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A B S T R A C T   

In this study, a tri-component composite consisting of Fe3O4 nanoparticles, Keggin-type polyoxometalate, and 
graphene oxide components was prepared using an ultrasonic-assisted method. The resulting Fe3O4/SiW12/GO 
composite was successfully characterized using multiple methods. The performance of the Fe3O4/SiW12/GO 
composite as a heterogeneous catalyst for the oxidation of sulfides to sulfoxides was investigated under mild 
conditions, with H2O2 serving as the oxidant. The catalyst exhibited excellent stability and high yields, 
completing the conversions within one hour. Furthermore, the Fe3O4/SiW12/GO catalyst demonstrated 
remarkable recyclability, as it could be recovered and reused up to four times without any significant loss in 
activity. This finding was supported by the results obtained from the ICP-OES analysis, which confirmed the 
negligible leaching of the active site. One of the key advantages of the Fe3O4/SiW12/GO catalyst is its hetero
geneous nature, which allows for its rapid recovery from the reaction mixture. Additionally, it offers smooth and 
clean reaction conditions at room temperature, making it an innovative and cost-effective choice for accelerating 
reaction times. In summary, the Fe3O4/SiW12/GO composite represents a highly efficient and versatile hetero
geneous catalyst with a unique structure. Its exceptional stability, high yields, and recyclability make it a su
perior choice for various organic–inorganic hybrid catalytic reactions conducted under mild conditions.   

1. Introduction 

Polyoxometalates (POMs) are a remarkable class of inorganic ma
terials with redox activity. They consist of metal-oxide ions connected 
by bridge oxygen atoms, forming clusters ranging in size from nano
meters to micrometers. POMs have versatile structures and find appli
cations in various fields such as catalysis [1], sorption [2], sensing [3], 
magnetism [4], medicine [5], and batteries [6]. The catalytic activity of 
POMs, coupled with their stable redox states, enables them to act as 
electron reservoirs, resulting in the formation of mixed valence state 
species. However, the solubility of POMs in different solvents limits their 
recyclability and reusability in homogeneous catalysis. To address this 
issue and align with the principles of green chemistry, researchers have 
developed POM-based composites where POMs are immobilized on 

suitable supports like carbon nanomaterials (CNMs) [7]. 
Graphene oxide (GO), characterized by its well-organized sheet 

structures, belongs to the category of microporous carbon nano
materials. Its exceptional properties, including high mechanical strength 
and surface area, make GO an excellent candidate for catalytic appli
cations [8]. Moreover, GO is employed as a support material to over
come the limitations associated with POM-based catalysts, such as 
solubility and low surface area. Notably, the incorporation of magnetic 
Fe3O4 nanoparticles onto GO enhances the composite’s utility in various 
fields, including environmental applications and catalysis, owing to its 
desirable magnetic property, which facilitates easy removal from the 
reaction mixture [9]. 

Sulfoxide moieties play a crucial role as powerful synthetic in
termediates and motifs in the production of biological and chemical 
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products. Traditional sulfide oxidation methods require stoichiometric 
amounts of organic or inorganic oxidizing agents, posing safety risks and 
generating substantial amounts of toxic waste. In recent years, there has 
been a growing interest in developing selective catalytic oxidation 
methods using green oxidants [10]. Dilute hydrogen peroxide has 
emerged as a promising option due to its non-toxic nature, affordability, 
and effectiveness as an oxidizing reagent [11]. Additionally, the 
oxidation reaction using hydrogen peroxide offers greater control 
compared to molecular oxygen and air. 

