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The study synthesized the novel recoverable alkyl ammonium tungstate (AAT) immobilized on
the NiFe, 04 @Si0; solid phase (NiFe, 04 @Si0O,-AAT) for the selective oxidation of sulfide to
sulfoxide. The catalyst has been characterized by different methods like XRD, FE-SEM, VSM,
EDS, FT-IR, and TGA/DTA. The XRD pattern shows the distinctive peaks related to the cubic
phase of NiFe,;O4. The catalyst also shows good magnetic characteristics (Ms = 2.5 emu/g) and
thermal stability (up to 280 °C. This protocol displays good activity as the catalyst leads to high
yields of sulfoxides (85 —99% yields) and performs the green metrics as the catalyst could be
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1. Introduction

Sulfur-containing compounds exhibit various biological
activities and have been utilized for their anti-inflammatory,
antioxidant, platelet aggregation inhibiting, and cholesterol-
reducing properties. Among these compounds, sulfones
and sulfoxides have become increasingly significant.
They are commonly used as bulk chemicals in different
industries and can serve as intermediates for the synthesis
of bioactive compounds. Notable sulfoxide compounds like
Omeprazole and Pantoprazole are well-known for their
role as proton pump inhibitors in treating stomach acid
issues (Scheme 1) [1-8].

The oxidation of sulfur compounds, particularly sulfides,
has garnered attention from researchers due to the
possibilities it presents. Through oxidation, sulfones and
sulfoxides can be produced under controlled conditions
such as temperature, time, and oxidant quantity. The
conversion of sulfides to sulfoxides is generally more

challenging than sulfones, requiring a highly selective
procedure to prevent further sulfone oxidation [9]. Various
methods and catalysts have been explored for the synthesis
of sulfoxides, including silica vanadic acid [10], boric acid
[11], Bra/H20; [12], Fe304@BNPs@SiO,-SO3H [13],
silica bromide [14], glacial acetic acid [15], cobalt-based
Schiff complex supported on nano-cellulose [16], poly
imidazolium-tagged cobalt (II) Schiff base complex
[17], alkyl ammonium tungstate bonded to Fe304 @Si0O,
nanoparticles [18], and SnO, nanoparticles [19]. However,
some of these reported methods have drawbacks, like the
use of hazardous solvents, time-intensive procedures, and
non-recoverable catalysts.

The oxidation of sulfides to sulfoxides is an important reac-
tion in organic chemistry, with hydrogen peroxide (H,O;)
often chosen as the oxidizing agent due to its environmental
benefits, low cost, and the fact that it produces only water as
a by-product. The H,O, compatibility with green chemistry
principles makes it a preferred choice for sustainable
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Scheme 1. The structure of omeprazole and pantoprazole as sulfide compounds.

synthesis. While both homogeneous and heterogeneous
catalysts have been used to activate H,O», creating efficient,
recoverable heterogeneous catalysts remains a significant
challenge in this field. Phase transfer catalysts (PTCs)
are particularly valuable in oxidation reactions, as they
facilitate the interaction of reactants across different phases,
enhancing the reaction’s efficiency. When PTCs are paired
with transition metals, especially in their anionic forms,
they enable the use of cost-effective oxidants like H>O5.
By immobilizing this combination of PTC and transition
metal on a solid support, a heterogeneous catalyst is
formed, offering the advantages of easier recovery and
reuse compared to homogeneous catalysts. This method
has shown promise in improving the oxidation of sulfides
to sulfoxides, with various transition metals being explored
in conjunction with hydrogen peroxide or alkyl peroxides
as oxygen sources. This approach not only enhances the
efficiency of oxidation but also supports more sustainable
chemical processes by minimizing waste and reducing
environmental impact. Ongoing research is focused on
optimizing these heterogeneous systems to achieve high
selectivity and activity, making them more effective and
practical for industrial applications [20-29].

