrogen 
peroxide (O/S = 6), with a constant volumetric ratio of the 
extracting solvent to the model fuel (1.5 mL/5 mL) were 
added to the flask. The suspension was then stirred con-
tinually and vigorously with a constant speed of 500 rpm. 
The samples were periodically withdrawn from the fuel 
phases during the reaction, and the sulfur contents were 
analyzed by the GC-FID. The volumes of reaction mix-
tures were assumed constant due to small amounts of liq-
uid samples (~ 200 µL).

The measurements were performed by injecting 1 µL of 
the sample and hexadecane as the internal standard. Each 
experimental point was repeated at least two times.

The sulfur removal (R) was calculated using initial sul-
fur concentration (C0) and the sulfur concentration at each 
time (Ct) as follows:

A pseudo first-order kinetic model (Eq.  2) and the 
Arrhenius equation (Eq. 4) were used in order to deter-
mine the kinetic rate constant and activation energy of the 
ECOD process.

(1)R =
C0

DBT
− CF

DBT

C0

DBT

× 100(%)

(2)r = −
dCF

DBT

dt
= K��

r
CF

DBT

(3)ln

(

CF

DBT

C0

DBT

)

= −K��
r
t

(4)lnK��
r

= lnA −
Ea

R T



262	 A. Khodadadi Dizaji et al.

1 3

in which, A is the pre-exponential factor, Ea represents the 
activation energy, T is the temperature 

(

K′′
r

)

 , and R is the 
gas constant, respectively [15].

3 � Results and Discussion

3.1 � Catalyst Characterization

A comprehensive characterization of the catalysts, which 
were synthesized based on the same procedure, were brought 
in our previous works [6, 21]. In the present work, the FTIR 
and EDX analyses of the synthesized catalysts are presented.

Figure 1 depicts the FT-IR spectra for different heteropo-
lyacids before and after immobilization on GO. The four 
FT-IR characteristic bands detected around 1075, 975, 878, 
and 786 cm−1 that demonstrate the Keggin type structure, 
are attributed to vibrations of P–Oa, M=Od, M–Ob–M, and 
M–Oc–M (M=W, Mo), respectively [3]. The presence of 
characteristic vibration bands of the synthesized catalyst 

as well as those of original HPA indicates that HPAs are 
present in the catalyst structure without any decomposition 
[13].

As seen in the Fig. 1, there are slight shifts in the posi-
tions of some characteristic bands after immobilization, 
which can be related to the electrostatic interaction between 
negatively charged HPAs and positively charged GO surface 
[6, 21]. At least a part of observed shifts in the IR spectra 
(Table 1) can be attributed to the changes of electron density 
or delocalized charge of HPA due to the electrostatic inter-
actions between the HPA anion and the protonated surface 
functional groups [24].

Figure 2 represents the EDX spectra of HPA–GO hetero-
geneous catalysts. As shown in the Fig. 2 the presence of 
different elements (W, Mo, and P) with diverse intense in the 
corresponded EDX spectra confirms successful immobiliza-
tion of different HPAs on GO support (carbon and oxygen 
come from GO support).

3.2 � Comparison of HPA–GO Catalysts Performances

As seen in Fig. 3, the order of sulfur removal for differ-
ent sulfur compounds is: DBT > 4,6-DMDBT > > BT. The 
reactivities of sulfur-containing compounds increase with 
increasing the electron density on the sulfur atoms. BT with 
the lowest electron density (5.696) compared to DBT (5.758) 
and 4,6-DMDBT (5.76) is supposed to have the lowest reac-
tivity [18, 25]. Similar reactivities of DBT and 4,6-DMDBT 
could be attributed to their close electron densities as well 
as the suppressed steric hindrance of methyl groups in 4,6-
DMDBT [26] due to flat nonporous surface of the catalyst.

Although all catalysts have high catalytic activities, the 
sulfur removal is gradually increased with replacement of 
tungsten by molybdenum atoms and Mo12–GO catalyst has 
the highest activity among the investigated samples. Even 
though Molybdenum and Tungsten-based HPAs they belong 
to the same group in the periodic table, they have differ-
ent catalytic activities and stabilities [27]. As reported by 
Okuhara [16], the O1s binding energy of HPA structure for 

Fig. 1   FTIR spectra of (a) Mo12–GO, (b) Mo12, (c) Mo8W4–GO, (d) 
Mo8W4, (e) Mo6W6–GO, (f) Mo6W6, (g) W12–GO, and (h) W12