In recent years, there has been a growing interest in the development 
of catalysts containing transition metals incorporated into a framework 
or grafted onto solid surfaces for various oxidation reactions using H2O2 
as an oxidant [12–21]. Iron-based complexes have particularly gained 
attention due to their low cost and low toxicity, making them suitable 
for homogeneous catalysis. However, one major drawback of these 
catalysts is the difficulty in separating them from the reaction mixture. A 
recent study by Liang-Nian and coworkers [22] demonstrated the 
effective use of Fe(acac)2 for the selective oxidation of sulfides to sulf
oxides using oxygen in polyethylene glycol as a solvent. Although this 
approach showed promising results, there is still a need for metal- 
containing catalysts, such as magnetic catalysts [21,23], that can 
simplify the recovery process and enhance reaction efficiency. In 2022, 
Moini and coworkers reported a novel method for the oxidation of sul
fides using magnetic nanoparticles, highlighting their potential in waste 
reduction, catalyst recovery, and avoidance of allylic oxidation products 
formation [24]. Furthermore, GO have also been recognized for their 
unique surface properties and ability to oxidize sulfides with excellent 
conversion rates, as reported by Abdi and coworkers [25]. Based on 
these recent findings [26,27], there is a pressing need to develop a new, 
clean, and environmentally friendly method that can overcome the 
limitations of previous approaches. Overall, the development of POM- 
based catalysts, supported by GO and magnetic nanoparticles, could 
represent a significant advancement in the field of oxidation reactions. 

In line with our ongoing efforts to introduce heterogeneous catalysts 
[28–41], particularly focusing on POM-based catalysts [1,42,43] and 
leveraging the synergistic effects and advantages offered by POMs, 
Fe3O4 nanoparticles and GO, we present here the design of a tri- 
component composite (Fe3O4/SiW12/GO) comprising Keggin-type 
POM clusters with an oxygen-enriched surface and magnetic GO with 
a high surface area (Fig. 1). The Fe3O4/SiW12/GO composite demon
strates promising catalytic performance as a magnetic catalyst for the 
oxidation of sulfides to sulfoxides using peroxide. As anticipated, Fe3O4/ 
SiW12/GO functions simultaneously as a Lewis acid/base, thereby 
enhancing the catalytic activity through the incorporation of Fe3O4 onto 
the GO support (Fig. 1). Furthermore, we investigate the recyclability of 
Fe3O4/SiW12/GO to assess the nature and stability of the catalyst. These 
innovative approaches effectively address the challenges associated 
with recyclability, reusability, and waste generation, aligning with the 
principles of green chemistry and promoting sustainable practices 

within the chemical industries. 

2. Methods 

2.1. Chemicals and materials 

All chemicals were purchased from Merck (Darmstadt, Germany, 
https://www.merckmillipore.com) and Sigma-Aldrich (St. Louis, MO, 
USA, https://www.sigmaaldrich.com) and used without crystallization 
or purification. To conduct oxidation, sulfides, H2O2, methanol, ethanol, 
acetonitrile, and deionized water were used. 

2.2. Instrumentation 

Also, the infrared spectra of the catalysts were recorded in the range 
of 4000–400 cm− 1 on a Thermo Nicolet/AVATAR 370 Fourier transform 
spectrophotometer using the KBr discs. Powder XRD patterns were ob
tained using a PANalytical B.V. diffractometer with Cu Kα radiation (λ =
1.54184 Å) at room temperature with the scan range 2θ = 5 to 50◦ and 
step size of 0.05 ◦C and step time of 1 s. The catalyst morphology was 
studied by scanning electron microscopy (SEM) using a Leo 1450 VP, 
Germany instrument. The energy-dispersive X-ray (EDX) is performed 
using LEO-1450 VP at an acceleration voltage of 10.00 kV and resolution 
of about 500 nm (Zeiss, Germany). Magnetic measurements were carried 
out by means of the vibrating sample magnetometer (VSM) at room 
temperature (300 K). Adsorption studies were performed using a 
isotherm surface area analyzer from Micromeritics Instrument Corpo
ration with N2 at 77 K. Metal content was measured by the Spectro Arcos 
ICP-OES spectrometer model 76,004,555 using in the range of 130–770 
nm and ICP-AES analyzer (Varian, Vista-pro) was used for metal 
leaching of the sample in the course of recycling. 

2.3. Preparation of catalyst 

Graphene oxide (GO) was synthesized using a literature method and 
identified by FT-IR, Powder XRD, and SEM [44]. Then, a tri-component 
catalyst was synthesized with GO, reduced H4SiW12O40 (SiW12), and 
Fe3O4 nanoparticles. 

