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ABSTRACT

ARTICLE HISTORY

This work involved the investigation on the removal of organic sulfur compounds from the model liquid fuels by using adsorption
desulfurization (ADS) method. For this purpose, removal of 4-methyl
dibenzothiophene (4-MDBT) in model gasoline streams with raw
bentonite, nanobentonite and nanobentonite modified by nanomagnetite, active carbon and Ni(NO3 )2 .9H2 O was considered. Various factors influencing the desulfurization capability, including loading and baking temperature were investigated. Thermo-gravimetric
analysis (TGA), Fourier transform infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM) and energy dispersive X-ray spectrometry (EDX) showed that the ability of modified bentonite to
adsorb 4-MDBT depends strongly on surface chemistry, particularly
on the presence of basic oxygen-containing groups and acid content.
The adsorbents tested for desulfurization capacity at breakthrough
followed the order: 30wt% Fe3 O4 /30wt% Active carbon/40% Na
-Nanobentonite > 30wt% Fe3 O4 /30wt% Active carbon/40% Ca –
Nanobentonite > 30wt % Fe3 O4 /70% Ca-Nanobentonite > 15wt
% Fe3 O4 /15wt% Ni/70% Ca– Nanobentonite. The results of preliminary tests for raw bentonite and nanobentonite were not significant in comparison with the modified nanobentonites: a, b, c, d
samples, (about 40% lower than the four sample models). The optimum calcination temperature was 800°C. The multivariate methods were used for optimization of acceptance parameters. A Plackett–Burman design (PBD) was chosen as a screening method to
estimate the relative influence of the factors that can be affected
on the analytical response. Results show that surface area, pore size
and pore volume of the bentonite can be increased several times
using the impregnation method by 30wt% Fe3 O4 /30% active carbon.
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Also, the surface morphology of the bentonite is changed with this
modification.

