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d optimization of a sustainable
polyoxometalate-kaolinite-based catalyst for
efficient desulfurization of model and real fuel
using Box–Behnken design
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The oxidative desulfurization of dibenzothiophene in model and real fuel has been investigated by

developing an environmentally sustainable catalyst H4SiW12O40@f-kaolinite. The catalyst was synthesized

by modifying kaolinite clay with (3-aminopropyl)triethoxysilane (f-kaolinite) followed by immobilizing

silicotungstic acid hydrate (H4SiW12O40) onto its surface. The successful synthesis of the catalyst was

characterized by Fourier transform infrared spectroscopy, Raman spectroscopy, UV-visible spectroscopy,

X-ray diffraction, energy-dispersive X-ray spectroscopy, and scanning electron microscopy. The

influence of variables i.e., catalyst dosage, temperature, and oxidant concentration on the conversion of

dibenzothiophene was optimized by Box–Behnken design. The highest sulfur reduction (from 1000 to

78.3 ppm, with a conversion rate of 92.17%) was achieved at 70 °C, using a catalyst dosage of 70 mg and

8 mL of H2O2 in a model fuel. ANOVA analysis indicated that the quadratic model (R2 = 0.99) was well-

fitted for dibenzothiophene conversion, with a p-value of 0.2302 suggesting no statistically significant

lack of fit compared to pure error. Furthermore, the H4SiW12O40@f-kaolinite demonstrated a reduction

of dibenzothiophene concentration from 354 ppm to 224 ppm in a real fuel oil sample. The

heterogeneous nanocatalyst showed remarkable stability, maintaining its elemental structure after five

cycles without significant efficiency loss, promoting environmental sustainability.
1 Introduction

In today's global landscape, energy production stands as
a paramount concern deeply intertwined with economic activ-
ities and consumption patterns. Fossil fuels, notably petroleum,
hold a commanding presence in the energy sector, constituting
over 82% of the world's energy supply. Among these, crude oil,
comprising diverse organic compounds, emerges as the primary
source, particularly for transportation fuels.1,2 The sulfur
content in crude oil, varying from less than 0.1% to over 5%,
holds signicant importance as it determines the classication
of crude oil as ‘sweet’ or ‘sour’.3 Sulfur compounds, both inor-
ganic and organic, are prevalent in crude oil.4,5 These
compounds, which encompass mercaptans, suldes,
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thiophenes, and polysuldes, contribute to harmful emissions
such as sulfur dioxide (SO2) and sulfate particulate matter,
exacerbating issues like acid rain. Moreover, they pose corro-
sion risks for catalysts and engines, thus warranting effective
desulfurization strategies.6–9

In recent years, heightened attention has been directed
towards achieving comprehensive sulfur removal from fuel oils,
propelled by ever-stringent environmental regulations. Oxida-
tive desulfurization (ODS) stands out as a key method due to its
effectiveness at relatively low reaction temperatures.10,11 This
technique promotes the sequential oxidation of sulfur-
containing compounds in fuel feedstocks, starting with the
formation of sulfoxides and progressing to sulfones.12,13 During
the ODS process, oxidizing agents introduce reactive oxygen
species to sulfur compounds, leading to the preparation of
sulfones. This transformation signicantly alters the polarity
and weakens the carbon-sulfur (C–S) bonds, making sulfones
more easily separable from hydrocarbons (oil) and facilitating
further processing and use.2,5

Polyoxometalates (POMs) are clusters comprising metal and
oxygen atoms, characterized by diverse structures and unique
electronic properties.14,15 Their versatility nds applications
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across various elds, including magnetism, electricity, photo-
chemistry, and pharmaceuticals. Notably, POMs have emerged
as favored catalysts for ODS due to their distinct advantages
over alternative catalysts. These advantages include remarkable
selectivity, thermal stability, and the capacity to modify acidity
and redox properties to suit specic requirements.16 However,
the catalytic efficacy of POMs is oen constrained by their
limited surface area, typically below 10 m2 g−1, and challenges
associated with their separation from reaction mixtures.17 To
overcome these limitations and enhance both surface area and
recyclability, various strategies have been implemented. These
include encapsulation with a support material, modication,
and nano structuring.18–20 Consequently, POMs are commonly
integrated into structured materials such as kaolinite clay. This
integration not only increases their surface area but also facil-
itates improved accessibility to the active sites of POMs for
reactants.21

