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Abstract: Fossil fuels are the main sources of human energy, but their combustion releases toxic com-
pounds of sulfur oxide. In the oil industry, using the optimal methods to eliminate sulfur compounds
from fossil fuels is a very important issue. In this study, the performance of montmorillonite/graphitic
carbon nitride (a new hybrid nanostructure) in increasing the biodesulfurization activity of Rhodococ-
cus erythropolis IGTS8 was investigated. X-ray diffraction, Fourier-transform infrared spectroscopy,
field emission scanning electron microscopy and transmission electron microscopy were used for the
characterization of the nanoparticles. The effective factors in this process were determined. Optimum
conditions for microorganisms were designed using the Design Expert software. Experiments were
performed in a flask. The results indicated that the biodesulfurization activity of a microorganism in
the presence of the nanostructure increases by 52%. In addition, in the presence of the nanostructure,
the effective factors are: 1. concentration of the nanostructure; 2. concentration of sulfur; 3. cell con-
centration. In the absence of the nanostructure, the only effective factor is the concentration of sulfur.
Through analysis of variance, the proposed models were presented to determine the concentration of
the 2-hydroxy biphenyl produced by the microorganisms (biodesulfurization activity) in the presence
and absence of the nanostructure. The proposed models were highly acceptable and consistent with
experimental data. The results of a Gibbs assay showed that the biodesulfurization efficiency of in the
presence of the nanostructure was increased by about 52%, which is a very satisfactory result. The
biodesulfurization activity of decorated cells in a bioreactor showed a significant increase compared
with nondecorated cells. Almost a two-fold improvement in biodesulfurization activity was obtained
for decorated cells compared with free cells.

Keywords: biodesulfurization; dibenzothiophene; montmorillonite; graphitic carbon nitride

1. Introduction

Fossil fuels provide 85% of human energy needs [1,2]. Sulfur is the most abundant
element in oil after carbon and hydrogen [3]. The release of sulfur oxides that have
detrimental effects on human health (respiratory diseases), the environment (acid rain)
and economics (catalyst corrosion and poisoning) is the result of the combustion of sulfur-
containing compounds in fossil fuels [3–5].

Hence, the main issue of the world today is the use of environmentally friendly fuels.
A serious challenge for refineries is to turn low-quality crude oil to high-quality final
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products [6]. Different desulfurization methods are available to eliminate the sulfur in oil
and petroleum products. Hydrodesulfurization (HDS) is more commonly used in refineries.
This process is a common method for decreasing the amount of sulfur in fuel by using
a metal catalyst to reduce the amount of sulfur organic compounds to a lower level [7].
This process is not suitable for the elimination of complex heterocyclic compounds of
sulfur such as BT (benzothiophene), DBT (dibenzothiophene), or 4, 6-DMDBT (dimethyl
dibenzothiophene). Thus, they remain in the oil and its products [8]. Another problem
with this process is the need for high temperature and pressure because the sulfur atoms in
sulfur compounds are converted to hydrogen sulfide at high pressure and temperature in
the presence of hydrogen gas and metal catalysts such as CoMo/Al2O3 or (NiMo/Al2O3).
Depending upon the required degree of desulfurization and the kind of hydrocarbon,
desulfurization can occur at pressures of 150 to 250 Psi of hydrogen and at temperatures of
425–200 ◦C [4,9]. In such cases, the amount of sulfur may be reduced from 1–5% to 0.1%.
Biodesulfurization does not have these problems. This process is done at low pressure and
temperature conditions that help to save energy, and it is a complementary process for deep
hydrodesulfurization [9]. Specific microorganisms help to remove sulfur from crude oil in
biodesulfurization. The metabolic ability of microorganisms is one of the reasons for the
application of biotechnology methods in many scientific fields [10]. Bacteria have received
the most attention among all microorganisms due to their unique characteristics (ability to
grow and size) [3]. These microorganisms eliminate the organic Sulfur compounds from
petroleum components without decomposing the carbon skeleton [11]. Among bacterial
species, many studies have pointed to the activity and high selectivity of Rhodococcus ery-
thropolis IGTS8 in removing sulfur from organic compounds in crude oil [12,13]. Members
of this bacterial species are used as organic materials due to the special structure of their
cell walls and their appropriate biochemical characteristics for the biological degradation
of organic compounds and industry [11,14]. Rhodococcus erythropolis IGTS8 is capable of the
selective oxidation of sulfur atoms from sulfur-containing heterocyclic compounds through
the 4S pathway without metabolizing the carbon skeleton [15].