To enhance the ability to reuse catalysts, one approach is to
modify the catalyst by incorporating magnetic properties.
NiFe;0yq4, a type of transition metal oxide, is known for
its soft ferromagnetic characteristics and has piqued the
interest of scientists due to its wide range of applications.
Despite its numerous benefits, the synthesis of this material
presents challenges such as agglomeration and limited
growth potential [30, 31]. One effective way to tackle these
challenges is by enveloping the magnetic nanoparticles
with biocompatible and non-magnetic substances such
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as silica. This results in the formation of a core-shell
configuration that not only boosts the heat and chemical
endurance of the nanoparticles but also amplifies their
surface area. The addition of this inactive layer enables
additional customization of the material, resulting in
enhanced efficiency and reusability of the catalyst [32-36].
Current research demonstrates that metal tungstate (MWOy,)
and organic-inorganic hybrids containing WO, ions can
effectively catalyze oxidation reactions with H,O; as
an oxidant. Organic-inorganic hybrids are especially
promising due to their high surface area, exceptional
catalytic potential, and robust thermal stability, making
them highly sought after in catalytic applications. These
hybrids have already shown significant efficacy in sulfur
oxidation reactions [20-29].  Notably, the catalytic
capabilities of NiFe, 04 @SiO,-based tungstate interphase
remain unexplored. Our objective is to develop an
innovative NiFe,04@Si0;-based tungstate interphase
(NiFe,04@8Si0,-AAT), serving as an organic-inorganic
hybrid catalyst for the efficient oxidation of sulfides to
sulfoxides using H,O,. We strongly believe that this new
hybrid structure will not only be an ideal catalyst for this
oxidation process but also deliver outstanding performance,
which is poised to make a significant impact in the field
(Scheme 2).

2. Experimental

General

The chemical compounds, including FeCl3.6H,0, Si(OEt)4,
FeCl,.4H,0, and organic material, were purchased from
Merck and Aldrich Companies. The following instruments
were used for the catalyst characterization and organic
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Scheme 2. Oxidation of sulfide to sulfoxides using NiFe,O4 @Si0O,-AAT catalyst.
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materials analysis: The X-ray diffraction pattern (XRD)
was recorded by X-ray diffractometer (Philips, D5000, Cu-
Ko irradiation). The Field emission-scanning electron mi-
croscopy (FE-SEM) was obtained by Hitachi S-4160. TGA-
DTA analysis was carried out using the TA (Q600) instru-
ment. The FT-IR spectra were recorded as KBr disks using
a Thermo (AVATAR) instrument. 'HNMR spectra were
recorded on Bruker Avance DPX 400 MHz spectrometer in
CDClj3 as solvent relative to TMS (0.00 pm).

Preparation of NiFe, Q4

NiCl,.6H,0 (20 mmol) and FeCl3.6H,O (40 mmol) were
dissolved in 100 mL deionized water in a 250 mL beaker
under a magnetic stirring. The dilute solution of NH4OH
(20%) was added to the mixture dropwise until the mixture
got pH = 10. The obtained solid was washed with deionized
water twice and then calcined at 700 °C.

Preparation of NiFe, 04, @SiO,

NiFe;O4 nanoparticles (3 g) were dispersed in 150 mL
ethanol, and then tetraethyl orthosilicate (7 mL) was added
and mixed for 1 h under mechanical stirring. Then, the pH
of the solution was adjusted to 8.5 by using NH4OH (a 20%
solution in water) and stirred at room temperature for 48
h. In the end, the magnetic solid (NiFe,O4@SiO,) was
separated by a magnet, washed thoroughly with water, and
dried at 100 °C in the air atmosphere.

Preparation of NiFe, 0, @Si0,-AAT

To functionalize the solid support, NiFe,04@SiO, (5 g) and
N-(2-aminoethyl)-N'- (3-(trimethoxysilyl)propyl)ethane-
1,2-diamine (2.5 mmol) were dispersed in toluene (100
mL) and refluxed for 24 h (Scheme 2, Intermediate A).
The obtained solid was separated, washed with toluene,
and dried at 70°C. In the next step, the functionalized
NiFe,04@Si0, (5 g) was dispersed in 100 mL CH3Cl and
then drop by drop mixed with triflic acid and stirred for 10
h (Scheme 3, Intermediate B). Afterward, the solvent of the
product was evaporated, and the obtained solid was washed
with deionized water and combined with sodium tungstate
(10 M, 50 mL). In the end, the resulting solid was separated,
washed with ethanol, and dried.

Measuring acidity using the BaWOQ, test

The prepared catalyst (1 g) was dispersed in 100 mL of
deionized water and mixed with barium chloride (1 M). The
sample was placed at room temperature for precipitation of
BaWQ,. After completion of precipitation, the collected
solid was precisely measured and used for estimating the
quantity of tungstate. The value of tungstate for the cata-
lyst was 1.14 mmol/g. According to this, the capacity of
positive hydrogen ions (H") in the sample was measured at
2.28 mmol H' /g.