Kaolinite, a naturally occurring clay, exhibits a 1 : 1 dio-
ctahedral layered structure, with an ideal chemical composition
represented as Al4Si4O10(OH)8. This mineral possesses cation
exchange capabilities and can accommodate certain organic
molecules within its interlayer space.22–24 Each kaolinite layer is
composed of a single silica tetrahedral sheet paired with
a single alumina octahedral sheet, resulting in a 1 : 1 structural
arrangement. These individual layers are bound together within
the crystal structure through O–H–O bonds, which form
between the octahedral sheet of one layer and the tetrahedral
sheet of the adjacent layer.25–27 Kaolinite clays are esteemed as
a crucial category of industrial minerals due to their remarkable
physicochemical properties, non-toxic nature, cost-
effectiveness, and widespread availability. These clays serve as
versatile materials with applications across diverse elds,
including geology, agriculture, catalysis, and various industrial
processes such as ceramics, paper production, and paint
manufacturing. In catalytic processes, both natural and modi-
ed forms of kaolinite clays play a pivotal role in organic reac-
tions. These materials offer distinct advantages over traditional
catalysts, including ease of manipulation, recyclability, cost-
effectiveness, and the ability to regulate acidity levels through
cation exchange, thereby aligning with the principles of “Green
Chemistry”.28,29

A wide variety of guest molecules i.e., cetyl-
trimethylammonium bromide and triethoxy (octyl) silane,30

functional ionic liquids,31 aminosilyl, vinylsilyl groups,32 poly-
ethyleneimine,33 and 3-amino propyl trimethoxy silane were
reported in literature for the immobilization on the surface of
kaolinite clay to manipulate and modify clay's inherent prop-
erties and enhance its application potential.33 Organosilylation,
a widely recognized technique, is employed for selectively
modifying kaolinite clay by serving as a bridge layer between the
intended guest molecule and the kaolinite surface.34,35 The
covalent bonding occurring between the organic functionalities
of the organosilane and the hydroxyl groups of the kaolinite
surface serves a dual purpose: ne-tuning the surface chemistry
of the clay and ensuring secure immobilization of the organic
components, thereby preventing their undesired release.35–38
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In this study, we conducted the functionalization of kaolinite
clay (f-kaolinite) followed by the immobilization of poly-
oxometalates (POMs) on the surface of the functionalized
kaolinite. Functionalization with APTES introduces amine
groups that signicantly improve the dispersion of POMs,
leading to an increased number of accessible active sites. The
strong interaction between POMs and the functionalized
kaolinite ensures catalyst reusability with minimal loss of
activity over multiple cycles. Moreover, the affordability of
kaolinite and APTES makes this catalyst a cost-effective alter-
native to noble metal-based systems, further enhancing its
practical application. Our aim was to develop a facile and
environmentally sustainable catalyst for use in the oxidative
desulfurization of dibenzothiophene in both model and real
fuel samples.

Additionally, we employed response surface methodology to
optimize key variables such as catalyst dosage, temperature,
and oxidant concentration, which inuence dibenzothiophene
conversions. Our overarching goal is to develop a robust, effi-
cient, and reusable catalyst by harnessing the synergistic
interactions between versatile silicotungstic acid hydrate and
widely available, reactive, and inexpensive clays, enabling
effective oxidative desulfurization.

In summary, our research presents an efficient catalyst,
“polyoxometalate-kaolinite,” with parameters optimized
through a Box–Behnken design approach. This catalyst
addresses the need for sustainable desulfurization in both
model and real fuel samples, offering a promising solution for
enhancing catalytic efficiency, cost-effectiveness, and environ-
mental sustainability in fuel desulfurization processes.
2 Materials and methods
2.1. Chemicals

Kaolinite clay, (3-aminopropyl) triethoxysilane (APTES), silico-
tungstic acid hydrate (H4SiW12O40), acetic acid, ethanol, and
hydrochloric acid were purchased from Sigma-Aldrich, and
used without further purication. HPLC-grade water and
acetonitrile used throughout the HPLC analysis were also
purchased from Sigma-Aldrich.
2.2. Synthesis of APTES-functionalized kaolinite clay (f-
kaolinite)

APTES-functionalized kaolinite clay was synthesized by adding
0.4 mL of APTES to a mixture of ethanol and water (6 : 4). A
small quantity of acetic acid (2 mL) was then added to this
solution to maintain the pH at 3.75. Subsequently, 2 g of
kaolinite clay was added to the mixture, which was stirred for 2
hours. The resulting mixture was then dried for approximately 1
hour at a temperature of around 80 °C.