2.3.1. Synthesis of Fe3O4/SiW12/GO composite 
An aqueous solution of SiW12 (0.5 mmol, 10 mL) was adjusted to the 

pH = 1.18, and 1 mL of isopropanol was added to it; then the mixture 
solution was reduced photochemically with a UV light source (500 W Hg 
lamp) until the color of the solution become blue–black (approximate 
time = 30 min). The solution of reduced SiW12 was then mixed with GO 
(10 mL and 8 mg mL− 1) and Fe3O4 (0.5 mM) at room temperature in an 
ultrasonic bath. After 120 min of reaction, the tricomponent composites 
were assembled. The samples were then centrifuged and washed three 
times with pure water. 

Fig. 1. Chemical structure of Fe3O4/SiW12/GO tricomponent catalyst with the representation of SiW12 (red polyhedral representation), Fe3O4 (grey mill repre
sentation), and GO. ((Colour online.)) 
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Yield: 0.26 g (13 % based on W). FT-IR (KBr pellet, cm− 1): 3272, 
3184, 1627, 1510, 1231, 1081, 971, 924, 794, 746, 591, 544. 

2.4. Typical method for the catalytic oxidation of sulfides to sulfoxides 

In a glass tube, a mixture of sulfide (1 mmol) and H2O2 30 % (2.0 
equiv., 0.83 g) was prepared, and Fe3O4/SiW12/GO as a catalyst (10 mg) 
was added and stirred at r.t. As soon as the oxidation process was 
finished after the time had passed (checking the process with TLC (n- 
hexane/EtOAc:10/1)), Fe3O4/SiW12/GO was magnetically separated, 
and the reaction mixture with diethyl ether was washed (3 * 8 mL) and 
decanted. Finally, the combined organic layers were dehydrated by 
Na2SO4, and evaporated to give the products 70–98 % yields. 

3. Result and discussion 

3.1. Catalyst characterization 

The tricomponent Fe3O4/SiW12/GO composite was synthesized by 
simple reaction using ultrasound-assisted co-precipitation synthesis 
method (Fig. 1). The introduction of the GO support during synthesis 
into the composite can effectively increase the specific surface area of 
the composite for the dispersion of Fe3O4 nanoparticles and SiW12 
species. It is worth mentioning that electrostatic interaction between 
negatively charged reduced SiW12 prevents Fe3O4 NPs from aggregating 
[45,46]. 

The scanning Electron Microscopy (SEM) and transmission electron 
microscopy (TEM) were employed to ascertain the structure and 
morphology of the GO (smooth surface), SiW12 (cubic or rod-like 
morphology), Fe3O4 (regular cubic shape) [47] and Fe3O4/SiW12/GO 
composite (contains both cubic and rod-like components on the smooth 
surface) (Fig. S1a). 

In situ EDX analysis (Fig. S2) displayed that solid tungsten and car
bon peaks exist, accompanied by Fe peaks, confirming the existence of 
all three components in this composite. These results are consistent with 
the SEM and TEM observations (Fig. S1a and 2b). 

The actual Fe3O4 and SiW12 loading of the composite were deter
mined by inductively coupled plasma-mass spectroscopy (ICP-MS) 
which indicated 16 wt% for Fe and 26 wt% for SiW12 (Si (0.28 wt%) and 
W (16.15 wt%)). 

To analyze the surface area of Fe3O4/SiW12/GO composite, the N2 
sorption isotherm was used at 77 K (Fig. S3). The calculated Brunanur- 
Emmett-Teller (BET) surface area for Fe3O4/SiW12/GO is 92.27 m2/g 
[48]. Also, the total pore volume of Fe3O4/SiW12/GO obtained from N2 
isotherms (P/P0 = 0.95) is 0.13 cm3 g− 1 and its mean pore diameter is 
5.67 nm which confirms the mesoporous nature of composite. 

The powder XRD pattern of Fe3O4, SiW12, GO, and the Fe3O4/SiW12/ 
GO composite are displayed in Fig. S4. As shown, the peak at 2θ = 9.8◦

corresponding to the C (002) of GO (represented sharp diffraction peak 
at an interlayer spacing of 0.790 nm) [37]. The complete oxidation of G 
is proven by the absence of any peak at a 2θ value of 26.5◦. In addition, 
the Fe3O4/SiW12/GO composite showed diffraction peaks for the Fe3O4, 
SiW12, and GO (the observed characteristic peaks at 36◦, 8◦, and 11◦ for 
2θ value), which revealed the formation of tricomponent composite. 