1. Introduction
Nowadays, one of the most important environmental issues is the quality of transportation fuels produced by refineries. Specially, the presence of sulfur compounds in diesel
fuel is of great concern because combustion of sulfur-laden diesel fuel results in sulfur
dioxide and sulfate particulate production and they are a major cause of acid rain and
atmospheric pollution. Current strict environmental regulations require the removal of
sulfur from gasoline to very low levels (<20 mg/L).
With the sulfur reduction to very low levels in diesel, Particulate Matter (PM: solid or
liquid particles found in the air) emission is reduced substantially. Fine PMs such as sulfur
oxides are tiny and is not visible with the naked eye.
Fuel quality confidentially affects car emissions and the car-fuel system determines the
quality and amount of emissions. Achieving fuel control methods leads to emission control
technologies and the strategies for maintaining environmental quality mutually. Reducing
sulfur in fuels reduces direct emissions of both sulfur dioxide and sulfate PM from all transportation. Sulfate particles are a small fraction of particle volume or mass, they are fine and
ultra-fine in particle size and account for a large fraction of PMs. On the other hand, sulfur
toxins reduce the efficiency of transportation emission control technologies for petrol and
diesel cars resulting in increased other transport emissions such as the carbon monoxide,
hydrocarbon and nitrogen oxide.
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However, it should be remembered that a small portion of sulfur is used in the manufacturing production of sulfuric acid and in the production of rubber and fertilizer. Synthetic
chemistry has also benefitted from the multipurpose chemistry of elemental sulfur.
Refineries are facing the challenge of producing increasingly cleaner fuels. Since 2005,
the European Union has limited diesel sulfur content to 50 ppm and later, limited sulfur
content to 10 ppm in 2009. However, Japan limited sulfur content to 10 ppm in 2007 [1].
Gasoline sulfur limits in the Middle East range from the lowest of 100 ppm to the highest
of 1500 ppm. In Iran, although the actual sulfur content is reported to be between 50 and
500 ppm, gasoline sulfur limit is 1000 ppm. Recently, however Iran has introduced fuels
with 50 ppm sulfur in some capital cities. Looking forward to 2018, Iran, plan to further
reduce their gasoline sulfur limits to 50 ppm [2]. So, the need to invent simple and efficient
methods for removing sulfur from fuel in the country is very important.
The conventional method for removing sulfur from hydrocarbon fuels is through
hydro-desulfurization (HDS) process, where the sulfur is converted to hydrogen sulfide at
high temperature and pressure in the presence of noble catalysts. But, this method entails a
high operating cost. Also, HDS is limited compounds in of concern when removing of benzothiophenes (BTs) and dibenzothiophene (DBTs) [3]. Hydrodesulfurization processes are
usually carried out, using Co-Mo/Al2 O3 or Ni-Mo/Al2 O3 catalysts at high temperatures
(300–340°C) and pressure (20–100 atm. of H2 ) conditions.
Recently, the process of adsorptive desulfurization starts a promising alternative to the
HDS. Desulfurization via adsorptive method is based on the capability of adsorbent compounds to specific adsorb refractory sulfur compounds. Contrary to the HDS methods, the
adsorptive desulfurization has the advantages that it does not require hydrogen addition
and can be operated at room temperature and atmospheric pressure.
Adsorption desulfurization of diesel oil using sorbents such as bentonite and activated bentonite have been studied widely because of its strong adsorption capacity and
complexation ability.
Bentonite is a clay generated often from the alteration of volcanic ash, consisting mainly
of smectite minerals, usually montmorillonite. The different types of bentonite are each
named after the respective dominant element, such as potassium (K), sodium (Na), calcium
(Ca), and aluminum (Al).
Activated bentonites, such as loaded bentonite with Cu ions exhibited a good sulfur adsorption capacity. On the basis of complex adsorption reaction, the adsorption of
sulfur on modified bentonite occurred via multilayer intermolecular forces. The high
sulfur capacities of Cu(I)-bentonite and Cu(II)-bentonite was due to π-complexation.
Increasing the amount of the weak Lewis acid sites are contributed to the π -complexation
of copper ions. As reported previously sulfur adsorption capacity followed the order:
Cu(I)–bentonite > Cu(II)–bentonite [4].
Deep desulfurization on various adsorbents such as activated carbons (ACs) [5,6], modified composite oxide, and zeolite has already been studied [7–11]. As sulfur compounds
present in fuel affect its quality as well as the environment, it is necessary to carry out more
and more work in order to remove or decrease their concentrations in petroleum deduction
into a formidable level by cheaper and easily operating procedure. In the present study, the
elimination of the sulfur compound from petroleum cuts (i.e. 4-MDBT), from the model
oil was carried out with the adsorption method.
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Because of bentonite’s physical and chemical properties (i.e. large specific surface area
and adsorptive capability for organic and inorganic ions), bentonite has attracted more
attention as a new type of microporous solid that can serve as separating agents or sorbents
[12]. Bentonite has also been used as a binder of oxide material (iron, zinc, chromium,
cobalt, and titanium oxides) sorbents [13,14], sorbents for SO2 [15–17], and sorbent for
dibenzothiophene[18–20]. In comparison with the well-known adsorbents such as activated carbon, or zeolites, bentonite is relatively inexpensive and comparatively economical
for the mercaptan removal. Consequently, several investigators have studied the feasibility of low-cost substances for adsorptive removal of various sulfur derivatives, such as clay
material [21,22].
The application of magnetic particles technology to solve environmental difficulty is
also considered. Magnetic particles can be used to collect contaminants from aqueous or
gaseous effluents by a magnetic field after the adsorption is carried out. To prevent the
disadvantages which could arise from the sorbents and magnetic particles, many methods
such as impregnation, ball milling, and chemical co-precipitation, have been developed
to combine and produce a magnetic composite, which could be used as adsorbents to
remove a wide range of organic pollutants. Among them, chemical co-precipitation is the
most promising method, because it is simple and no special chemicals and procedures are
needed [23–27].
Activated carbons are one of the common kind of adsorbents which are frequently used
for the adsorption of organic materials; however, surface improvement of the ACs can
increase the specific surface area and consequently sulfur adsorption capacity. But, the use
of AC on a large scale is limited [28,29].
The main objective of this research was to study the efficiency of bentonite based modified adsorbents for the 4-MDBT removal. We decided to synthesize the cost-effective and
efficient sorbents so, in the first step raw bentonite and nano-scale bentonite were used as
the adsorbent.
Then, in order to optimize the adsorbent efficiency, four bentonite-based magnetic
adsorbents were prepared.
In this study, the experimental design methods are also used. In summary, the capability
of modified magnetic bentonites as sorbents for removal of 4-MDBT from the oil solutions
has been investigated.