The functionalization of kaolinite with APTES is aimed at
introducing positively charged amine groups, which strongly
interact with the negatively charged polyoxometalate (POM)
clusters through electrostatic interactions. This strong binding
ensures the stable immobilization of H4SiW12O40 on the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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kaolinite surface, effectively preventing leaching during the
oxidative desulfurization process.
2.3. Synthesis of H4SiW12O40@f-kaolinite

The previously prepared f-kaolinite (160 mg) was dispersed in
12 mL of deionized water, and 1.2 mL of HCl was added to
adjust the pH to 2. The mixture was stirred for 30 minutes, aer
which 160 mg of H4SiW12O40 was added and stirred continu-
ously for 6 hours. The resulting mixture was then dried at 80 °C
for approximately 1 hour.
Fig. 1 FTIR spectra of H4SiW12O40, APTES, kaolinite, f-kaolinite, and
H4SiW12O40@f-kaolinite.
2.4. Characterizations

Physicochemical characterization of the synthesized samples
was performed using various techniques. Functional group
identication was achieved through Fourier Transform Infrared
(FT-IR) spectroscopy on a Thermo Nicolet 6700 instrument. The
analysis covered a wavenumber range of 4000–400 cm−1. UV-
visible spectroscopy was employed using a Shimadzu UV-2550
spectrophotometer to record spectra within the 200–800 nm
range. Crystallographic phases of the samples were determined
by powder X-ray diffraction (PXRD) utilizing a PANalytical
x'Pert3 diffractometer with Cu Ka radiation. The analysis
covered a 2q range of 10–50°. Scanning Electron Microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX), per-
formed on a Tescan Orsay Holding VEGA-3 LMU instrument,
were used to investigate the morphology and elemental
composition of the catalysts, respectively. High-performance
liquid chromatography (HPLC) was conducted using HPLC-
LC-2050 instrument, column temperature: 40 °C, a ow rate
of 1 mL per minute, and mobile phase: acetonitrile and water in
a 1 : 1 ratio. Each sample was analyzed for 20 minutes using
a C18 column, and the UV wavelength employed was 254 nm.
Fig. 2 Raman spectra of H4SiW12O40, kaolinite, f-kaolinite, and
H4SiW12O40@f-kaolinite.
3 Results and discussion
3.1. FTIR studies

The FT-IR spectrum (Fig. 1) of H4SiW12O40 (heteropoly acid)
exhibit three prominent absorption bands at 1014 cm−1,
977 cm−1, and 909 cm−1, which can be attributed to W]Od, Si–
Oa, and W–Ob–W vibrations, respectively. In the spectrum of
APTES, the absorption bands at 2971 cm−1 and 2879 cm−1 can
be assigned to the asymmetric and symmetric stretching
vibrations of CH2 groups, respectively, indicating the presence
of propyl chains within APTES. Additionally, peaks at 1607 cm−1

and 1387 cm−1 are linked to NH2 scissoring vibrations, indi-
cating the presence of NH2 terminal groups in APTES. The FTIR
spectrum of kaolinite revealed specic absorption bands at
3687 cm−1 and 3613 cm−1, attributed to the hydroxyl groups. An
absorption band at 1111 cm−1 was attributed to Si–O–Si defor-
mation, while in-plane stretching of Si–O and O–H deformation
vibrations of internal hydroxyl groups appeared at 983 cm−1

and 909 cm−1, respectively. The identical positions of these
peaks in both kaolinite and f-kaolinite indicate that the
fundamental structure of kaolinite remained unchanged aer
APTES functionalization.
© 2024 The Author(s). Published by the Royal Society of Chemistry
However, in the kaolinite spectrum, new absorption bands
emerged at 1552 cm−1, 1399 cm−1, and 2916 cm−1, corre-
sponding to the N–H and C–H vibrations in APTES. This nding
conrms the successful functionalization of kaolinite with
APTES. With further H4SiW12O40 loading, the stretching vibra-
tion of the W]O bond in the H4SiW12O40@f-kaolinite was
obscured by the peak of the bending vibration of the hydroxyl
group of Al–OH in kaolinite.
3.2. Raman analysis