General procedure:

NiFe; 04 @Si0,-AAT (0.025 g) was added to the mixture
of sulfide (2 mmol) and H,O; (30%, 6 eq) in 10 mL ethanol
and mixed under stirring at room temperature until the com-
pletion of the reaction (monitored by TLC). After the reac-
tion progressed, the catalyst was separated by an external
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magnetic. Then, the solvent under reduced pressure was
removed and the products were purified by silica gel column
chromatography.

Spectral data

Methyl phenyl sulfoxide (a;): white solid; "HNMR (500
MHz, CDCl3): 6 =2.72 (s, 3H, CH3), 7.44 — 7.53 (m, 3H),
7.19 (d, J =7.8 Hz, 2H).

Benzyl phenyl sulfoxide (a3): white solid; m.p.:
127 — 129 °C, 'HNMR (500 MHz, CDCl3): § =4.03 (d, J
=12.8 Hz, 1H), 4.16 (d, J = 12.8 Hz, 1H), 6.98 (t, ] = 8.0
Hz, 2H), 7.19 (t, ] = 8.0 Hz, 1H), 7.27 —7.50 (m, 7H).

Benzyl p-tolyl sulfoxide (a;): white solid; m.p.:
139 — 141 °C; '"HNMR (500 MHz, CDCl3): § = 2.41 (s,
3H), 3.96 (d, J = 12.4 Hz, 1H), 4.07 (t, J = 12.4 Hz, 1H),
6.98 (d, ] =7.8 Hz, 2H), 7.18 — 7.40 (m, 7H).

4-methoxybenzyl p-tolyl sulfoxide (a5): white solid; m.p.:
123 — 125 °C; '"HNMR (500 MHz, CDCl3): & = 2.38 (s,
3H), 3.83 (s, 3H), 3.92 (d, J = 12.6 Hz, 1H), 4.01 (t, J =
12.6 Hz, 1H), 6.78 (d, J = 7.8 Hz, 2H), 6.99 (d, ] = 7.8 Hz,
2H), 7.19 (d, J = 7.6 Hz, 2H), 7.28 (d, J = 7.6 Hz, 2H).

Benzyl 2-methoxyphenyl sulfoxide (ag): Oil; 'HNMR
(500 MHz, CDCl3): 6 = 3.86 (s, 3H), 3.95 (d, J = 12.6 Hz,
1H), 6.92 (d, J =7.8 Hz, 1H), 6.97 (d, ] = 7.8 Hz, 1H), 7.03
(t,J=7.6Hz, 1H), 7.11 (t,J = 7.6 Hz, 1H), 7.17 — 7.31 (m,
3H), 7.43 (d, ] = 7.6 Hz, 2H).

Benzyl 3-methoxyphenyl sulfoxide (a;): Oil; 'HNMR
(500 MHz, CDCl3): 6 = 3.74 (s, 3H), 3.97 (d, ] = 12.6 Hz,
1H), 4.11 (d, J = 12.6 Hz, 1H), 6.88 — 7.33 (m, 7H), 7.45
(d,J=7.6 Hz, 2H).

3. Result and discussion

In Scheme 3, the synthesis of a new immobilized alkyl
ammonium tungstate (AAT) sample (NiFe,O4@SiO;-
AAT) involves several key steps. The process be-
gins with the creation of intermediate A by re-
acting ¢ nanoparticles with N-(2-aminoethyl)-N’-(3-
(trimethoxysilyl)propyl)ethane-1,2-diamine. This reaction
functionalizes the silica-coated magnetic nanoparticles with
amine groups, preparing them for further modifications.
Following this, intermediate B is generated through the pro-
tonation of amine groups using trifluoromethanesulfonic
acid (triflic acid), resulting in the formation of ammonium
groups. The final catalyst is obtained by replacing the triflate
anions with tungstate ions via ion exchange using sodium
tungstate. This step is essential for integrating tungsten into
the material, which imparts the desired catalytic properties.
The synthesized catalyst was characterized using various
analytical techniques to determine its structural, morpholog-
ical, and elemental properties.

X-ray diffraction (XRD) analysis, depicted in Figure 1, was
utilized to assess the crystalline structure of both the un-
modified NiFe,O4 and the modified NiFe,O4@SiO,-AAT
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Scheme 3. Preparation of NiFe;O4 @Si0,-AAT.

samples. The XRD patterns revealed distinct peaks at spe-
cific 20 values, including 12, 18.3, 30.2, 35.7, 37.3, 43 .4,
47.3,53.8,62.7,71.4, 74.6, and 79.0 [20°]. These peaks
indicate the presence of a crystalline phase with high purity
and structural order.