Table 1   FT-IR data of Mo12, 
Mo12–GO, Mo8W4, Mo8W4–
GO, MO6W6, Mo6W6–GO, 
W12, and W12–GO

Samples Wavenumber (cm−1)

P–O Shift M=O Shift M–Oc–M Shift M–Ob–M Shift

Mo12 1065 6 964 5 868 32 783 2
Mo12–GO 1059 959 900 785
Mo8W4 1071 7 970 8 871 11 783
Mo8W4–GO 1064 962 882 788 5
Mo6W6 1071 3 971 0 871 20 781 12
Mo6W6–GO 1074 971 891 793
W12 1081 17 983 11 892 15 785 35
W12–GO 1098 972 877 820
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tungstates is higher than that for molybdates. Furthermore, 
the extent of electron delocalization increases with increas-
ing the number of molybdenum atoms in a Keggin structure. 
These might be the reasons that explain the highest catalytic 
activity of Mo12–GO among the studied catalysts. The same 
results were reported by Choi et al. [28], in which molybdic 
compounds was found to have a higher oxidation potential 
as compared to tungstic compounds.

3.3 � Effect of Extracting Solvent

In order to investigate the effect of different extracting sol-
vent on the ECOD performance, different extracting solvents 
including NMP, DMF, acetonitrile, methanol, ethylene gly-
col, and H2O were used. Firstly, the performances of differ-
ent extracting solvents on removal of DBT were evaluated 
in extractive desulfurization process (Table 2). The order of 
sulfur elimination was NMP (88.2%) > DMF (87.1%) > ace-
tonitrile (59.4%) > methanol (39.7%) > ethylene glycol 
(11.1%) > > H2O (1.5%). Almost no DBT was extracted into 
water because of more polarity of water molecules than that 
of DBT [14].

Fig. 2   EDX spectra of (a) Mo12–GO, (b) Mo8W4–GO, (c) Mo6W6–GO, and (d) W12–GO
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Fig. 3   ECOD of different sulfur containing compounds using various 
catalysts: experimental conditions: T = 50 °C, O/S = 6, extracting sol-
vent: acetonitrile, E/F = 0.3, sulfur containing compound: DBT, and 
30-min run
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The values of Nernst partition coefficients, KN, which is 
defined as the ratio of sulfur concentration in the extract-
ant phase, CDBT,E, to the sulfur concentration in the fuel 
phase, CDBT,F, in the extraction of DBT are also represented 
in Table 2 for different extracting solvents. As seen in the 
table, NMP and DMF have the highest Nernst partition coef-
ficients. The similar results were also observed in previous 
studies [14, 29, 30]. Although high KN values represent good 
extractive desulfurization efficiencies, there are problems 
in separation of oxidized compounds from these non-green 
solvents due to their high boiling points.

Nevertheless, in the ECOD systems, the order of DBT 
elimination is as follows: acetonitrile (100%) > NMP 
(99.4%) > DMF (89.3%) > methanol (76.1%) > ethylene gly-
col (27%) > H2O (0%) at 50 °C. The different trend between 
the result of sulfur elimination by the ECOD process and 
those by extraction with various extracting solvents (Table 2) 
suggests that the extraction process may not be the main 
contributor of sulfur elimination.

The highest performance of acetonitrile in the ECOD 
process might be related to aprotic property of acetonitrile 
[11, 30] as the nucleophilic oxidation reaction is performed 
better in the aprotic solvents with higher dielectric constants 
than in the protic solvents [14].

In addition, low surface tension of acetonitrile may facili-
tate the mass transfer between fuel and the extracting solvent 
by formation of smaller droplets and higher contact areas 
[12]. Besides, acetonitrile is chosen as a suitable solvent 
owing to its appropriate dissolution ability and low boiling 
point resulting in economical and cost-effective recovery of 
the extracting solvent [11, 31].

3.4 � Effect of Catalyst Calcination

The sulfur removals in the ECOD process using non-cal-
cined catalyst (Mo12–GO) and the calcined one at 300 °C are 
compared in Fig. 4. According to Fig. 4a, the non-calcined 
catalyst represents a slight higher sulfur removal than the 
calcined one.

By increasing the temperature up to 120 °C, physisorbed 
and interlamellar water molecules are firstly eliminated. Fur-
ther increasing of temperature up to 200 °C will decompose 
the covalently bonded oxygen functional groups. Increasing 
temperature up to 300 °C will remove more stable oxygen 
containing functional groups [32].