The Raman spectra of H4SiW12O40, kaolinite, f-kaolinite, and
H4SiW12O40@f-kaolinite were observed at an excitation wave-
length of 457 nm (Fig. 2). The Raman spectra of H4SiW12O40
RSC Adv., 2024, 14, 31979–31989 | 31981
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revealed the key bands associated with the Keggin anion.
Prominent absorption features were detected in the range of
921 to 1000 cm−1, corresponding to the symmetric vibrations of
the W]Od bonds. Additionally, a band at 973 cm−1 was iden-
tied with asymmetric stretching of the W]O bonds. Absorp-
tion bands in the range of 880 to 916 cm−1, typically linked to
the asymmetric stretching of the O–W–O bond, were observed
to be too weak for clear detection. As H4SiW12O40 contains
silicon as the heteroatom, the band at 552 cm−1 refers to the
stretching of the O–Si–O bond.39 The kaolinite and f-kaolinite
do not show any strong band in the 200–1100 cm−1 range at
this wavelength. The synergistic interaction between
H4SiW12O40 and APTES-functionalized kaolinite leads to
a broad peak at 995 cm−1. The presence of these characteristic
bands conrms the successful preparation and immobilization
of H4SiW12O40 on the functionalized kaolinite surface.
3.3. UV-Vis studies

UV-visible spectroscopy was employed to analyze the optical
characteristics of the synthesized materials. The distinctive
absorption bands in the 250–290 nm range were observed for
kaolinite, f-kaolinite, and H4SiW12O40@f-kaolinite, as shown in
Fig. 3. The literature indicates that the absorption bands within
the 200–480 nm arise from various electronic transitions. These
include charge transfer, n / p* transition, pp (Ot) / dp* (W)
transitions in W–O bonds, and n (Ob, c) / dp* (W) transitions
within the W–O–W bonds.40

The functionalization of kaolinite with APTES introduces
organic moieties to the surface, which increases the absorbance
of UV light. This results in a hyperchromic shi, leading to
a more intense UV spectrum compared to pure kaolinite.
Conversely, the immobilization of H4SiW12O40 on f-kaolinite
causes a hypsochromic shi. This shi to shorter wavelengths
is due to the interaction between H4SiW12O40 and f-kaolinite,
which alters the electronic environment of the chromophores
and changes the wavelength of maximum absorbance.
Fig. 3 UV spectra of H4SiW12O40, kaolinite, f-kaolinite, and
H4SiW12O40@f-kaolinite (z3.13 × 10−3 mM solution).

31982 | RSC Adv., 2024, 14, 31979–31989
3.4. XRD studies

The XRD analysis was used to examine the structure of
H4SiW12O40, kaolinite, f-kaolinite, and H4SiW12O40@f-
kaolinite. The corresponding diffractograms are presented in
Fig. 4. The XRD pattern of H4SiW12O40 exhibits distinct peaks at
2q values of 6.9, 8.2, and 29.46, indicating a highly crystalline
structure and conrming the presence of the Keggin-type
structure.41 The XRD patterns of kaolinite and f-kaolinite
show peaks at 2q values of 12.32 and 24.79. The crystalline
structure of kaolinite remains intact even aer functionaliza-
tion, suggesting no signicant changes occurred during the
process, except for a decrease in crystallinity. The XRD pattern
of H4SiW12O40@f-kaolinite demonstrates distinct peaks at 2q
values of 5.85, 9.43, and 12.66. Additionally, a broad region
ranging from 17.6 to 33.16 indicates a loss of crystallinity in the
structure upon the interaction of H4SiW12O40 with f-kaolinite.
This XRD data conrm the successful immobilization of
H4SiW12O40 on f-kaolinite and indicate that while the funda-
mental kaolinite structure remains intact, there is a reduction
in crystallinity due to the interaction with H4SiW12O40.
3.5. SEM and EDX studies

The morphology and elemental analysis of kaolinite and
H4SiW12O40@f-kaolinite were analyzed by SEM and EDX anal-
ysis as indicated in Fig. 5. The micrographs of untreated
kaolinite powder exhibit the presence of pseudohexagonally
arranged platelets in a stacked conguration, aggregated in
disorderly form conrming the layered structure of clay.
Concurrently, EDX analysis identies the elemental composi-
tion, conrming the existence of aluminum, silicon, and oxygen
constituents. The agglomeration of the particles was well
observed in H4SiW12O40@f-kaolinite, indicating the loss of
crystallinity due to the synergistic interactions between the f-
kaolinite and H4SiW12O40, consistent with ndings from XRD
analysis. The distinctive peak of tungsten (21.62 weight%),
Fig. 4 XRD pattern of H4SiW12O40, kaolinite, f-kaolinite, and
H4SiW12O40@f-kaolinite.

© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 SEM and EDX analysis of kaolinite and H4SiW12O40@f-kaolinite.