In the 4S pathway, the first step involves the conversion of DBT to DBT sulfoxide
(DBTO), and then the DBTO is converted to DBT sulfone (DBTO2). The first and the second
steps are catalyzed by the synchronous action of a DBT-monooxygenase (DszC) and an
NADH-flavin mononucleotide oxidoreductase (DszD) supplying the needed FMNH2. The
third step involves the conversion of DBT-sulfone to 2-hydroxybiphenyl-2-sulfinic acid
(HBPS) by the synchronous action of a DBT-sulfone monooxygenase (DszA) and DszD.
The fourth step involves the conversion of HBPS to 2-hydroxybiphenyl and sulfite by the
synchronous action of sulfinate desulfinase (DszB) [16].

There are two main groups of sulfur in crude oil [3]. A higher percentage of sul-
fur compounds are organic compounds [17]. DBT is a common organosulfur compound
that is found in a variety of fuels, and because this substance is more resistant to the
hydrodesulfurization process than the other thiophene sulfides it is widely regarded as a
model compound for biodesulfurization [18,19]. In prior research, Goubin et al. coated the
microbial cells of Pseudomonas delafieldii with Fe3O4 nanoparticles and immobilized them
by the external application of a magnetic field. They showed that the coated cells and the
free cells had the same desulfurization activity. The coated cells with Fe3O4 nanoparticles
had higher desulfurization activity compared with the immobilized cells on celite [20].
Ansari et al. investigated the desulfurization activity of coated cells using magnetic Fe3O4
nanoparticles. The size of the magnetic Fe3O4 nanoparticles was 45–50 nm. They showed
that the decorated cells had a 56% higher desulfurization activity compared with the
nondecorated cells [21]. Zhang et al. investigated the biodesulfurization activity of nano-γ-
Al2O3 particles assembled on magnetic immobilized Rhodococcus erythropolis LSSE8-1-vgb.
They showed that the biodesulfurization activity was enhanced by 20% when the amount
ratio of magnetic nanoparticles to nano-γ-Al2O3 particles was 1:5 (g/g) [22]. Bardania
et al. investigated the application of Fe3O4 nanoparticles to the separation of Rhodococcus
erythropolis FMF and R. erythropolis IGTS8 and their influence on desulfurization activity.
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They showed that the Fe3O4 nanoparticles had no effect on desulfurization activity [13].
Etemadi et al. investigated the influence of starch/Fe3O4 and starch/Fe nanoparticles on
the biodesulfurization efficiency of microbial cells of Bacillus thermoamylovorans. The size
of the starch/Fe3O4 nanoparticles was 20 nm, and the size of the starch/Fe nanoparticles
was 30–40 nm. They showed that the cells immobilized by the starch/Fe3O4 and starch/Fe
nanoparticles had a higher biodesulfurization efficiency, i.e., by about 10% and 22%, re-
spectively [23]. Rahpeyma et al. investigated the biodesulfurization of dibenzothiophene
by two bacterial strains of Rhodococcus erythropolis IGTS8 and Pseudomonas aeruginosa
PTSOX4 in cooperation with Fe3O4, ZnO and CuO nanoparticles. They showed that the
biodesulfurization capacity of the ZnO nanoparticles was higher than that of the Fe3O4 and
CuO nanoparticles [24]. In another study, Rahpeyma et al. investigated the biodesulfuriza-
tion activity of Rhodococcus erythropolis IGTS8 cells coated with functionalized magnetic iron
oxide nanoparticles. They showed that the coated cells had a higher desulfurization ability
compared with the uncoated cells [11]. There is an obstacle which limits the application of
biodesulfurization in many cases: the limited bioavailability of organosulfur compounds
in the oil phase to the microbial culture in the aqueous phase, which affects the biodesulfur-
ization activity of the microbial cells and leads to a low efficiency of this process [25,26].
The use of nanostructures in order to solve this problem has been mentioned in many
studies [12,21,24]. The results of different studies have not shown a significant increase
in biodesulfurization efficiency, so we decided to use another nanostructure. The suitable
properties of montmorillonite for oxidative and adsorptive desulfurization have shown
good results. Evidence of this includes research conducted in different years. In various
experiments, Ahmad et al. investigated the adsorptive desulfurization of diesel oil and
kerosene using montmorillonite. Their results showed that montmorillonite clay can be
used effectively in adsorptive desulfurization [27]. Montmorillonite is a type of smectite
nanostructure that is inexpensive, environmental friendly, non-toxic and highly accessible
compared with other smectite nanoclays [28–31]. This material has a 2:1 layered structure,
consisting of two tetrahedral layers of silicate and an octahedral layer of alumina, in which
the octahedral layer is sandwiched between the two tetrahedral layers [32–35]. Studies on
montmorillonite show the power of this nanoclay for the fabrication of catalysts, polymer
nanocomposites and adsorbents [33]. Due to the fact that montmorillonite is hydrophobic,
the hydration of this material causes the galleries to expand and the clay to swell [32]. Due
to the hydrophilic nature of montmorillonite, this nanoclay is normally an inert adsorbent
for organic compounds [36–39]. One of the important research achievements is that a
nanocomposite of montmorillonite, along with other materials, has shown good catalytic
activity. Among these studies, we mention Rezvani and Khandan (2018). The increase in the
rate of oxidative desulfurization by FeW11V/CTAB-MMT nanocomposite was evaluated,
and the results showed that the desulfurization rates of BT and DBT with applied nanocom-
posites at 35 ◦C after 1 h were more than 97% [40]. In the present study, various studies
were investigated to synthesize a new nanocomposite of montmorillonite with a higher
specific surface area to increase the access and uptake of nutrients by microorganisms
and ultimately improve the desulfurization performance. The results showed acceptable
activity by g-C3N4 (graphitic carbon nitride) in oxidative desulfurization. For example,
Wong et al. evaluated the increase in the rate of oxidative desulfurization of a model
molecule (dibenzothiophene) using a titanium dioxide/graphitic carbon nitride composite.
The removal efficiency reached 98.9% [41]. In a study by Rongxiang et al., the performance
of a tungsten oxide/graphitic carbon nitride composite in the oxidation desulfurization
of dibenzothiophene was evaluated, and the results showed a high performance (91.2%)
of this material under optimal conditions [42]. MMT with g-C3N4 were used to form a
unique nanocomposite. Graphitic carbon nitride is an acclaimed polymer composed of
carbon and nitrogen (band gap = 2.7 eV) [43]. The advantages of g-C3N4 are its adequate
biocompatibility, low density and high chemical stability. Consequently, it performs well
in various applications, e.g., as a catalyst, a membrane or a catalyst carrier [42,44], and
due to its economical and simplistic preparation methods, it has become a significant sub-
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stance [45,46]. Graphitic carbon nitride consists of triazine (C3N3) or tri-S-triazine (C6N7)
units, and between the layers there are van der Waals forces [46].