FT-IR spectra to analyze the chemical structures of the Fe3O4/SiW12/ 
GO composite were recorded. Also, the IR spectra of the composite 
present a similar vibration pattern with the Fe3O4, SiW12, and GO, 
confirming the presence of all moieties in it (Fig. 2). Briefly, the char
acteristic bands are attributed to the vibration of SiW12 in the range of 
600–1100 cm− 1

, and as it can be seen in the spectrum of SiW12 strong 
bands for W–Oc, W–Ot, W–Ob and Si–O stretching vibrations are around 
801, 875, 970, and 921 cm− 1, respectively. In addition, the bands at 
1221, 1436, 1520, and 1647 cm− 1 region are assigned to the stretching 
vibration of C––C and C––O bonds in GO. Also, the vibration band of 
carboxylic groups on GO are at 1710 cm− 1 shifted to 1627 cm− 1 in the 
composite. This indicates that strong hydrogen bonds between the 

oxygen atoms of SiW12 and the hydroxyl groups on the carboxylic acids 
are formed. In addition, the characteristic peak was derived from the Fe 
− O − Fe of Fe3O4 at wavelength of 580 cm− 1. Compared with the 
characteristic bands of Fe3O4, SiW12, and GO, Fe3O4/SiW12/GO com
posite contained all three characteristic absorption peaks and confirmed 
that our composite appropriately synthesized. 

A vibrating sample magnetometer (VSM) was carried out to study the 
magnetic properties of the Fe3O4/SiW12/GO composite at room tem
perature. As displayed in Fig. 3, the maximum saturation magnetization 
intensity value of the Fe3O4/SiW12/GO composite was 43 emu/g, 
despite a few declines in comparison with unfunctionalized Fe3O4 (70 
emu/g) due to the introduction of non-magnetic GO and SiW12 com
ponents, which further confirmed the successful formation of Fe3O4/ 
SiW12/GO composite. 

3.2. Catalytic activity 

To explore the extended capabilities of the nanocatalyst, we con
ducted investigations on the catalytic activity of Fe3O4/SiW12/GO in the 
selective oxidation of sulfides. As a starting point, we examined the 
oxidation of methyl phenyl sulfide (MPS) using aqueous hydrogen 
peroxide (30 %) without the addition of other solvents (SF) and at room 
temperature conditions (rt) as a model reaction. In the absence of a 
catalyst, only 45 % of the product was obtained after 12 h of reaction 
time (Table 1, entry 1), as expected. To enhance the efficiency, we 
performed another reaction using MPS (1 mmol) in the presence of 
Fe3O4/SiW12/GO (10 mg) and H2O2 (2 eq.) at rt. This resulted in a 
methyl phenyl sulfoxide yield of 80 %, confirming the effective presence 
of the catalyst (Table 1, entry 2). 

To gain further insights into this catalytic system and elucidate the 
active site responsible for MPS oxidation in Fe3O4/SiW12/GO, we 
investigated several catalysts including raw Fe3O4, SiW12, and GO 
(Table 1, entries 9–13). The obtained results, along with the analysis 
conducted, indicate that the presence of an active intermediate con
taining sulfur and oxygen in H2O2 can promote the reaction. Fig. 4 il
lustrates a possible mechanism for the catalytic oxidation of sulfide over 
the Fe3O4/SiW12/GO composite. Initially, H2O2 can bind to Fe3O4/ 
SiW12/GO composite, forming an active electrophilic peroxide inter
mediate. Subsequently, this peroxide- Fe3O4/SiW12/GO intermediate 
can undergo a nucleophilic attack by the -S atom of the sulfide, leading 
to the reduction of Fe3O4/SiW12/GO back to its original state for sub
sequent runs, with the release of one mole of water. It is worth 
mentioning that GO and SiW12 play crucial roles in the development of 
metal-peroxide species and activation of H2O2 molecules. Similar 
mechanisms have been reported in recent literature for this reaction 
[49,50]. 