Table 1 Ranges and levels of variables that influenced the desulfur-
ization process

Variables

Range and levels

−1 0 +1

Catalyst dosage (mg) (A) 50 70 90
Oxidant concentration (mL) (B) 3 5.5 8
Temperature (°C) (C) 40 55 70

Paper RSC Advances
oxygen, aluminum, and silicon conrmed the immobilization
of H4SiW12O40 on the surface of f-kaolinite resulting in the
successful preparation of H4SiW12O40@f-kaolinite.
Table 2 ANOVA results for the ODS process
3.6. Oxidative desulfurization of fuel oil

The ODS process was carried out using model fuel, H2O2 as the
oxidant, acetonitrile as the extraction solvent, and
H4SiW12O40@f-kaolinite as the catalyst. Model fuel with
a 1000 ppm concentration was prepared by dissolving diben-
zothiophene (DBT) in n-hexane. In the ODS process, 25 mL of
model fuel with 1000 ppm DBT, 0.1 grams of H4SiW12O40@f-
kaolinite, and 3 mL of hydrogen peroxide (30% by weight)
were taken in a round-bottom ask and heated at 50 °C for 1
hour. Aer the reaction was completed, the upper supernatant
was directly analyzed using HPLC. The conversion rate was
calculated using the following formula (eqn (1)).

Conversionð%Þ ¼ Ci � C0

Ci

� 100: (1)

Ci represents the initial concentration of DBT and C0 represents
the concentration of dibenzothiophene aer oxidation. The
control ODS process with non-functionalized kaolinite, showed
no detectable conversion, as kaolinite itself does not actively
participate in desulfurization.
Run order

Factor 1 Factor 2 Factor 3 Response

A: catalyst
dosage (mg)

B: oxidant
conc. (mL)

C:
temperature (°C) R1 (%)

1 70 5.5 55 30.64
2 50 8 55 43.1
3 70 8 70 92.17
4 70 3 70 50.8
5 70 5.5 55 32.1
6 70 5.5 55 32.23
7 70 8 40 37.1
8 90 5.5 40 25.3
9 50 5.5 70 58.3
10 90 5.5 70 34.8
11 90 8 55 13.3
12 90 3 55 26.6
13 70 3 40 82.4
14 50 5.5 40 38.23
15 50 3 55 29.73
3.7. Optimization of ODS process parameters via BBD

Response Surface Methodology (RSM) was utilized to optimize
and investigate the relationship between multiple independent
variables and key parameter values, employing the Box–
Behnken Design (BBD), aiming to effectively minimize both
costs and duration. The experimental data was analyzed for
effectiveness and accuracy using Design-Expert soware
(version 13). This methodology is commonly applied to study
various phenomena including ODS.42

Three independent parameters, namely catalyst dosage (A),
oxidant concentration (B), and temperature (C), were selected to
optimize DBT conversion at three different levels: low (−1),
medium (central point, 0), and high (+1). These independent
variables and their corresponding levels are provided in Table 1.
A 15-trial study was conducted, with each experiment
© 2024 The Author(s). Published by the Royal Society of Chemistry
performed in duplicate to ensure accuracy for statistical
modelling purposes. The responses from these experiments are
summarized in Table 2.

As shown in the Table 2, the response values vary between
13.3 and 92.17, with a ratio of 6.93 between the maximum and
minimum values, indicating that no value transformation was
required.

3.7.1. Analysis of parametric conversion of DBT in model
fuel. A second-order polynomial can be used to approximate the
mathematical correlation between the three variables and the
response (eqn (2)).

Response (R) = 31.66 − 8.67A − 0.4825B + 6.63C − 6.67AB −
2.64AC + 21.67BC − 14.97A2 + 11.49B2 + 22.47C2. (2)

The above-mentioned equation relies on a quadratic model
recommended by the soware, which performed well than
other models i.e., linear, cubic, and 2-factor interactions (2FI) in
terms of tting the experimental data effectively.