In the present study, a new hybrid nanostructure called montmorillonite/graphitic
carbon nitride was synthesized, and its performance in improving the activity of Rhodococ-
cus erythropolis IGTS8 in the desulfurization of dibenzothiophene was investigated. For this
purpose, the experimental design was performed using the Design Expert software and the
optimization of the operational parameters affecting the performance of the nanostructure
in the biodesulfurization activity of Rhodococcus erythropolis IGTS8 was carried out. Through
analysis of variance, the proposed models were obtained to determine the concentration of
2-hydroxy biphenyl produced by the microorganism (i.e., to determine the desulfurization
activity) in the presence and absence of the nanostructure.

2. Results and Discussion
2.1. TEM and FESEM Analysis

The TEM images of the graphitic carbon nitride are represented in Figure 1A. The
graphitic carbon nitride is composed of mushy and small layered nanosheets with non-
uniform (asymmetrical) forms. The FESEM images of the MMT/g-C3N4 nanostructure
are represented in Figure 1B. The MMT sheets have a smooth and layered surface. These
sheets also have uniform shapes. The primary structure of the g-C3N4 has changed because
of its blending with the MMT. The graphitic carbon nitride is properly attached to the
surface of the MMT and covers it. Additionally, these materials are well combined with
each other. When the synthesized g-C3N4 nanosheets combine with the MMT, they appear
as agglomerate and have a completely spherical structure. In this research, we did not
have TEM images of the MMT/g-C3N4 nanostructure because a TEM is a very large and
quite expensive piece of electron microscopy machinery. Due to the complexity of the
item, special training is required not only to operate the product, but also to be able to
accurately analyze the data that the sample imaging provides. Aside from the operation
of the product, there can be laborious work involved in preparing a sample for analysis.
Firstly, the nature of the sample needs to be taken into consideration. Specifically, will the
sample be able to withstand the vacuum chamber? The sample needs to be sliced thin
enough for electrons to pass through, but also be able to withstand the process of analysis.

2.2. XRD and FTIR Analysis

Peaks at 2θ = 20.1(100), 28.5(005), 35.6(110), 54.25(210), 62.35(300), 73.65(221) and
76.9(310) were observed in the X-ray diffraction pattern of the MMT [47]. In the X-ray
diffraction pattern analysis, sharp, high-intensity peaks indicate the formation of nanopar-
ticles with a fine crystalline structure. The X-ray diffraction pattern of the ultra-thin g-C3N4
nanosheets shows a sharp diffraction peak at 27.8◦, which originated from the (002) repre-
sented inter-layer stacking of the aromatic units [48]. In the XRD pattern of the montmoril-
lonite/graphitic carbon nitride there is a sharp and high-intensity peak at 27.75◦, which is
similar to that of the XRD of the graphitic carbon nitride. Figure 2A represents the XRD pat-
tern of the MMT, graphitic carbon nitride and montmorillonite/graphitic carbon nitride.