The results of the oxidation reaction of MPS in the presence of SiW12, 

Fig. 2. FTIR spectra of the SiW12, GO, Fe3O4, and prepared Fe3O4/SiW12/ 
GO composite. 
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GO, and raw Fe3O4 nanoparticles confirm that they are active surface 
generators but not sufficient catalysts (Table 1, entry 2). SiW12 acted as a 
relatively effective catalyst, but its isolation and recovery from the re
action mixture is challenging. Immobilizing it on graphene oxide and 
magnetic nanoparticles not only facilitated recovery but also signifi
cantly enhanced catalytic activity, possibly due to the synergistic effect 
between GO, SiW12, and Fe3O4 (Table 1, entries 9–13). It is worth 
mentioning that among the compounds used, GO and SiW12 can interact 
effectively with hydrogen peroxide due to the abundance of oxygen on 
their surface, making them successful in creating an intermediate. 
Optimization of reaction conditions was conducted by varying the 
amounts of catalyst and oxidant in MPS oxidation under SF and rt 
conditions (Table 1, entries 1–4). Based on the catalyst loading levels, 
using 15 mg Fe3O4/SiW12/GO yielded the best results, while higher and 
lower amounts were not suitable (Table 1, entry 3). Variation in the 

H2O2 amount indicated that 2.0 equivalents of H2O2 is optimal (Table 1, 
entries 3 and 5–7). 

MPS was also oxidized with H2O2 on Fe3O4/SiW12/GO in different 
solvents (2.5 mL). The results showed that no additional solvent was 
associated with better results (Table 1, entries 3 and 14–16). Addition
ally, using peroxide to complete the oxidation reaction was more crucial 
than under aerobic conditions (Table 1, entry 8). 

The oxidation of different sulfides under the optimal conditions 
revealed that the Fe3O4/SiW12/GO catalyst was effective for both aro
matic and aliphatic sulfides (Table 2). 

In the following, the findings of this investigations on the Fe3O4/ 
SiW12/GO catalyst with other recent reports on sulfide oxidation to 
sulfoxide were compared (Table 3, entries 1–6). The results demonstrate 
that this catalyst achieves better sulfide conversion under more favor
able reaction conditions and shorter reaction times. Notably, the Fe3O4/ 
SiW12/GO composite offers the advantage of easy separation and high 
stability. The unique structure of SiW12, which is well-stabilized on the 
surface of GO, contributes to the excellent performance of this hetero
geneous catalyst. 

Furthermore, the recyclability of Fe3O4/SiW12/GO by conducting 
the model reaction under optimal conditions evaluated. After comple
tion of the reaction, the mixture is washed with Et2O to remove impu
rities. The Fe3O4/SiW12/GO catalyst is then separated using a magnet, 
dried in air, and reutilized in the model reaction. Fig. 5 illustrates that 
the Fe3O4/SiW12/GO catalyst can be successfully reused up to six times 
without significant loss of activity. 

4. Conclusion 

In conclusion, we have developed a sonochemical method for 

Fig. 3. Magnetic curves of (left) Fe3O4 and (right) Fe3O4/SiW12/GO composite.  

Table 1 
Optimization of the reaction parameters and comparison of the catalytic per
formance of Fe3O4/SiW12/GO with control catalysts in the oxidation of MPS.a  

Entry Catalyst (mg) Conditions 
Oxidant (Equiv.)/ Solvent/ 
Temperature 

Time 
(min) 

Yield 
(%) 

1 Fe3O4/SiW12/GO 
(None) 

H2O2 (2)/ SF/ rt 720 45 

2 Fe3O4/SiW12/GO 
(10) 

H2O2 (2)/ SF/ rt 30 80 

3 Fe3O4/SiW12/GO 
(15) 

H2O2 (2)/ SF/ rt 30 98 

4 Fe3O4/SiW12/GO 
(20) 

H2O2 (2)/ SF/ rt 30 95 

5 Fe3O4/SiW12/GO 
(15) 

H2O2 (1)/ SF/ rt 30 65 

6 Fe3O4/SiW12/GO 
(15) 

H2O2 (1.5)/ SF/ rt 30 75 

7 Fe3O4/SiW12/GO 
(15) 

H2O2 (None)/ SF/ rt 30 40 

8 Fe3O4/SiW12/GO 
(15) 

O2 / SF/ rt 30 55 

9 Fe3O4 (15) H2O2 (2)/ SF/ rt 30 30 
10 GO (15) H2O2 (2)/ SF/ rt 30 45 
11 Fe3O4/SiW12 (15) H2O2 (2)/ SF/ rt 30 70 
12 SiW12/GO (15) H2O2 (2)/ SF/ rt 30 80 
13 Fe3O4/GO (15) H2O2 (2)/ SF/ rt 30 45 
14 Fe3O4/SiW12/GO 