The lack of t test (Table 3) assesses the difference between
residual error and pure replication error and provides the
Fisher's test value (F-value) for all the models. For a model to be
considered signicant, its F-value must be lower.42 The results
of the Fisher's test revealed that the calculated F-value exceeded
the tabulated F-value for the corresponding degrees of freedom,
leading to the rejection of the null hypothesis of a “signicant
lack of t” for the linear, 2FI, and quadratic models. This
RSC Adv., 2024, 14, 31979–31989 | 31983



Table 3 Lack of fit test

Source Sum of squares df Mean square F-value p-Value

Linear 5439.29 9 604.37 775.39 0.0013
2FI 3355.61 6 559.27 717.53 0.0014
Quadratic 8.18 3 2.73 3.50 0.2302 Suggested
Cubic 0.0000 0 Aliased
Pure error 1.56 2 0.7794

Table 4 Model summary statistics

Source Std. dev. R2 Adjusted R2 Predicted R2

Linear 22.24 0.1493 −0.0827 −0.7738
2FI 20.49 0.4751 0.0814 −1.5933
Quadratic 1.40 0.9985 0.9957 0.9790 Suggested
Cubic 0.8829 0.9998 0.9983 Aliased
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indicates that the lack of t is not signicant. Among these
models, the quadratic model, which is of higher polynomial
order, was chosen. When considering model summary statistics
for model selection, except for the aliased model, the quadratic
model emerges as the best choice due to its low standard
deviation and high R-squared statistics (as shown in Table 4).

3.7.2. Statistical signicance assessment of the quadratic
model using ANOVA. Table 5 presents the results from evalu-
ating the quadratic response surface model, where the vari-
ability and associated degrees of freedom are calculated for the
model's components, facilitating the computation of the mean
square values.43

With an F-value of 364.20, the model demonstrates a high
level of signicance. The likelihood of observing such an F-value
due to random variation is merely 0.01%.

p-Values below 0.05 suggest that the model terms are
statistically signicant, with terms A, C, AB, AC, BC, A2, B2, and
C2 identied as signicant.42 In contrast, values above 0.1
indicate that the corresponding terms do not show signicant
effects. The lack of t F-value of 3.50 (Table 3) suggests that the
lack of t is not signicant relative to pure error, with a 23.02%
Table 5 Results of ANOVA for the quadratic model

Source Sum of squares dfa Mea

Model 6385.97 9 709.5
A-catalyst dosage 601.35 1 601.3
B-oxidant conc. 1.86 1 1.86
C-temperature 351.66 1 351.6
AB 177.82 1 177.8
AC 27.93 1 27.93
BC 1877.92 1 1877
A2 827.13 1 827.1
B2 487.71 1 487.7
C2 1863.90 1 1863
Residual 9.74 5 1.95
Lack of t 8.18 3 2.73
Pure error 1.56 2 0.779
Cor totalb 6395.71 14

a df = degree of freedom. b Cor total = amount of variation around the m
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likelihood of observing such an F-value due to chance. The
predicted R2 value of 0.9790 is very close to the adjusted R2 of
0.9957, with a difference of under 0.2 (Table 4). Adequate
precision, which measures the signal-to-noise ratio, should
ideally exceed 4; the ratio for the current model is 71.135,
indicating a robust signal-to-noise ratio.

Fig. 6(a) illustrates a graphical comparison between experi-
mental and predicted DBT conversion percentages, showing
close alignment between the experimental data points and the
regression line of predicted values, indicating minimal diver-
gence. In Fig. 6(b), the dispersion of random residuals along the
line correlating run number with internally studentized resid-
uals suggests the model's accuracy. Fig. 6(c), depicting the plot
of internally studentized residuals against normal percent
probability, demonstrates an even distribution of model terms,
conrming the adequacy of the regression model.

3.7.3. Response surface analysis. Two-dimensional contour
plots were created using response surface methodology (RSM)44

to analyze the interaction of two variables, with the third vari-
able held constant. This analysis evaluated the interrelationship
among the three factors: catalyst dosage, oxidant ratio, and
temperature, which impact the desulfurization rate. Addition-
ally, three-dimensional response surface plots were created to
illustrate the interaction effects on the desulfurization rate,
considering all three factors simultaneously.45 Fig. 7(a)–(f)
demonstrates the impact of varying catalyst dosage, oxidant
ratio, and temperature on the rate of desulfurization.

Notably, increasing the oxidant ratio resulted in an increase
in desulfurization efficiency, suggesting that 8 mL is the
n square F-value p-Value

5 364.20 <0.0001 Signicant
5 308.66 <0.0001

0.9559 0.3731
6 180.50 <0.0001
2 91.27 0.0002

14.34 0.0128
.92 963.89 <0.0001
3 424.54 <0.0001
1 250.33 <0.0001
.90 956.70 <0.0001

3.50 0.2302 Not signicant
4

ean of the observations.

© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 (a) Predicted vs. actual responses of DBT conversion, (b)
internally studentized against the run number, and (c) normal %
probability vs. internally studentized residuals.