In MMT, the bending vibrations of Si-O-Si, Si-O-Al, Al-Mg-OH and Al-Al-OH are
observed at 467 cm−1, 523 cm−1, 796 cm−1 and 914 cm−1, respectively. The stretching
vibration of Si-O is observed at 993 cm−1 and 1113 cm−1. The bands of 1635 cm−1 and
3405 cm−1 belong to the bending and stretching vibration of the group of O-H of the
adsorbed H2O. Stretching vibrations corresponding to the octahedral cations are observed
at 3631 cm−1 and 3694 cm−1. The band of 3444 cm−1 belongs to the group of O-H, which
indicates presence of water between the layers of the MMT [49,50]. The g-C3N4 nanosheets
have a sharp and high-intensity band at 810 cm−1, and it shows a kind of bending vibration
of the C3N3 rings in these nanosheets. Several characteristic bands at 1242 cm−1, 1323 cm−1,
1414 cm−1, 1570 cm−1 and 1637 cm−1 result in stretching modes of the C-N and C = N
in the CN heterocycles. The broad absorption bands from approximately 3000 cm−1 to
3300 cm−1 pertain to the N-H stretching vibration of the NH groups or residual NH2 and
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the stretching vibration of the group of O-H of the adsorbed H2O [48]. As can be seen,
the MMT/g-C3N4 nanostructure has similar peaks to g-C3N4. Figure 2B shows the FTIR
spectroscopy of the MMT, g-C3N4 and MMT/g-C3N4.
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2.3. Optimization of Effective Operating Factors
2.3.1. In the Absence of the Nanostructure

A total of thirteen experimental runs of two factors (concentration of sulfur and
cell concentration) were performed in duplicate with different combinations by applying
CCD (Table 1).
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Table 1. The results of CCD for two factors (concentration of sulfur and cell concentration) and the
production of 2-HBP by R. sp. strain IGTS8.

Experimental
Run

Concentration of Sulfur
(Dibenzothiophene) (mM)

Cell Concentration
(v/v)

Concentration of
2-HBP (mM)

1 0.15 1% 0.3

2 0.45 1% 0.38

3 0.15 3% 0.31

4 0.45 3% 0.4

5 0.15 2% 0.36

6 0.45 2% 0.38

7 0.3 1% 0.35

8 0.3 3% 0.33

9 0.3 2% 0.39

10 0.3 2% 0.38

11 0.3 2% 0.39

12 0.3 2% 0.39

13 0.3 2% 0.39

In the biodesulfurization studies, the concentration of DBT is typically expressed as mM,
and due to this fact we did not convert mM to ppm. Parts per million is used to describe
concentrations of highly diluted solutions, and we did not have a highly diluted solution.

2.3.2. In the Presence of the Nanostructure

A total of fifteen experimental runs of three factors (concentration of nanostructure
(MMT/g-C3N4), concentration of sulfur (DBT) and cell concentration) were performed in
duplicate with different combinations by applying CCD (Table 2).

Table 2. The results of CCD for three factors (concentration of nanostructure (MMT/g-C3N4),
concentration of sulfur and cell concentration) and the production of 2-HBP by R. sp. strain IGTS8.

Experimental
Run

Concentration of
Nanostructure

(MMT/g-C3N4) (mM)

Concentration of
Sulfur (DBT)

(mM)

Cell
Concentration

(v/v)

Concentration
of 2-HBP (mM)

1 0.0005 0.15 1% 0.607

2 0.0015 0.15 1% 0.556

3 0.0005 0.45 1% 0.584

4 0.0015 0.45 1% 0.512

5 0.0005 0.15 3% 0.579

6 0.0015 0.15 3% 0.546

7 0.0005 0.45 3% 0.4

8 0.0015 0.45 3% 0.4

9 0.0005 0.3 2% 0.54

10 0.0015 0.3 2% 0.5

11 0.001 0.15 2% 0.5

12 0.001 0.45 2% 0.508

13 0.001 0.3 1% 0.599

14 0.001 0.3 3% 0.599

15 0.001 0.3 2% 0.56
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2.4. Statistical Methods
2.4.1. Statistical Methods in the Absence of the Nanostructure

Analysis of variance was performed to investigate the effect of each factor, such as
concentration of sulfur (DBT) and cell concentration, and also the interactions between these
factors on biodesulfurization performance in the absence of the nanostructure (Table 3).

Table 3. ANOVA for evaluation of R1 for Rhodococcus erythropolis IGTS8 in the absence of the nanostructure.