According to Fig. 4b and the insect table, EDX analysis 
shows removal of some surface oxygen functional groups 
after calcination.

With comparing the calcined and non-calcined perfor-
mance data of catalysts and the EXD analysis results, it may 
be concluded that the oxygen functional groups play a role 
in the catalytic performance of the catalyst. The result is 
in agreement with a study conducted by Gu et al. [33], in 
which the surface oxygen groups of a special carbocatalysis 
have been recognized as the active sites for oxidation of 
various substrates. Despite of a small difference between 
the performance of the calcined and non-calcined catalysts 
before 30 min, there is an insignificant difference between 
their ultimate performances.

As reported by Katheria et al. calcination can increase 
the interaction between the support and active catalytic 
spices and improve the catalyst stability [34]. Taking into 
account the stability consideration, the calcined catalyst 
was selected to be used in the rest of experiments.

3.5 � Effect of Feed Sulfur Concentration

Figure 5 compares the sulfur removals for the feeds with 
different concentations. The same final sulfur removals of 
100% were obtained within 30 min for the feeds having 
200 and 500 ppmw sulfur contents. As the initial sulfur 
content is increased to 1000 ppmw, the final sulfur removal 
of 97.5% is obtained. Increase in the initial sulfur content 
from 200 to 500 ppmw can speed up the oxidation of DBT 
and meanwhile deepen the DBT removal with the law of 
mass action [4]. However, by further increasing of sulfur 
initial content, owing to the large amount of DBT and 

Table 2   Effect of different 
solvents in extractive 
desulfurization and ECOD 
process for removal of DBT

Experimental conditions: T = 50 °C, catalyst (Mo12–GO) loading: 2.4 g L−1, extracting solvent: acetonitrile, 
E/F = 0.3, sulfur containing compound: DBT, O/S = 6, and 30-min run

Extracting solvent Sulfur removal by extractive 
desulfurization (%)

Nernst partition coef-
ficients (KN)

Sulfur removal by 
ECOD process (%)

NMP 88.2 7.47 99.4
DMF 87.1 6.75 98.9
Acetonitrile 59.4 1.46 100.0
Methanol 39.7 0.66 76.1
Ethylene glycol 11.1 0.12 27.0
H2O 1.5 0.02 –
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limited capacity of the extracting solvent, the insufficient 
catalytic active sites can convert lower DBT [35]. Never-
theless, it is noticeable that ODS is usually considered as 
a complementary process for HDS, and thus for the feed 
concentrations around 500 ppm, in which the process rep-
resents a fast and complete removal.

3.6 � Comparison of Catalyst Performances in Current 
and Previous Researches

Table 3 summarizes recently published ECOD data using 
molybdenum and tungsten containing heterogeneous cat-
alysts as well as the results in the current research. As 
seen in the table, the results of current study represent 
superior performances in terms of sulfur removal, cata-
lyst usage, and reaction time in moderate operating condi-
tions (temperature and O/S ratio). While the conventional 

heterogeneous catalysts suffer from slow diffusion rate of 
reactants through the pores of the catalyst, the superior 
performance of introduced catalysts in the current research 
can be partly attributed to the two-dimensional nonporous 
structure of the support with large specific surface area 
that not only provides abundant catalytic site for the reac-
tants but also reduces the penetration resistance.

3.7 � ECOD Modeling

The ECOD process is comprised of a mass transfer step 
(extraction) and a chemical reaction step (catalytic oxida-
tion reaction) taking place simultaneously in a biphasic 
system consisting of a nonpolar phase (fuel) and a polar 
phase (extracting solvent). The sulfur containing com-
pounds exist in the nonpolar phase whereas the oxidants 
and catalyst reside primarily in the polar phase. Initially, 
H2O2 was adsorbed on the surface of the catalyst and the 
active polyoxoperoxo intermediates species are generated 
by nucleophilic attack of H2O2 [13]. According to the GC 
analyses at consecutive time intervals (Fig. 6a), DBT is 
continuously diffused from the model fuel and simultane-
ously the extracted DBT is oxidized to the corresponding 
sulfone (DBTO2) (Fig. 6b). Since no DBTO was detected by 
the GC analysis, it is inferred that the intermediate product 
(DBTO) is quickly converted to DBTO2. Finally, the strong 
polar DBTO2 is transfered from the catalytic surface into the 
extracting solvent and retains in the polar extracting phase 
owing to their similar polarities.