The FT-IR spectra provided a detailed analysis of the func-
tional groups present on the surface of the NiFe,O4 @SiO,-
AAT sample (Figure 2). Peaks detected at 3693 and 3668
cm~! were linked to the N-H stretching vibrations, indi-
cating amine groups on the sample surface. The peaks
at 2989, 2958, and 1367 cm™! were associated with C-H
bonds, pointing to the presence of alkyl groups in the mate-
rial’s structure. Additionally, peaks at 1273 and 1201 cm™!
were attributed to C-N bonds, suggesting the integration of
nitrogen-containing functional groups. Further, the peaks
at 1612, 1043, and 938 cm~! confirmed the presence of
Si-O-Si and Si-OH groups, which are indicative of the silica
framework and surface hydroxyl groups. The strong peaks
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Figure 1. XRD analysis for NiFe,O4@SiO; and

NiFe,04@Si0;,-AAT samples.

observed around 880 and 698 cm ™! were linked to the vibra-
tions of O-W-O and W=O0 bonds, suggesting the presence
of tungsten oxides within the structure. Finally, the peak at
532 cm~! was characteristic of the Fe-O and Ni-O bonds,
confirming the presence of metal-oxygen bonds typical of
the NiFe,Oy4 spinel structure. This analysis highlights the
complex surface chemistry and the multi-functional compo-
sition of the NiFe; 04 @Si0O,-AAT sample.

To investigate the physical characteristics of the catalyst,
scanning electron microscopy (SEM) was employed, as
shown in Figure 3. The SEM images revealed that the
nanoparticles were uniformly distributed, with no signifi-
cant aggregation, and had an average size of less than 100
nm. This uniformity and small size are advantageous for
catalytic activity, as they increase the surface area avail-
able for reactions. Energy-dispersive X-ray spectroscopy
(EDS), shown in Figure 4, was used to analyze the elemen-
tal composition of the catalyst. The EDS results confirmed
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Figure 2. FT-IR analysis of NiFe,04@Si0,-AAT sample.
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Figure 3. SEM images of NiFe,O4 @Si0;,-AAT sample.
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Figure 4. EDS analysis of NiFe,04@SiO,-AAT sample.

the presence of iron (Fe), nickel (Ni), silicon (Si), oxy-
gen (O), carbon (C), nitrogen (N), and tungsten (W) within
the sample. This comprehensive elemental analysis veri-
fied the successful incorporation of all intended elements,
demonstrating the effectiveness of the synthesis process
and confirming the chemical composition of the final prod-
uct. Overall, these characterization techniques provided a
thorough understanding of the catalyst’s structural, morpho-
logical, and compositional attributes, which are crucial for
evaluating its potential efficacy in various catalytic applica-
tions.

The magnetic properties of the catalyst were investi-
gated by VSM analysis. The saturated magnetization for
NiFe;04@SiO; is about 4 emu/g. The saturation mag-
netization (Ms) for the catalyst is about 2.5 emu/g. The
decrease in the value of saturation magnetization is due to
functionalization (Figure 5).

Figure 6 shows the TGA and DTA curves for the catalyst.
The first weight loss (about 5%) occurs until 280 °C for
evaporation of absorbed water. The second weight loss
(35%) happens from 290 to 900 °C and belongs to the pro-
cess of decomposition for organic groups in the catalyst.
The high temperature required for decomposition confirms
the thermal stability of the catalyst.

After confirmation of the accuracy of the prepared catalyst,
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Figure 5. VSM spectra for NiFe;O4@8SiO, and

NiFe204 @Si02-AAT samples.
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Figure 6. TGA /DTA curves of NiFe;O4 @Si0,-AAT sam-
ple.

the efficiency of the catalyst was studied to prepare sulfox-
ides by oxidation of organic sulfides in the presence of
H,0,. To make optimal conditions, different conditions
were investigated for the oxidation of methyl phenyl sulfide
(2 mmol) as a model reactant. First, different solvents were
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Table 1. Optimization of the reaction conditions.