Fig. 7 Contour plots and 3D graphs illustrating: (a and b) the effect of
temperature and oxidant concentration, (c and d) the effect of oxidant
concentration and catalyst dosage, and (e and f) the effect of
temperature and catalyst dosage.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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optimal concentration of oxidant for achieving signicant
enhancement of sulfur removal. The oxidant ratio and
temperature exhibit a linear relationship (Fig. 7(a)). The
desulfurization rate initially declined between 40 and 60 °C;
however, from 60 to 70 °C, the desulfurization rate signi-
cantly increased, indicating that 70–75 °C is the optimal
temperature for the ODS process. Similarly, the contour plot
indicates that the maximum desulfurization rate was achieved
with an oxidant ratio of 8 mL and at a temperature of 70 °C
(Fig. 7(b)).

Furthermore, the impact of catalyst dosage and oxidant
concentration on the desulfurization of model fuel oil has also
been examined. This was visualized and evaluated using three-
dimensional response surface and contour plots (Fig. 7(c) and
(d)). These gures demonstrate that increasing the oxidant ratio
led to a steady and signicant rise in sulfur removal from the
model fuel oil, consistent with the observations in Fig. 7(a) and
(b). The desulfurization rate signicantly increased as the
catalyst dosage was raised from 50 to 70 mg (Fig. 7(c)). However,
further increasing the catalyst dosage from 70 to 90 mg resulted
RSC Adv., 2024, 14, 31979–31989 | 31985



Fig. 8 Comparison of DBT conversion in model fuel and real fuel.

Fig. 9 Proposed mechanism for the conversion of DBT in the oxida-
tive desulfurization process using H4SiW12O40@f-kaolinite.

RSC Advances Paper
in a decrease in the desulfurization rate. Similarly, the contour
plot indicates that the highest desulfurization rate was achieved
with a catalyst dosage between 70 and 75 mg and an oxidant
Table 6 Comparison of the current system with the other reported syst

No. Catalyst Sulfur content

1 Superhydrophobic magnetic carbon
composite catalyst MoOx/MC-600

200 mg kg−1

2 Europium Lindqvist encapsulated into
the nanoporous ZIF-8 support
(EuW10@ZIF-8)

1500 ppm

3 Hollow PW12/TiO2@MgCO3 350 ppm

4 Polyoxometalate based hybrids,
[H2TPP] [K5BVW11O40]$2CH3CN$2H2O

200 ppm

5 Vanadium-substituted Dawson-type
polyoxometalate
[cetrimonium]11P2W13V5O62

500 ppm

6 POM supported on functionalized
metakaolinite CoMo6/MKA-F catalyst

1 mmol of
diphenyl
sulde

7 H4SiW12O40@f-kaolinite 1000 ppm

31986 | RSC Adv., 2024, 14, 31979–31989
ratio of 8 mL (Fig. 7(d)). These results demonstrate that the
optimal catalyst dosage is between 70 and 75 mg. Beyond this
range, any further increase in the catalyst amount negatively
impacts the desulfurization process, likely due to catalyst
agglomeration. Additionally, the results indicate a direct
proportional relationship between the catalyst amount and the
oxidant ratio.

Similarly, a direct relationship was observed between the
catalyst dosage and temperature, as illustrated in Fig. 7(e) and
(f). The highest desulfurization efficiency was achieved within
a temperature range of 60–70 °C and with a catalyst dosage of
70–75 mg, further validating the optimal conditions for both
temperature and catalyst dosage.
3.8. Investigating DBT conversion in the real fuel sample

A real fuel sample was collected from a regional petrol pump
and subjected to the ODS process under conditions similar to
those applied to the model fuel oil. The DBT concentration in
the real fuel decreased from 354 ppm to 224 ppm, which is
lower than the reduction observed in the model oil. This
decline in oxidative desulfurization efficiency is attributed to
the complex composition, presence of contaminants and
impurities, and the inclusion of additives in the real fuel. The
DBT conversion in both model and real fuels is illustrated in
Fig. 8.
3.9. Proposed mechanism

A reaction mechanism for oxidative desulfurization using
H4SiW12O40@f-kaolinite is shown in Fig. 9. The mechanism
involves the nucleophilic attack of hydrogen peroxide on the
tungsten–terminal oxygen (W]O), leading to the formation of
anionic polyperoxometalate. Subsequently, the nucleophilic
attack of the sulfur content in dibenzothiophene on the peroxo
group results in the formation of sulfoxide, with the anionic
species being regenerated into the original polyoxometalate
unit ([PW12O40]