Source of
Variance

The Sum of Squares Due
to the Source (SS)

Degree of
Freedom (df)

The Mean Sum of Squares
Due to the Source (MS) F Value p-Value

Pattern 0.011 5 2.156 × 10−3 6.43 0.0150
significant

A–A
Concentration of

sulfur (DBT)
6.017 × 10−3 1 6.017 × 10−3 17.96 0.0039

B–B
Cell concentration 1.677 × 10−5 1 1.677 × 10−5 0.050 0.8299

AB 2.500 × 10−5 1 2.500 × 10−5 0.075 0.7926

A2 8.941 × 10−5 1 8.941 × 10−5 0.27 0.6213

B2 3.518 × 10−3 1 3.518 × 10−3 10.50 0.0142

The parameters that have p-values greater than 0.05 did not have a significant effect
on the biodesulfurization activity of Rhodococcus erythropolis IGTS8. The p-values in the
suggested pattern show positive and significant results (p-value < 0.05), and if the p-value
is up to 0.0150 and the F value is up to 6.43, this means that the suggested pattern is very
reasonable. The subsequent variables are important and effective in the R1 response for
Rhodococcus erythropolis IGTS8. The ultimate equation for the R1 is as follows.

R1 = 0.38 + 0.032A + 1.677 × 10−3B + 2.500 × 10−3AB − 5.690 × 10−3A2 − 0.036B2 (1)

The obtained equation shows the relationship between the variables according to
CCD and R1. In this equation, the positive sign means the direct effect and the negative
sign means the indirect effect of the independent variables on the R1. In keeping with
Equation (1), the optimum conditions for the R1 response for Rhodococcus erythropolis IGTS8
in the absence of the nanostructure are shown in Table 4.

Table 4. Optimum conditions for R1 response in the absence of the nanostructure.

A B R1

Concentration of Sulfur (DBT) Cell Concentration Concentration of 2-HBP

0.80 −0.18 0.40437

In accordance with Equation (1) and Table 4, the interactions between the independent
variables in optimum conditions are shown in Figure 3. This figure shows the interactions
between the A (concentration of sulfur) and B (cell concentration) variables on the R1 re-
sponse (concentration of 2-HBP or biodesulfurization activity). Low cell concentrations and
high concentrations of sulfur lead to the best biodesulfurization activity because a sufficient
amount of sulfur is provided for the microorganism, and the bacterial growth is increased
as a result of the access of the microorganism to the sulfur being increased. Only certain
concentrations of sulfur are suitable for increasing the growth rate of the microorganism
because there is a critical concentration of sulfur for the microorganism beyond which, at
a higher concentration, it is toxic to the microorganism [23]. The consumption of sulfur
and its high concentration result in the accumulation of 2-hydroxy biphenyl inside the cell,
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and this has a toxic effect on cell growth, which does not have an appropriate effect on the
biodesulfurization activity [21,51].
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2.4.2. Statistical Methods in the Presence of the Nanostructure

Analysis of variance was performed to investigate the effect of each factor, such as
concentration of nanostructure (MMT/g-C3N4), concentration of sulfur (DBT) and cell
concentration, and also the interactions between these factors on the biodesulfurization
performance in the presence of the nanostructure (Table 5).

The parameters that have p-values greater than 0.05 did not have a significant effect
on the biodesulfurization activity of Rhodococcus erythropolis IGTS8. The p-values in the
suggested pattern show positive and significant results (p-value < 0.05), and if the p-value
is up to 0.0019 and the F value is up to 7.67, this means that the suggested pattern is very
reasonable. The subsequent variables are important and effective in the R1 response for
Rhodococcus erythropolis IGTS8. The final equation for the R1 is as follows.

R1= 0.56 − 0.020A − 0.038B − 0.033C + 1.500 × 10−3AB + 0.011AC − 0.032BC − 0.033A2 − 0.049B2 + 0.046C2 (2)

The obtained equation shows the relationship between the variables according to CCD
and R1. In this equation, the positive sign means the direct effect and the negative sign
means the indirect effect of the independent variables on the R1. In keeping with Equation
(2), the optimum conditions for the R1 response for Rhodococcus erythropolis IGTS8 in the
presence of the nanostructure are shown in Table 6.
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Table 5. ANOVA for evaluation of R1 for Rhodococcus erythropolis IGTS8 in the presence of the
nanostructure.

Sources of Variance The Sum of Squares
Due to the Source (SS)

Degree of
Freedom (df)

The Mean Sum of Squares
Due to the Source (MS) F Value p-Value

Pattern 0.054 9 5.998 × 10−3 7.67 0.0019
significant

A–A
Concentration of

nanostructure
(MMT/g-C3N4)

3.842 × 10−3 1 3.842 × 10−3 4.91 0.0510

B–B
Concentration of

sulfur (DBT)
0.015 1 0.015 18.85 0.0015

C–C
Cell concentration 0.011 1 0.011 14.26 0.0036

AB 1.800 × 10−5 1 1.800 × 10−5 0.023 0.8824

AC 1.013 × 10−3 1 1.013 × 10−3 1.29 0.2818

BC 8.320 × 10−3 1 8.320 × 10−3 10.64 0.0086

A2 2.945 × 10−3 1 2.945 × 10−3 3.77 0.0810

B2 6.529 × 10−3 1 6.529 × 10−3 8.35 0.0161

C2 5.888 × 10−3 1 5.998 × 10−3 7.53 0.0207

Table 6. Optimum conditions for R1 response for Rhodococcus erythropolis IGTS8 in the presence of
the nanostructure.