Fig. 4   (a) Effect of calcination on catalyst performance, and (b) EDX 
analyses of calcined and non-calcined catalysts.Experimental condi-
tions: T = 50  °C, Catalyst (Mo12–GO) loading: 2.4  g  L−1, O/S = 6, 
extracting solvent: acetonitrile, E/F = 0.3, sulfur containing com-
pound: DBT, and 30-min run

Fig. 5   Effect of feed concentration on sulfur removal. Experimen-
tal conditions: T = 50  °C, Catalyst (Mo12–GO) loading: 2.4  g  L−1, 
O/S = 6, extracting solvent: acetonitrile, E/F = 0.3, sulfur containing 
compound: DBT, and 30-min run
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3.7.1 � Mass Transfer Modeling

As the two liquid phases are mixed together, transferring 
of DBT from the model fuel phase to the extracting phase 
is initiated due to vigorous agitation and relatively higher 
solubility of DBT in the extracting solvent. Based on the 
two-film theory, the DBT concentration profiles across 
the liquid–liquid and liquid–solid interfaces are estab-
lished as shown in Fig. 7. DBT is transferred from the 
bulk of the model fuel 

(

CF

DBT

)

 to the liquid–liquid inter-
face 

(

CLF

DBT

)

 . It is then dissolved in the extracting phase 
(

CLF

DBT

)

 and transferred in the first liquid film toward the 
bulk of extracting phase 

(

CE

DBT

)

 . A concentration gradi-
ent for DBT is established across the second liquid film 
inside the extraction phase and the liquid–solid interface 
(

CS

DBT

)

.
On the other hand, DBTO2 is produced on the catalyst 

surface 
(

CS

DBTO2

)

 and transferred across the second film 

toward the bulk of extracting phase 
(

CE

DBTO2

)

 . Because of 

low solubility of DBTO2 in the model fuel, its concentra-
tion in the model fuel can be neglected. Mass transfer 
rates of DBT can be represented by the following 
equations:

in which, KD is the partition coefficient between the model 
fuel and the extracting phase assuming equilibrium at the 
L-interface.
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, jE
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, and jS
DBT

 are mass transfer rates of DBT in 
the model oil, extracting phase, and on the catalyst surface 
(mol m−3 min−1), respectively. kF, kE, and kS are mass trans-
fer coefficients for DBT (m min−1) in the model oil, and 
the two interfaces in the extracting phase, respectively. aL 
and aS are specific area of the liquid–liquid and liquid–solid 
interfaces (m2 m−3), respectively [11].

It is noticeable that in the ECOD process, since H2O2 
is rapidly transferred to the catalyst active sites, the cor-
responding mass transfer resistance can be neglected.

3.7.2 � Heterogeneous Catalytic Reaction Modeling

Seven sequential steps are involved typically in a classical 
heterogeneous catalytic reaction i.e. (1) External diffusion 
including transferring of the reactants from the bulk phase 
to the external surface of the catalyst; (2) Internal diffusion 
including moving of the reactants inside the pores to vicin-
ity of the active sites; (3) Adsorption of the reactants on the 
internal surface of the catalyst; (4) Reaction at definite active 
sites; (5) Desorption of the products from the inside surface 
of the catalyst; (6) Internal diffusion comprising diffusion 
of the products from the inner of the catalyst to its outer 
surface; and (7) External diffusion of the products from the 
external surface of catalyst to the fluid bulk [17, 40]. There-
fore, the rate of heterogeneous catalytic reactions and their 
selectivity greatly depend on the penetration/mass transfer 
of the reactants.

Applying GO as the catalyst base will eliminate steps 2 
and 6 in the mass transfer mechanism because of its non-
porous nanostructure. Furthermore, GO can accelerate step 
3 by assisting to the adsorption of reactants (DBT and H2O2) 
[6, 41]. Furthermore, acetonitrile as the extracting solvent 
with appropriate physiochemical properties accelerates steps 
1 and 7 [11].