2. Results and discussion
2.1. Sorbents characterization
2.1.1. FTIR spectra of the sorbents
Figure 1 shows the FT-IR spectra of all prepared nanocomposites. The nanocomposites
showed similar FT-IR spectra with only slight variations in radiation virulence.
A sharp intense band at 3440.8 and 3429.2 cm−1 assigned to OH stretching vibrations
of bentonite and attributed to the inner hydroxyl units within the clay layers, in the
4000–3000 cm−1 range. The shoulders and broadness of the OH bands, for example in the
3520 cm−1 , are mainly due to contributions of numerous structural OH groups occurring
in the family of montmorillonite clay which bentonite also belongs to them.
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Figure 1. The FT-IR spectrums of modiﬁed nanobentonite adsorbents.

The bands at 1631 and 1384.8 cm−1 are referring to H-O-H deformation in the bentonite, respectively. But, bands at 1087 and 1091.6 cm−1 are due to Fe–O–Si. The peak
at 794 cm−1 is assigned to the stretching vibration of Si–O[30,31]. Peaks at 543.9 and
470 cm−1 are refer to Si–O–Al and Al–OH, respectively [32,33].
2.1.2. Surface morphological study of the prepared adsorbents
The SEM image of unmodified bentonite shows massive aggregated particles tightly bound
together by inter-molecular forces (Figure S2) [34–36]. From the figure, it can be seen that
the acid treatment has increased the porosity of the bentonite, which has a positive effect on
its adsorption capacity. Acid treatment has partially altered the structure of bentonite. The
acid concentration plays an important role in the activation step. This has led to increasing a specific surface area of bentonite. The increase of acid concentration has caused the
increase of exchangeable cation dissolution too [37].
These pores reduce resistance to adsorbed molecules and also facilitate their diffusion
from solutions to the adsorbent surface. The surface of bentonite loaded with magnetite
nanoparticles is also porous, and the results have shown that its adsorption capacity is
more than the raw bentonite. Figure 2 shows SEM image of 30wt% Fe3 O4 /30% active
carbon/40% Na-nanobentonite. The percentage of composite components is based on our
previous experience.
Nanoparticles were successfully prepared by the co-precipitation method and uniformly
dispersed in the surface of the bentonite. It can also have observed the nanoparticles
with a diameter of about 20 nm, which lead to a rough surface and the presence of a
porous structure. The image also showed almost uniform nanocomposite in a large scale.
Figure S3 shows SEM image of 30wt% Fe3 O4 /30% active carbon/40%Ca-nanobentonite.
Its morphology was similar to that of Na-bentonite. Figure S4 and FigureS5 shows SEM
images of 30wt% Fe3 O4 /70%Ca-nanobentonite and 15wt% Ni/15wt% Fe3 O4 /70% Cananobentonite. It is clear that the nanoparticles had a mean diameter of 20 nm, substantially consistent with the results estimated from Scherer’s formula. 30%wt Fe3 O4 /30%
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Figure 2. The SEM image of 30 wt. % Fe3 O4 /30Active carbon/40 Na- nanobentonite.

active carbon/40% Na- nanobentonite the composite had a uniform distribution of spherical particles. This reveals that the binding process did not significantly result in the
agglomeration (Please see Figures S1–S4).
2.1.3. EDX analysis of the modified bentonite adsorbents
EDX analyis of the prepared adsorbents were carried out in order to determine their
elemental compositions. Figure 3 and Figures S6, S7 and S8 show the EDX spectra and
elements of four kinds of nanocomposites. EDX spectrum shows the highest percentage
of iron, oxygen and silicon, while other elements like sodium, calcium, carbon, nitrogen,
and aluminum are present in minute quantities. The higher percentage of iron in the EDX
spectra of nanocomposites are from the magnetic (Fe3 O4 ) nanoparticles. Thus, the EDX
spectra of nanocomposites confirm that the bentonite was successfully loaded by magnetite
nanoparticles.