A B C R1

Concentration of
Nanostructure

(MMT/g-C3N4)

Concentration of
Sulfur (DBT)

Cell
Concentration

Concentration of
Produced 2-HBP

−0.11 −0.13 −0.99 0.63808

In accordance with Equation (2) and Table 6, the interactions between the independent
variables in optimum conditions are shown in Figure 4A–C. Figure 4A shows the interaction
between A (concentration of nanostructure) and B (concentration of sulfur) variables on
the R1 response (concentration of 2-HBP or biodesulfurization activity). As can be seen,
when the concentrations of the nanostructure and sulfur are at low levels, they show
higher desulfurization rates compared with when the concentrations of the nanostructure
and sulfur are at their high levels. The reason is that the high concentrations of the
nanostructure reduce the growth rate of the microorganisms and also increase their lag
phase [52]. Additionally, the microorganisms produce a surfactant; a sufficient amount
of sulfur (DBT) is available to the microorganisms (even at low concentrations of sulfur).
The mass transfer rate of sulfur compounds is very low and the nanostructure of the
MMT/g-C3N4 as a new adsorbent increases the availability of organic sulfur compounds
by adsorption to the microorganisms. Consequently, the nanostructure increases the
permeability of the membrane and, in addition to increasing the transportation of sulfur
into the microorganism, causes the transportation of 2-hydroxy biphenyl out of cell, thus
improving the biodesulfurization activity [12].
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In this case, if we provide a high amount of sulfur for the microorganism, it will reduce
the biodesulfurization activity and the desired result will not be obtained.

Figure 4B shows the interactions between the A (concentration of nanostructure) and
C (cell concentration) variables on the R1 response (concentration of 2-HBP or biodesul-
furization activity). As can be seen, when the concentration of the nanostructure and cell
concentration are at low levels, they show higher desulfurization rates compared with
when the concentrations of the nanostructure and cell are at their high levels. The reason is
that even at low levels of concentration of the nanostructure, there is an effective transporta-
tion of sulfur (DBT). The nanostructure probably affects the permeability of the membrane
and, in addition to increasing the transportation of sulfur into the microorganism, causes
the transportation of 2-HBP out of cell, thus reducing the toxic effects of this substance.

Figure 4C shows the interactions between the B (concentration of sulfur (DBT)) and C
(cell concentration) variables on the R1 response (concentration of 2-HBP or biodesulfuriza-
tion activity). As can be seen, when the concentration of sulfur (DBT) and cell concentration
are at low levels, they show higher desulfurization rates compared with when the con-
centrations of the nanostructure and sulfur are at their high levels. In this case, thanks to
the presence of the nanostructure, the effective transportation of sulfur (DBT) takes place.
Furthermore, increasing the cell concentration results in the accumulation of cells at the
interface, which prevents the uptake of sulfur and also the transfer of the required oxygen
for the oxidation reaction within the 4S pathway [53]. This reduces the desulfurization
activity. As a result, increasing the cell concentration does not cause further production of
2-HBP, and this does not increase the biodesulfurization activity.
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2.5. Biodesulfurization Activity

The final product of the biodesulfurization of DBT is 2-HBP, which was identified by
the Gibbs assay. The results during 248 h cycles are exhibited. In Figures 5 and 6, the results
of the Gibbs assay show that the maximum extracellular concentration was 0.33 mM at
t = 120 h for free cells and 0.99 mM for decorated cells during 248 h. The concentration
of produced 2-HBP by the decorated cells was significantly increased compared with the
nondecorated cells. An almost two-fold improvement in the biodesulfurization activity
was obtained for the decorated cells compared with the free cells.
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Figure 6. The concentration of produced 2-HBP by the decorated cells.

While biodesulfurization occurs in the cytoplasm, the surface of the bacteria limits
the transportation of dibenzothiophene into the cell and the transportation of 2-hydroxy
biphenyl out of the cell. Consequently, the nanostructure increases the permeability of
the membrane and, in addition to increasing the transportation of sulfur into the microor-
ganism, causes the transportation of 2-hydroxy biphenyl out of cell, thus improving the
biodesulfurization efficiency [12].

In this study, due to a lack of time and a limited budget, we did not measure the DBT
concentration after the biodesulfurization process.
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3. Materials and Methods
3.1. Materials

Dibenzothiophene (99%), 2-hydroxy biphenyl and 2, 6-dichloroquinone-4-chloroimide
(Gibbs reagent) were obtained from Sigma Aldrich. The rest of the required chemicals,
such as urea and sodium boron hydride (sodium tetrahydroborate), were purchased in a
suitable degree of decomposition from the reputable German company Merck.