3−) by reduction.
ems

Reaction conditions Efficiency References

O2 (oxidant), 120 °C, 6 h 99.9% 46

3 h, 70 °C 96% 47

80 g dose, 25 °C, 100 min, 5.5 oxidant/
sulfur ratio

95.3% 48

60 °C, 2 h ∼99.5% 49

7.5 g L−1 catalyst, O/S mole ratio 8,
70 °C, 45 min

94 50

80 °C, 50 mg catalyst, 5.0 mL of
acetonitrile, 1.0 mL of H2O2

90% 34

70 °C, 70 mg catalyst dosage, 8 mL of
oxidant

92.17% This study

© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 11 FT-IR spectra of fresh and recycled catalyst.
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3.10. Comparison of sulfur removal efficiency in various
catalytic systems

Functionalization with APTES incorporates amine groups that
greatly enhance the dispersion of POMs, thereby increasing the
availability of active sites. The strong interaction between POMs
and the functionalized kaolinite ensures that the catalyst remains
reusable with minimal loss of activity over multiple cycles. Addi-
tionally, APTES and kaolinite are both cost-effective and readily
available. Their combination with POMs results in a more
economical catalyst compared to noble metal-based or other high-
cost alternatives used for oxidative desulfurization (ODS). Table 6
indicates that achieving a sulfur removal efficiency exceeding 90%
in the previously reported studies necessitated elevated tempera-
tures and prolonged reaction durations. Our system exhibits
superior performance. Remarkable conversion efficiency of 92.17%
within 18 minutes, at 70 °C, an oxidant concentration of 8 ml
against pm concentration, underscores the enhanced efficacy and
efficiency of our system in comparison to existing methodologies.

3.11. Recyclability of H4SiW12O40@f-kaolinite catalyst

The recyclability of catalysts offers various benets, including cost-
effectiveness, minimizing environmental impact through waste
reduction, conserving valuable resources, contributing to process
stability, and improving overall process economics by extending
catalyst lifespan and enhancing efficiency in industrial operations.
To evaluate the recyclability of H4SiW12O40@f-kaolinite, the upper
layer from the biphasic reaction system, following oxidative
desulfurization, was separated using a separating funnel. The
lower layer was then employed for the next ODS cycle under similar
reaction conditions by introducing the model oil and fresh
hydrogen peroxide. As shown in Fig. 10, the catalyst could be
recycled over ve cycles without any signicant loss in efficiency.

3.12. Stability assessment of recycled H4SiW12O40@f-
kaolinite catalyst

To assess the stability of H4SiW12O40@f-kaolinite, the recycled
catalyst was analyzed using FT-IR, as depicted in Fig. 11. The
Fig. 10 Recyclability of H4SiW12O40@f-kaolinite over five cycles under
optimum conditions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
results indicate that the catalyst preserved its initial elemental
structure, as there is no notable difference in the spectra
between the fresh and recycled catalyst.
4 Conclusions

The catalytic performance of the facile, robust, efficient, and
environmentally sustainable catalyst H4SiW12O40@f-kaolinite for
the oxidative desulfurization (ODS) of dibenzothiophene (DBT)
has been investigated in both model and real fuel samples. The
catalyst was synthesized by functionalizing kaolinite and then
immobilizing polyoxometalates on the surface of f-kaolinite. To
optimize sulfur conversion, a three-level Box–Behnken design of
experiments was employed to study the inuence of three inde-
pendent variables: catalyst dosage, oxidant concentration, and
reaction temperature. The maximum DBT reduction, recorded at
the optimal conditions of 70 mg catalyst dosage, 8 mL oxidant
concentration, and 70 °C, was 78.3 ppm with a conversion rate of
92.2%. The results from ANOVA analysis indicate a signicant
quadratic model with an R2 value of 0.99 and an insignicant lack
of t with an F-value of 3.50. In the real fuel sample, the DBT
content was reduced from 354 ppm to 224.8 ppm, which is lower
than that in the model fuel. This decrease in conversion rate is
attributed to the complex composition, presence of contaminants
and impurities, and additives in the real fuel. While the catalyst
has shown potential for recycling up to ve cycles while main-
taining its elemental composition, suggesting that H4SiW12O40@f-
kaolinite could be a candidate for industrial applications, it is
important to note that the current study's scale is limited. There-
fore, a more cautious approach is warranted. Further research,
including larger-scale experiments and scaling-up studies, is
essential to fully evaluate the catalyst's industrial viability.
Data availability

All data supporting the ndings of this study are included
within the manuscript.
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