3. Experimental design
In this study, several modified bentonites were used that each part was separately
evaluated by experimental design. According to the preliminary experiments, sorbent amount, solution volume, temperature, mixing rate, time, solvent type, solvent
volume, and time of sonication are important factors. So, the screening design was
applied primarily. The Placket–Burman design (PBDs) was used as the screening
method and a three-factor, five-level central composite design (CCD) with 20 runs
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Figure 3. The EDX spectrum of 30 wt. % Fe3 O4 /30Active carbon/40 Na- nanobentonite.

was employed for evaluation of response variables. Details of the methods are listed in
the http://dx.doi.org/10.1080/17415993.2018.1548620. The optimal conditions that were
obtained are: 0.09 g, 10 mL, 40° C, 5000 rpm, 20 min, 100% methanol, 3 mL and 10 min for
sorbent amount, solution volume, temperature, rate, time, present of extraction solvent,
extraction solvent volume, and sonication time, respectively. At the optimal conditions, the
predicted responses of conditions and responses to the applied desirability, i.e. desulfurization rate was performed. In the optimal condition, the predicted amount of sulfur removed
was equal to 72.04% and the amount the remaining 4-MDBT was equal to 27.04 mg/L.
Test # 2 was carried out according to raw bentonite benefit condition for nanobentonite
and the desulfurization rate recorded as 76.7%.
Test # 3 was conducted for two bentonite nanocomposite with different Iron contents; 30wt% Fe3 O4 /70% Ca-nanobentonite and 15wt% Ni/15wt% Fe3 O4 /70% Cananobentonite. PBD for Test # 3 was carried out for eight factors, consisted of 12 randomized runs. Table S6 shows the experimental layout for the 12-run PBD with response
values (as current peak heights) in two levels of factors. Figure S10 illustrates the standardized Pareto plot of the main effects for the PBD. The Pareto plot shows that effects of
extraction solvent volume and sorbent amount are most important to the process. According to the magnitude of USR effect and its closeness to the critical value of the Pareto chart,
it was studied using central composite design (CCD). Table S7 shows CCD and current
peak heights for tree experimental. The following quadratic models expressed an empirical
relationship between response and input variables in encoded values:
A = −1.61 + 0.102S + 6.07g − 2.56g × g − 0.314S × g,
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Table 1. The results of PB experimental design matrix for Test # 5.
Standard
order
1
2
3
4
5
6
7
8
9
10
11
12

Run
order

Blocks

Sorbent
amount( g)

Volume

T

Rate(rpm)

Time(min)

Volume
solvent

Time
sonic(min

A

1
2
3
4
5
6
7
8
9
10
11
12

1
1
1
1
1
1
1
1
1
1
1
1

0.07
0.07
0.03
0.07
0.07
0.07
0.03
0.03
0.03
0.07
0.03
0.03

5
10
10
5
10
10
10
5
5
5
10
5

50
25
50
50
25
50
50
50
25
25
25
25

3000
5000
3000
5000
5000
3000
5000
5000
5000
3000
3000
3000

20
20
40
20
40
40
20
20
40
40
20
20

5
5
5
10
5
10
10
10
10
10
10
5

30
10
10
10
30
10
30
30
10
30
30
10

0.797
1.0920
0.8000
1.0000
1.0800
0.7268
0.5400
0.8600
0.3600
0.7528
0.4200
0.7253

here g is the amount of adsorbent.
Table S8 shows the analysis of variance (ANOVA) results for tree experimental regression models. The maximum p value for lack-of-fit i.e. 0.865 (p value > .05) were obtained.
The R2 and R2_ adj. for the models were obtained 79.80% and 70.82%. the optimal conditions were obtained 0.09 g ,10 mL,50° C, 3000 rpm, 40 min, 3 mL, 10 min for Fe3 O4 , sorbent
amount, solution volume, temperature, rate, time, extraction solvent volume, and sonication time respectively. In the optimized conditions, the predicted desulfurization rate was
equal to 79.83% and amount of the remaining 4-MDBT was equal to 20.17 mg/L.
Test # 4 was performed with 30wt% Fe3 O4 /30% active carbons/40% Ca-nanobentonite.
PBD for Test # 4 was carried out for seven factors, consisted of 12 randomized runs. Table
shows the experimental layout for the 12-run PBD with response values (as current peak
heights) in two levels of factors. Figure S11 illustrates the standardized Pareto plot of the
main effects for the PBD. The Pareto plot shows that effects of sorbent amount and extraction solvent volume are most important to the process. Table S10 shows CCD and current
peak heights for four experimental. The following quadratic models expressed an empirical
relationship between response and input variables in encoded values:
A = 0.7067 − 0.566g − 0.00646S + 1.587g × g − 0.0312g × S.
Table S11 shows the analysis of variance (ANOVA) results for four experimental regression
models. The maximum value for lack-of-fit, i.e. 0.564 (value > 0.05) were obtained. The
R2 and R2 -adj for the models were obtained 99.84% and 99.77%.
The optimal conditions were obtained 0.09 g, 10 mL, 50°C, 5000 rpm, 40 min, 3 cm3
and 30 min for sorbent amount, solution volume, temperature, rate, time, extraction solvent volume, and sonication time, respectively. In the optimized condition, the predicted
desulfurization rate was equal to 89.61 and the remaining amount of 4-MDBT was equal
to 10.39 mg/L.
Test # 5 was performed with 30wt% Fe3 O4 /30% active carbon/40% Na-nanobentonite.
PBD for Test # 5 was carried out for seven factors, consisted of 12 randomized runs. Table
1 shows the experimental layout for the 12-run PBD with response values (as current peak
heights) in two levels of factors. Figure 4 illustrates the standardized Pareto plot of the
main effects for the PBD. The Pareto plot shows that effects of sorbent amount and extraction solvent volume are most important to the process. Table 2 shows CCD and current
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Figure 4. The standardized main eﬀect Pareto chart for PBD of 30 wt. % Fe3 O4 /30Active carbon/40 Nananobentonite.
Table 2. The CCD matrix and the experimental results for Test # 5.
Standard order
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Run order