Entry Catalyst (g)  Condition Time (h)  Yield (%)
1 0.025 EtOH, r.t.; HyO; (30%, 6eq) 1 98
2 0.025 EtOH, r.t.; HyO, (30%, 4eq) 1 75

3 0.025 EtOH, r.t.; HyO; (30%, 2eq) 1 19
4 0.025 Hexane, r.t.; HyO; (30%, 6eq) 2 -

5 0.025 CH,Cly, r.t.; Hy O, (30%, 6eq) 2 -

6 0.025 CHCl3, r.t.; HyO; (30%, 6eq) 1.5 25

7 0.025 Toluene, r.t.; HyO; (30%, 6eq) 1.5 -

8 0.025 DMEF, r.t.; HyO; (30%, 6eq) 2 56
9 0.025 H;O0, r.t.; Hy O, (30%, 6eq) 3 55
10 0.025 EtOAc, r.t.; HyO, (30%, 6eq) 1.5 28
11 0.01 EtOH, r.t.; HyO; (30%, 6eq) 2 21
12 0.05 EtOH, r.t.; HyO, (30%, 6eq) 1 96
13 0.075 EtOH, r.t.; HyO; (30%, 6eq) 1 93
14 0.1 EtOH, r.t.; HyO, (30%, 6eq) 1 94
15 0.05 (A) EtOH, r.t.; HyO, (30%, 6eq) 1 37*
16 0.05 (B) EtOH, r.t.; HyO, (30%, 6eq) 1 64**
17 - EtOH, r.t.; HyO, (30%, 6eq) 1 S

*Isolated yield for intermediate A; ** intermediate B; ***without catalyst

tested in the reaction. Results revealed that the oxidation
process rate increased in ethanol as a solvent. Then, differ-
ent amounts of HyO, and catalyst (NiFe,O4 @Si0;,-AAT)
were evaluated for the model test. The obtained outcomes
showed methyl phenyl sulfide (2 mmol) has better conver-
sion to sulfoxide (98%) in the presence of 0.025 g catalyst
and 6 eq H,O; (Table 1). Without catalysts, the reaction is
not able to proceed, and in the presence of intermediates A
and B (Scheme 3), a low yield of product was formed.

The combination of tungstate (WQ4) and hydrogen perox-
ide (H,0O) is an effective catalytic system for the oxidation
of sulfides to sulfoxides. The mechanism generally involves
the formation of cyclic peroxotungstate species, which act
as the active oxidant in the reaction. According to the re-
ported literature [20-29], the W=0 bond is oxidized by

H,0,

o

I (e .
w ® HaN
KNL\\; ‘—(S?S\WN\@%/_NHB O ’ d

w—o0

R/ \R'

H,0, to form a cyclic peroxotungstate complex form, and
the sulfides could be oxidized to sulfoxides by this active
intermediate of the catalyst (Figure 7).

Under the optimized condition, the scope and limitations
of the work were explored for efficient sulfide oxidation. A
range of aromatic and non-aromatic sulfoxides were pre-
pared in high yields. The procedure used is clean, inexpen-
sive, and utilizes aqueous hydrogen peroxide as an oxidant.
Significantly, the use of aromatic and naphthyl sulfides re-
sults in excellent yields in reasonably short reaction times.
However, electron-donation groups substituted on the aro-
matic rings could increase the reaction rate, and halogen
atoms such as Br and Cl decreased the rate of the reaction.
Interestingly, the yields in all cases are high (Table 2).
After ending the reaction, the catalyst was separated from

H,0

m#s&%‘ 0\70
by

PN

Figure 7. Oxidation of sulfides to sulfoxides using tungstate (WQy) ions.
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Table 2. Preparation of sulfoxide in the presence of NiFe, 04 @SiO,-AAT*.

Entry Sulfide Product Time (h) Yield (%)"
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Continue of Table 2.

Entry Sulfide Product Time (h) Yield (%)”
LS
10 | e alo 2 93
QN7 ™+
.-'"f:bh .-JS"*\.\”.-f"f
11 | al 1.5 91
-
3
12 [ 5,> an 1.5 88
13 i Basey an3 1.5 85
Ay A,
14 | ,-f'[\.‘-_;_."-}' a4 2 99
| .HT,SK
15 Eij" e | ajs 2.5 89
-\-LH_H -'S"‘xh
16 | /[ ajg 1 96
e ey
7 1
Ol
17 Er/[\u-;"; ary 2 92
EHJ S S“"'\-\
18 g F arg 1.5 96
3
19 [ j ajg 1.5 91
P
f.- o
g
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Fi\._ -"S““\-.-" e
20 E j azo 1.5
o
i

Shafiee et al.