3.2. The Microorganism and Its Medium

The microorganism used in this research was Rhodococcus sp. strain IGTS8, and it
was collected from the RIPI (Research Institute of Petroleum Industry). In most of the
biodesulfurization research, Rhodococcus erythropolis IGTS8 has been used because of its
high activity and selectivity in removing sulfur from organic compounds in crude oil. In
addition, because of the special structure of their cell walls and their appropriate biochemi-
cal characteristics for the biological degradation of organic compounds, these microbial
cells have been used in this research, and they have also shown great potential for BDS.

In order to grow the microorganism, the basal salt medium (BSM) was used, and it
had the following composition [12]: Na2HPO4 (5.47 g), NH4Cl (2.00 g), KH2PO4 (2.44 g),
MgCl2.6H2O (0.20 g), MnCl2.4H2O (0.004 g), FeCl3.6H2O (0.001 g), CaCl2.2H2O (0.001 g)
and 1000 mL of deionized water with 2 mL of dissolved glycerol. The structure of Rhodococ-
cus erythropolis IGTS8 was studied earlier [54].

3.3. Preparation of the Nanoparticles
3.3.1. Synthesis of Bulk Graphitic Carbon Nitride

There are various methods to synthesize graphitic carbon nitride, but basically bulk
graphitic carbon nitride is acquired from the calcination of urea, thiourea, melamine and
cyanamide [55]. The synthesis steps were as follows: First, 10 g of urea in powdered form
was placed in a crucible. It was heated at 550 ◦C for 4 h in the muffle furnace (The heating
rate was 5 ◦C/min), and a dull yellow powder was formed.

3.3.2. Synthesis of Graphitic Carbon Nitride Nanosheets

There are several methods to synthesize graphitic carbon nitride nanosheets. One of
these methods is liquid exfoliation. Liquid exfoliation is used because its use of water as a
solvent is environmentally friendly, and it results in the formation of nanosheets that have
a high specific surface area. In 2015, Huang et al. used liquid exfoliation for synthesizing
nanosheets of g-C3N4 [56]. Yuan et al. also synthesized graphitic carbon nitride nanosheets
in 2019 in this way [57]. In 2019, Hatami et al. also used this method to synthesis graphitic
carbon nitride nanosheets [58]. In this research, the nanosheets were synthesized using the
method of Hatami et al. The synthesis steps were as follows: 75 mg of graphitic carbon
nitride was added to 15 mL of distilled water and then placed in an ultrasonic bath for
30 min until a homogeneous graphitic carbon nitride solution (5 mg/mL) was synthesized.

3.3.3. Synthesis of Montmorillonite/Graphitic Carbon Nitride

A mix of 15 mL of graphitic carbon nitride (5 mg/mL) with 75 mg of montmorillonite
was placed in an ultrasonic bath at 25◦ C and, after 30 min, 10 mg of sodium borohydride
was added as a reductant to form a montmorillonite/graphitic carbon nitride solution at a
concentration of 10 mg/mL.

3.4. Experimental Design

The concentration of the nanostructure (montmorillonite/graphitic carbon nitride), the
concentration of sulfur (dibenzothiophene) and the cell concentration were contemplated
as the major factors in biodesulfurization. In order to evaluate the optimal level of the
major factors and their relationship in biodesulfurization efficiency, three levels of these
three factors were applied in the central composite design (CCD).
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3.5. Analytical Methods
3.5.1. Determination of Biodesulfurization Activity of Microorganisms (Gibbs Assay)

The final product of the biodesulfurization of dibenzothiophene is called 2-hydroxy
biphenyl, which can be identified using the Gibbs assay [59]. In this study, we did not
use an HPLC analysis because the HPLC system is rather expensive compared with other
analytical tools, the analytical columns are expensive and have a relatively short operat-
ing life, the solvents are expensive and disposal of the used solvents is becoming a real
problem. The bewildering number of HPLC modules, columns, mobile phases and oper-
ating parameters renders HPLC difficult for the novice. In this study, we did not use a
GC-MS analysis because gas chromatography, though a dynamically developing analytical
technique, involves disadvantages such as a long analysis time and the impossibility of
real-time analysis or direct quantitative determinations. The basic constraints affecting its
complementarity can be divided into three categories: limited selectivity, problems related
to the chromatographic system’s resolution, and the insufficient sensitivity of the MS detec-
tors. The limitation of selectivity applies to various methods of sample preparation, so the
result of the determinations may be unreliable and may not reflect the actual concentrations
or compositions of the samples.