Blocks

Sorbent amount(g )

Volume

Solvent

1
2
3
4
5
6
7
8
9
10
11
12
13
14

1
1
1
1
1
1
1
2
2
2
2
2
2
2

0.05
0.09
0.05
0.09
0.07
0.07
0.07
0.05
0.09
0.07
0.07
0.07
0.07
0.07

3
3
7
7
5
5
5
5
5
3
5
5
5
5

0.700
1.430
0.590
1.300
0.950
0.940
0.960
0.950
1.380
1.000
0.890
0.949
0.959
0.963

peak heights for five experimental. The following quadratic models expressed an empirical
relationship between response and input variables in encoded values:
A = 0.5209 − 0.319g − 0.0062S + 1.520g × 0.00230 S × S.
Table 3 shows the analysis of variance (ANOVA) results for four experimental regression
models. The maximum value for lack-of-fit, i.e. 0.705 (p value > .05) were obtained. The
R2 and R2 -adj for the models were obtained 99.93% and 99.90%.
The optimal conditions were obtained 0.09 g, 10 mL, 50°C, 5000 rpm, 20 min, 3mL and
10 min for sorbent amount, solution volume, temperature, rate, time, extraction solvent
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Table 3. The ANOVA results for evaluation of mathematical models of Test # 5, obtained by response
surface design.
Source

DFa

ANOVA for ﬁve experimental
Linear
2
Square
2
Residual error
9
Lack-of-ﬁt
4
Pure error
5
Total
13

Adj SSb

Adj MSc

F

p-Value

0.805233
0.011363
0.000546
0.000168
0.000377

0.402617
0.0005682
0.000061
0.0000042
0.000075

6639.52
93.70

0.000
0.000

0.65

0.705

0.817142

a Degrees of freedom.
b Adjusted sum of squares.
c Adjusted mean squares.

volume, and sonication time, respectively. In the optimized condition, the predicted desulfurization rate was equal to 96.07% and the remaining amount at 4-MDBT was equal to
3.93 mg/L.
3.1. Effect of the calcination temperature on the performance of adsorption
Different calcination temperatures ranging from 110 to 800° C were tested on 30wt%
Fe3 O4 /30% active carbon/40% Na-nanobentonite. It reveals that the optimal calcination
temperature of the modified bentonite adsorbents was 800°C. As the calcinations temperature increased from 110 to 800°C, the breakthrough time and sulfur removal ability of the

Figure 5. The thermal analysis curves for 30 wt. % Fe3 O4 /30Active carbon/40 Na- nanobentonite.
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adsorbents were gradually increased. Thus the 800°C was used as the optimal calcinations
temperature for all experiments [38].
The influence of sorbents calcinated at different temperature was evaluated using thermogravimetric analysis (TGA) to get more structural information. The TGA curves for
30wt% Fe3 O4 /30% active carbon/40% Na-nanobentonite adsorbents were collected and
they are shown in Figure 5. A considerable weight loss was observed for modified bentonite.
From the TGA curves of bentonite loaded with 30wt% Fe3 O4 /30%active carbon, the peak
in the range of 0-100°C was caused by the water adsorbed in the surface of bentonite. The
higher temperatures did not reduce the mass. It demonstrates that the adsorbent structure
is stable when temperature increases.
Investigation of optimal adsorbent thermal stability after loading and after desorption
was also carried out. In Figures S12 and S13 which related to thermogravimetric analysis of
optimal adsorbent (d) after adsorption and desorption of 4-MDBT molecule, the diagrams
show stability against temperature increase. The results show that the calcifying process of
the nanocomposite has not undergone thermal decomposition.