¢ Reaction conditions: sulfide (2 mmol), 30 % H,0O, (6eq), NiFe;04 @SiO,-AAT (0.025 g), Ethanol (10 ml) at room temperatures

b Isolated yields
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Table 3. TON and TOF calculations.

-

Sulfide Product TON TOF (s 1)
rq«ﬁ]/ S a 17.19 0.0047
J’ T = a 17.19 0.0047
HaGir ot
i
n
[x-:: P e a3 16.67 0.0046
|

"

s

b

Table 4. Comparison results of the oxidation of methyl phenyl sulfide.

Catalyst Condition Time / Yield (%) Ref.
. . EtOH, r.t.; H,O, .
NiFe, 04 @Si0,-AAT 1h /98 This work
(30%, 3mmol)
Silica-based tungstate H>0, (30%, 3-8¢eq),
£ 202 (30%, 3-8eq) 1.5h/82 [19]
interphase CH,Cl,/CH;0H
Urea-hydrogen peroxide .
85°C, 15min / 80 [37]
(2eq)
. CH;3;0H, r.t.; H,O,
Ti(SO4),/GOF 0.5h /98 [38]
(30%, 6.5mmol)
Fe;04@Si0;- CH3CN, r.t.; H,O
TR ’ 2 6h /74 [39]
APTES(Fe(acac),) (30%, 1.5mmol)
) Solvent-free, r.t.; HyO» )
Zr/SiW1,/GO 20min / 95 [40]
(30%, 2¢eq)
EtOH, r.t.; H,O, .
MgWOq4 2h /23 This work
(30%, 3mmol)
EtOH, r.t.; H,O, .
Nay WOy 2h / trace This work
(30%, 3mmol)
EtOH, r.t.; H,O, .
CaWOq 2h/ 18 This work
(30%, 3mmol)
EtOH, r.t.; H,O, .
ZnWOy 2h /22 This work
(30%, 3mmol)
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Figure 8. Recycling results for NiFe,O4 @ SiO,-AAT.

the reaction with an external magnet that was washed com-
pletely with ethanol and applied once more to the reaction.
The obtained outcome of the reaction displays that the cata-
lyst can be used 10 times with no clear reduction in yield
(Figure 8).

This work has the advantages of good turnover number
(TON) and turnover frequency (TOF) values. The TON and
TOF values were calculated using the following equations:

_ TON
" Time

TON =

TOF

Number of product mol

Number of active site of catalyst (mol)

The catalyst value is 0.025 g (0.057 mmol H™), and sulfide
is 2 mmol.

Notably, all of the reactions have high yields of desired prod-
ucts and lead to high values of TON and TOF (Table 3).
The catalytic performance of NiFe,O4@Si0,-AAT, as
shown in Table 4, clearly surpasses other Lewis and
Brgnsted acid catalysts, particularly when considering re-
action time and yield. Under the same reaction condi-
tions, NiFe,04@Si0,-AAT exhibits superior activity com-
pared to catalysts like MgWO,, Na,WO,4, CaWOy,, and
ZnWOy. Additionally, its catalytic effectiveness is on par
with several well-established catalysts from the literature,
such as silica-based tungstate interphase, urea-hydrogen
peroxide, Ti(SO4),/GOF, Fe304@Si0,-APTES(Fe(acac),),
and Zr/SiW1,/GO. These findings highlight the exceptional
potential of NiFe,O4 @Si0,-AAT as a catalyst for various
chemical processes.

4. Conclusion

In conclusion, this research established that
NiFe,04@Si0,-AAT can be efficiently synthesized
through a straightforward process, resulting in a highly
effective and eco-friendly nano-catalyst for converting
sulfides to sulfoxides using 30% H,O, at room temperature.
The catalyst offers several practical benefits, including easy
magnetic separation, which simplifies recovery and reduces
the need for additional purification steps. It consistently
delivers high sulfoxide yields while also shortening
reaction times, making the process more efficient. One
of the most significant advantages of this catalyst is its

Shafiee et al.

durability and reusability. It can be recycled through simple
filtration and reused in up to 10 cycles without noticeable
degradation in performance, highlighting its potential for
sustainable, long-term use. These characteristics make
NiFe,04@8Si0,-AAT a strong candidate for large-scale
industrial applications, particularly where cost efficiency,
ease of operation, and environmental considerations are
critical. This work points to its promise as a versatile
material for advancing green chemistry in practical settings.
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