Table 3   Comparison of ECOD results for molybdenum and tungsten containing heterogeneous catalysts

Entry Catalyst Extracting solvent Sulfur (ppm) Catalyst 
loading 
(g L−1)

T (°C) O/S ratio (–) t (min) Sulfur 
removal 
(%)

Year References

1 Mo12–GO Acetonitrile 500 2.4 50 6 30 100 2018 This work
2 Mo8W4–GO Acetonitrile 500 3 50 6 30 99.7 2018 This work
3 Mo6W6–GO Acetonitrile 500 3.1 50 6 30 98.9 2018 This work
4 W12–GO Acetonitrile 500 5.2 50 6 30 95 2018 This work
5 Mo–Al2O3 Acetonitrile 320 62.4 60 11 60 85 2008 [36]
6 Mo/γ–Al2O3 Acetonitrile 320 13 60 2.3 60 100 2015 [14]
7 Mo/γ–Al2O3 Acetonitrile 320 20 50 7 120 100 2016 [11]
8 HPW/Al2O3 Acetonitrile 350 4 60 8 120 99.2 2016 [37]
9 HPW/T-ER Acetonitrile 330 5 333 5 240 84 2003 [38]
10 HPW/MIL Acetonitrile 500 50 323 6 60 100 2013 [39]
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An accepted two-step oxidation reaction sequence that 
leads to production of sulfoxide and sulfone and regeneration 
of the catalyst is represented in Fig. 8 [42] (k1, k−1, k2, and k3 
represent the reaction rate constants). The peroxomolybdate 
species (MoO2) are regenerated by reaction of the catalyst 
(MoO) with H2O2. MoO2 reacts then with the adsorbed DBT 
to produce sulfoxide (DBTO) [11, 14]. A half-circle of reac-
tion is then repeated and MoO2 is reproduced. The repro-
duced MoO2 reacts with DBTO to produce DBTO2 [7, 43, 

44]. In the above mechanism, the oxygen transfer to DBT 
(oxidation of DBT to DBTO) is the rate-controlling step of 
the oxidation reaction [3, 36].

The rate of DBT oxidation to sulfoxide can be expressed 
by Eq. (9)

(9)−rDBT = −
dCS

DBT

dt
= k2CDBTCMoO2

Fig. 6   GC-FID spectra of (a) 
fuel phase, and (b) extracting 
phase at initial, and after 2, 5, 
10, 20, and 30 min. Experi-
mental conditions: T = 50 °C, 
Catalyst (Mo12–GO) loading: 
2.4 g L−1, O/S = 6, extracting 
solvent: acetonitrile, E/F = 0.3, 
sulfur containing compound: 
DBT, and 30-min run
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Considering zero consumption rate of the intermediate 
activated catalyst spices, the rate of MoO2 consumption 
can be written as:

From Eq. (11) and the mass balance (Eq. 12), the CMoO2
 

can be given by Eq. (13):

Equation (9) can be written in the form of Eq. (14) by using 
Eq. (13):

At initial conditions, the third step of the reaction would be 
negligible and Eq. (14) can be obtained as follows:

(10)−rMoO2
=

dCMoO2

dt
= 0

(11)
k1 CMoOCH2O2−

k−1 CMoO2
= k2 CMoO2

CS

DBT
+ k3C

S

DBTO2

CMoO2

(12)CMo = CMoO2
+ CMoO

(13)CMoO2
=

k1CMoCH2O2

k−1 + k2C
S

DBT
+ k1CH2O2

+ k3C
S

DBTO2

(14)
−rDBT =

dC
S

DBT

dt
= k2C

S

DBT
CMoO2

=
k1CMoCH2O2

k2C
S

DBT

k−1 + k2C
S

DBT
+ k1CH2O2

+ k3C
S

DBTO2

(15)−r0
DBT

=
dCS

DBT

dt
=

k1CMoC
0

H2O2

k2C
S

DBT

k−1 + k2C
S

DBT
+ k1C

0

H2O2

C
F

C LF

CDBT
LE

C LE

DBT

DBTO

DBTO2

Liquid-Liquid interface
(L)

Liquid-Solid interface
(S)

DBT

DBT

C DBTO2
S
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(F)
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Catalyst phase
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Fig. 7   Concentration profiles of DBT and sulfone during the ECOD 
process

Fig. 8   Schematics of the oxida-
tion reaction sequence
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Considering the control step of the reaction mechanism: 
k−1 + k1CH2O2

≫≫ k2C
S

DBT
 and Eq. (15) can be simplified to 

Eq. (16):

Equation (16) suggests a linear relationship between CS

DBT

and t (a first order oxidation rate) as follows:

in which, Kr =
k1CMoCH2O2

k2

k−1+ k1CH2O2

.

Therefore, the catalytic oxidative desulfurization can be 
treated as a pseudo-first-order reaction. Within the extraction-
oxidation steady state conditions, the mass balance of DBT 
can be written as:

By inserting Eqs. (5), (6), (7), (8), and (17) in Eq. (18), the 
overall ECOD rate can be simplified as:

where

In the case of fast catalytic oxidation reaction when the 
extraction is the rate controlling step, the DBT concentration is 
expected to be close to zero in the extracting phase. However, 
based on the GC analysis of the two phases (Fig. 6b), DBT 
is present in the extracting phase during the whole process. 