4. Conclusion
Clay minerals such as bentonite belonging to the smectite group, which are hydrous aluminum silicates containing iron and magnesium and sodium or calcium. Two types of
bentonite are recognized, and the uses of each depend on specific physical properties. Most
natural smectites have Ca in their interlayer space, only a few of them are naturally Na
smectites. For some practical reasons Ca smectites are often transformed to an Na form to
get better rheological properties such as swelling. Depending on the dominant exchangeable cations present the clay may be referred to as either calcium bentonite or sodium
bentonite the two varieties exhibiting markedly different properties and thus applications.
The Na-bentonite dispersion contains a lot of small units whereas the Ca-bentonite dispersion contains a few large units. Sodium-saturated bentonite dispersions have a more
pronounced yield stress than calcium-bentonite dispersions.
The higher efficiency of the modified bentonite towards sulfur adsorption attributed to
that silicate-silicate bentonite structure possesses Bronsted acid sites, which resulted from
the dissociation of water molecules in between silicate sheets. Additionally, the clay surface after activation possesses positive sites and the storage of positively charged ions such
as sodium and calcium in bentonite’s layered creates strain that arise new active sites for
adsorption which would interact more positively with the basic sulfur compounds.
For the reinforced nickel adsorbents, the direct interaction between the heteroatom in
the adsorbent and the surface nickel plays a significant rule. The adsorption selectivity on
the modified adsorbents depend dominantly on the molecular electrostatic potential and
the acid–base interactions. Mainly, the deposition of nickel on the adsorbent is an innovative approach which takes advantage of the selectivity of nickel towards sulfur –species
and the high adsorptive capacity of adsorbent.
The activated carbon shows higher adsorptive capacity and selectivity for both nitrogen
and sulfur compounds, especially for the sulfur compounds with methyl substituents such
as 4-methyldibenzothiophene. Hydrogen bond interaction might play an important role
in adsorptive desulfurization over the activated carbon.
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Meanwhile, the storage of positively charged ions such as sodium and calcium in bentonite’s layered crystal lattice causes bentonite to swell when water is added. This effect is
all the more noticeable the more exchangeable cations are available. Monovalent sodium
ions cause complete swelling, as they are able to fully penetrate the lattice structure, whereas
double-charged calcium ions can only be stored in outlying areas. Totally swollen bentonite
is required for optimum adsorption of sulfur and other charged substances.
At the same time, the bentonite-supported nanoscale Fe/Ni bimetals displayed a good
sulfur adsorption capacity. On the basis of complex adsorption reaction and hybrid orbital
theory, the adsorption of sulfur on modified bentonite happened via multilayer intermolecular forces. As an important bimetallic system, Fe–Ni with limited-dimensional structures
have received much attention. It is not only due to their good magnetic properties but
also due to their widely applications as aa adsorbent. The magnetic properties of Fe-Ni
are closely related to its composition and phase configuration. The abnormal agglomeration between NPs is another important feature of them. It implied that bentonite is an
effective dispersant and stabilizer and the nickel loading could enhance the reactivity of
nanocomposite for sulfur removal.
The formation of Fe-Ni bimetallic nanoparticles on clay enhanced the reactivity of
composite. As mentioned above, since the fabricated adsorbent can adsorb sulfur due to
high porosity and cation exchange, the combination of it and Fe/Ni nanoparticles can
synergistically improve the removal efficiency of sulfur.
The results indicate that the mechanism of 4-MDBT adsorption on modified bentonite
is affected by both the surface chemistry and the pore structure of the adsorbents. The
method reported here provides a new idea for synthesis of other multifunctional metal
and metal oxide nanoparticles pillared bentonite composites of high quality. In summary,
this study concludes that:
(1) Bentonite, which is locally available, can be efficiently used for the adsorptive desulfurization.
(2) Magnetic bentonite modification with activated carbon leading to an increase in the
adsorption efficiency.
(3) The sulfur capacity of Na-bentonite was larger than that of Ca-bentonite.
(4) The surface area, pore size and pore volume of the bentonite has been found to be
increased several time with Fe3 O4 and active carbon impregnation.
(5) The hydrophobic modification of bentonite plays an important role for the successful
synthesis of Fe3 O4 /Bentonite.
(6) The 30 wt. % Fe3 O4 /30% Active carbon/40% Na- nanobentonite exhibited extraordinary adsorption capacity and fast adsorption rate for 4-MDBT removal in oil
sample.
(7) In addition, the chemometrics techniques PBD and CCD were applied for discovering
the optimum conditions.