3.5.2. Characterization of Nanostructures

In order to investigate the shape and morphology of the nanoparticles, transmission
electron microscopy (TEM) and FESEM images were taken. These images were investigated
using TEM (Philips CM120) and FESEM (TESCAN MIRA III). FTIR (Thermo AVATAR) was
used to examine the chemical structure of the nanostructures. XRD (Philips PW1730) was
used to examine the crystal structure of the nanostructures. In this study, due to a limited
budget and lack of time, four characterization methods were used.

3.6. Biodesulfurization Capacity of Decorated Microbial Cells in a Bioreactor

The microbial cells were cultured in a basal salt medium (BSM) until the mid-exponential
growth phase and harvested by centrifugation at 1400 g for 10 min. Subsequently, the
microbial cell pellets were washed twice with Ringer’s solution and suspended in the
basal salt medium (BSM) to A600 = 1. Following this, the microbial cells were decorated
with the MMT/g-C3N4 nanostructure as follows: 20 mL of the suspension containing
5 mg/mL of MMT/g-C3N4 nanostructure per ml of water was mixed with 50 mL of the cell
suspension in the basal salt medium (BSM) with DBT at a final concentration of 0.15 mM.
The biodesulfurization activity of the microbial cells was evaluated in a stirring reactor
(5 L) containing 2 L basal salt medium (BSM) using a Gibbs assay.

4. Conclusions

The synthesis and combining of MMT/g-C3N4 was achieved successfully. The g-C3N4
nanosheets covered the surface of the MMT (Figure 1B). The surface of the MMT was
covered with the g-C3N4 uniformly. The MMT/g-C3N4 had a FTIR pattern analogous with
that of the g-C3N4 nanosheets, confirming the proper bonding of the g-C3N4 nanosheets
to the MMT/g-C3N4 (Figure 2B). The production rate of 2-hydroxy biphenyl before the
use of the nanostructure (MMT/g-C3N4) was equal to 0.4 mM, while after the use of the
nanostructure (MMT/g-C3N4) the production rate of 2-hydroxy biphenyl was equal to
0.607 mM, this result showing a 52% (51.75%) increase in the desulfurization process, which
represents a very satisfactory result. This difference is probably due to the increasing
microbial activity and membrane permeability in the presence of the nanostructure. The
nanostructure facilitates the access to sulfur compounds of the microorganisms that cause
the transportation of DBT into the cell and the removal of 2-HBP from cell. The concentra-
tion of sulfur (DBT) was the only parameter that affected the biodesulfurization process.
R-squared was equal to 0.8213, which means that the presented regression model was
more than 82% consistent with the experimental data. This is a good result, indicating a
high correlation and good fit of the data (Table 3). The concentration of the nanostructure,
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concentration of sulfur (DBT) and cell concentration were the three parameters that affected
the biodesulfurization process. R-Squared was equal to 0.8734, which means that the
proposed regression model was more than 87% consistent with the experimental data. This
is a good result, indicating a high correlation and good fit of the data (Table 5). In order to
compare our findings with other studies, Table 7 is given. The comparison of our findings
with the results of other studies in Table 7 shows that the results of the present study are
an acceptable achievement. The montmorillonite/graphitic carbon nitride nanostructure
increases the efficiency of biodesulfurization.

Table 7. Comparison of the results of research in the field of biodesulfurization.

Strain Nanoparticle The Increase in
Biodesulfurization Efficiency Reference

Pseudomonas delafieldii Magnetite nanoparticles
(Fe3O4) - [20]

Rhodococcus erythropolis LSSE8-1 Magnetite nanoparticles
(Fe3O4) - [60]

Rhodococcus erythropolis LSSE8-1-vgb Nano-γ-Al2O3 20% [22]

Rhodococcus erythropolis FMF and
R. erythropolis IGTS8 Fe3O4 - [13]

Rhodococcus erythropolis IGTS8 Magnetic Fe3O4 nanoparticles 15.3% [12]

Pseudomonas aeroginusa PTSOX4 ZnO 1.4-fold (40%) [24]

Rhodococcus erythropolis IGTS8 Modified carbon nanotube 12% [52]

Bacillus thermoamylovorance strain
EAMYO Starch/iron nanoparticles

For Fe0/starch it was increased by
about 26.52% and for Fe3O4/starch

it was increased by about 10.75%
[61]

Rhodococcus erythropolis IGTS8 Starch/Fe3O4 50% [62]

Rhodococcus sp. FUM94 - Not mentioned [53]

Gordonia sp. - Not mentioned [63]

Rhodococcus erythropolis IGTS8 MMT/g-C3N4 52% This study

In Figures 5 and 6, the results of the Gibbs assay showed that the maximum extracellu-
lar concentration was 0.33 mM at t = 120 h for free cells and 0.99 mM for decorated cells
during 248 h. The production rate of 2-HBP by decorated cells was significantly increased
compared with nondecorated cells. An almost two-fold improvement in biodesulfurization
activity was obtained for decorated cells compared with free cells.
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