(15) 
H2O2 (2)/ EtOH/ rt 30 85 

15 Fe3O4/SiW12/GO 
(15) 

H2O2 (2)/ H2O/ rt 30 70 

16 Fe3O4/SiW12/GO 
(15) 

H2O2 (2)/ CH3Cl/ rt 30 Trace 

a MPS (1 mmol) with one-drop MeOH. 

Fig. 4. A schematic possible mechanism for the oxidation of sulfide catalyzed 
by Fe3O4/SiW12/GO and H2O2. 
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preparing a three-component composite catalyst, Fe3O4/SiW12/GO, for 
efficient sulfide oxidation. This catalyst offers numerous advantages 
compared to previous solid supports, including enhanced activity, sta
bility, and retrievability. The incorporation of GO to stabilize SiW12 and 
Fe3O4 nanoparticles not only improves the catalytic performance but 
also facilitates its recyclability. Overall, Fe3O4/SiW12/GO demonstrates 
excellent potential for the oxidation of various sulfides to sulfoxides, 

providing a green, economical, and time-efficient approach for their 
synthesis. Given the wide application of sulfides in industries such as 
agriculture and pharmaceuticals, this protocol holds significant promise 
for sustainable and environmentally friendly production. 
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Table 2 
Synthesis of sulfoxides by the oxidation of sulfides over Fe3O4/SiW12/GO using H2O2 under SF at rt.a   

Entry R1 R2 Time 
(min) 

Yield 
(%)b 

Conversion 
(%) 

TONc TOFd 

(min− 1) 
Selectivity 
(%) 

1 C6H5 Me 30 98 98  0.74  0.024 100 
2 C6H5 Et 45 85 90  0.64  0.014 100 
3 C6H5 C6H5 75 77 80  0.58  0.007 100 
4 p-MeC6H4 Me 60 85 90  0.64  0.01 100 
5 p-BrC6H4 Me 90 70 75  0.53  0.005 100 
6 p-O2NC6H4 Me 60 83 85  0.63  0.01 100 
7 p-HOC6H4 Me 70 88 88  0.67  0.009 100 
8 Me Me 80 72 75  0.54  0.006 100 
9 Me Et 100 70 70  0.53  0.005 100 
10 Me H 45 87 90  0.66  0.014 100 

aReaction condition: a mixture of sulfide (1 mmol), H2O2 (2 eq.) and Fe3O4/SiW12/GO (15 mg) was stirred without any solvent. 
bIsolated yields. 
cTON = Conversion (%)/Catalyst amount (mol% of W). 
dTOF = TON / Time (min). 

Table 3 
Comparison of catalytic activity of Fe3O4/SiW12/GO with other reported catalysts for the reduction.  

Entry Catalyst 
(Amount) 

Conditions Time 
(min) 

Conversion 
(%) 

Ref. 
Oxidant Solvent Temp. or UV 

1 Mo6W6@EDMG 
(7 mg) 

H2O2 

(1.5 mmol) 
EtOH 400 W lamp 120 88 [51] 

2 MNP@TA-IL/W 
(0.4 mol%) 

H2O2 

(1.5 e.q) 
H2O rt 60 98 [52] 

3 Fe3O4@S-ABENZ@VO 
(5 mg) 

H2O2 

(16 mmol) 
SF rt 80 98 [53] 

4 VO(BINE)@Fe3O4 

(30 mg) 
H2O2 

(2 mmol) 
SF rt 5 96 [18] 

5 PAMAM-G1-PMo 
(50 mg) 

H2O2 

(0.55 mmol) 
MeOH rt 240 88 [54] 

6 Fe3O4/SiW12/GO 
(15 mg) 

H2O2 

(1.5 mmol) 
SF rt 30 98 This work  

Fig. 5. Reusability of Fe3O4/SiW12/GO in the oxidation of MPS by H2O2.  
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