5. Experimental section
The experiments were performed using modified magnetic nanobentonits. The following
materials are used as the modifier. Due to the high applicability of active carbon, its porous
structure and low cost, the combination of substrates (magnetic nanobetonies – active
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carbon) was tested which has a significantly better result than raw bentonite and nanobentonite each one alone. In all cases, during the synthesis of Fe3 O4 by the co-precipitation
method, the four desired adsorbents (see Table 4), was added to the reaction mixture.
In this way, the adsorbent modifiers were placed as a shell on the surface of magnetite
nanoscale core. Therefore, the resulting composites’ properties such as selectivity and contact surface were improved. Alternatively, nanomagnetite gave a magnetic property to the
substrate and it could be easily removed from the treated effluents by applying a simple
magnet [39–41].
The morphological study of the prepared adsorbents was carried out with scanning electron microscopy (SEM) in order to check its surface and porosity. Pores present in the
adsorbent structure have a high role in the adsorption. Generally, adsorbent with porous
and rough morphology had high adsorption capacity because, in cases where the pore size
and surface of Adsorbent are high, some chemical functional groups are incorporated into
the adsorbent materials to make them more active in adsorption processes.
Generally, adsorbent with porous and rough morphology had high adsorption capacity
because, in cases where the pore size and surface of Adsorbent are high, some chemical
functional groups are incorporated into the adsorbent materials to make them more active
in adsorption processes.
5.1. Materials and method
In this study, two types of the raw activated bentonite obtained from Zarinkhakghayen
Company, Iran was used. These types of bentonite are natural smectites contains Ca and
Na in their interlayer space.
The composition analysis (mass %) of bentonites is shown in Tables S1 and S2 (in the
http://dx.doi.org/10.1080/17415993.2018.1548620).
4-MDBT has been used as a model compound to measure the extent of activity of
the sorbents toward sulfur compounds adsorption. To obtain the model oil for desulfurization, 4-MDBT was solved into n-heptane, and sulfur concentration in the solution
was set to 100 mg/L. 4-MDBT was purchased from Aldrich. n-heptane, FeCl2 .4H2 O,
FeCl3 .6H2 O, active carbon, Ni(NO3 )2 .9H2 O, methanol and ethanol was purchased from
Merck company (Darmstadt, Germany).
5.2. Instrumentation
The Fourier transform infrared (FTIR) spectroscopy (model Nicolet 560) operating in
transmission mode was used to characterize the surface of magnetic nanoparticles. The
nanoparticles were ground with KBr and compressed into a pellet whose spectra were
recorded.
The morphology and mineralogical composition of the modified clays used in the
adsorption study was examined by a scanning electron microscope (model TESCAN
MIRA3-FIG) field emission. The adsorbents were also characterized by determining its
surface area, pore diameter and pore volume. Thermo-gravimetric (TG) curves were
obtained using a thermal analyzer instrument (TGA-50 Shimadzu Japan). The samples
were exposed to a temperature ramp of 10°C/min up to 950°C, while the nitrogen flow rate
was held constant at 100 mL/min. Experimental design and analysis of the experiments
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Table 4. The amounts (per gram) of material for synthesis.
Sample
a
b
c
d