(16)−rDBT =
dCS

DBT

dt
=

k1CMoCH2O2
k2C

S

DBT

k−1 + k1CH2O2

(17)−rDBT = KrC
S
DBT

(18)JF
DBT

= JE
DBT

= JS
DBT

= −rDBT

(19)−rDBT = K�
r
CF

DBT

(20)K�
r
=

1

1

kFaL
+

1

kEKDaL
+

1

KDaSkS
+

1

KDKr

Therefore, it can be concluded that the extraction is not the 
rate controlling step and the ECOD rate is determined by cata-
lytic oxidation. This is particularly true considering the flat 
structure of the 2D graphenic support applied in the present 
research that promotes the mass transfer rate and eliminates 
the pore penetration resistance [17]. The overall rate equation 
can be then simplified as:

3.7.3 � Kinetic Parameters

To obtain the kinetic parameters, the desulfurization experi-
ments were carried out at different temperatures of 298, 313, 
323, and 333 K. As seen in Fig. 9a, the temperature plays a 
significant role in the performance of the ECOD process. 
The sulfur removal is low at the lowest temperature (32.8%) 

(21)−rDBT = kDKrC
F

DBT
= K��

r
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Fig. 9   (a) Temperature dependence, and (b) pseudo-first-order kinetic plots for ECOD process; Experimental conditions: T = 50  °C, Catalyst 
(Mo12–GO) loading: 2.4 g L−1, O/S = 6, extracting solvent: acetonitrile, E/F = 0.3, sulfur containing compound: DBT, and 30-min run
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Fig. 10   Arrhenius activation energy for oxidation of DBT. Experi-
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O/S = 6, extracting solvent: acetonitrile, E/F = 0.3, sulfur containing 
compound: DBT, and 30-min run
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while it increases to 65.7%, 90.2%, and 100% upon increas-
ing the temperature to 313, 323, and 333 K, respectively. The 
values of the apparent reaction rate constant, K′′

r
 , were cal-

culated based on the plot of ln
(

CF

DBT

C0

DBT

)

 against the reaction 

time (Fig. 9b). According to the fig, the rate constants K′′
r
 

increase with increasing the reaction temperature, which 
implies that the total resistance decrease by increasing the 
reaction temperature. The corresponding Arrhenius plot is 
represented in Fig. 10 and the apparent activation energy is 
determined as 41.6 kJ mol−1, which is in agreement with 
other reports on HPAs desulfurization processes [4, 15, 44].

4 � Conclusion

A series of HPA–GOs catalysts consisting of W and Mo were 
prepared, characterized, and utilized for desulfurization of 
BT, DBT, and 4,6-DMBT in the ECOD process. The effective 
parameters such as the types of catalyst and extracting sol-
vent, calcination of catalyst, and initial sulfur concentration 
were investigated and a two-phase kinetic model was devel-
oped. According to the results, the desulfurization efficiency 
was gradually increased for all sulfur containing compounds 
with increasing the molybdenum ions in the catalyst so that 
the calcined Mo12–GO catalyst showed the complete removal 
of DBT as well as 4,6-DMBT within the 30 min. Among dif-
ferent extracting solvents, NMP exhibited the best extractive 
desulfurization performance and acetonitrile showed the best 
ECOD desulfurization performance due to its physiochemical 
properties. Although, the intermediate ECOD performance 
of non-calcined catalyst was slightly higher than that by the 
calcined one due to presence of surface oxygen containing 
groups, the more stable calcined catalyst was adopted for 
the whole experiments. The ECOD process represented high 
sulfur removals (100% and 97.5%) for the feeds with 500 and 
1000 ppm sulfur concentration, respectively.

Mass transfers in the phases were studied and a kinetic 
model considering mass transfer coupling with chemical 
reaction was developed that could well predict the experi-
mental data as a pseudo-first order kinetic model. The chem-
ical reaction step was recognized as the rate controlling step 
in the ECOD system and the apparent reaction activation 
energy was determined as 41.6 kJ mol−1. The fast perfor-
mance of ECOD process with the HPA-GO catalysts may 
partly be attributed to the nonporous 2D structure of the 
catalyst, which promotes the mass transfer rate and elimi-
nates the penetration resistance during the reaction.
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