FeCl3 . 6 H2 O

FeCl2 .4H2 O

Nanobentonite

Active carbon

Ni(NO3 ).9H2 O

0.616
0.300
0.616
0.616

0.24
0.12
0.24
0.24

2
2
2
2

–
–
2
2

–
2.14
–
–

a 30wt % Fe O /70% Ca- Nanobentonite.
3 4
b 15wt % Fe O /15wt% Ni/70% Ca – Nanobentonite.
3 4
c 30wt% Fe O /30wt% Active carbon/40% Ca – Nanobentonite.
3 4
d 30wt% Fe O /30wt% Active carbon/40% Na –Nanobentonite.
3 4s

were done using Minitab Release 16 Statistical Software (Minitab Inc.). The concentration
of 4-MDBT in model oil was determined by UV–Visible spectrophotometer (Schimadzu,
2010, Japan) at a wavelength of 285 nm.
5.3. Adsorbent preparation
As was mentioned in section 2.1, raw Ca and Na bentonite was obtained commercially.
To prepare the nanobentonite at first, a suspension of 0.8 g Ca-bentonite (as well as Nabentonite) in 50 mL ethanol was prepared. The suspension was ultrasonically irradiated
for 4 h at 50 W and 20°C with an ultrasonic probe immersed directly into the solution.
The nanostructured bentonite was calcined at 800°C for 4 h [42]. Then the nanobentonite powders were characterized. Subsequently, next step was taken to modified the
nanobontonite.
The modifications were performed by using a co-precipitation method at one step. In
this procedure, first FeCl2 .4H2 O and FeCl6 H2 O at a stoichiometric ratio of 2:1 were dissolved in 400 mL de-ionized water and the mixture was stirred using a mechanical stirrer
under N2 atmosphere based on the following equation:
R Fe3O4 + 12 H2O + 8 NH4Cl
FeCl2.4H2O + 2 FeCl3.6H2O + 8 NH3 
Then, certain amounts of four types of nanocomposite samples, (a: 30wt % Fe3 O4 /70%
Ca-nanobentonite), (b: 15wt % Fe3 O4 /15wt% Ni/70% Ca – nanobentonite), (c: 30wt%
Fe3 O4 /30wt% Active carbon/40% Ca – nanobentonite), (d: 30wt% Fe3 O4 /30wt% Active
carbon/40% Na -nanobentonite) were added to the same solutions in separate containers
according to Table 4.
Co-precipitations of iron ions can be achieved by the addition of extra base, for example,
NaOH, NH4OH, LiOH and KOH; the alkalis have different effects on the saturation magnetization of products. Among these materials, ammonia can be used for controlling size
distribution by pH value. Passing N2 to keep the process oxygen free is vital to the production of nanomagnetite. Bubbling N2 gas through the solution limits the oxidation of the
magnetite and reduces the particle size. Accordingly, the aqueous ammonia (1.5 mol/L)
was added drop wise and slowly to the mixture, over 20 min, until the pH value of the precipitate set between pH 10 and 11 and the mixture was stirred at 80°C for 2 h, all under the
atmospheres of nitrogen gas.
In the aqueous phase of iron oxides, the surface oxygen atoms bound to Fe atoms
undergo protonation with water to form surface hydroxyl groups. Surface hydroxyl groups
are amphoteric so when dispersed in ammonia solution, the surface of magnetite will be
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negative, depending on pH of the solution, thus prevent their agglomeration and they
remain in the nanoscale.
After cooling, the prepared magnetic composites were repeatedly washed with distilled
water and ethanol to remove the impurities. During washing, magnetic powder was easily
separated from solution by magnet and dried in an oven at 110°C, and then was calcined
at 800°C for 4 h. [43–45]. The synthesis conditions are given in the Table 4.
5.4. Sulfur adsorption experiments
Magnetic nanocomposites have been demonstrated for the sulfur removal from a sample
of 4-MDBT in model oil using a batch-adsorption technique. Extraction tests were carried
out to evaluate the capacity of the sorbents for sulfur removal. In these tests, 0.09 g of adsorbent was added to a 10 mL sample of hydrocarbon that contained sulfur and the mixture
was stirred ultrasonically and magnetic nanocomposites easily separated by external magnetic field after adsorption. In the final step, methanol as the desorption solvent was added
to the adsorbent and the mixture stirred to complete the desorption process. The analyte
was transferred to desorption solvent and the remaining adsorbent was again removed
using the external field. The experiments were carried out under the optimal conditions
determined by the experimental design methods.
Adsorbed amount of sulfur was calculated directly from the breakthrough curves.
Desulfurization ratio (%) = [(C0 − C)/C0 ]×100.

(1)

The desulfurization ratio is the number of extracted sulfur moles relative to the number
of initial sulfur moles. Sulfur moles where C0 and C, are the initial and final number of
molarities of sulfur (mol/L).
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