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Effective Heterogeneous Fenton-Like degradation of
Malachite Green Dye Using the Core-Shell Fe3O4@SiO2
Nano-Catalyst
Nafis Mahmud,[a] Abdelbaki Benamor,*[a] Mustafa S. Nasser,[a] Muneer M. Ba-Abbad,[a]

Muftah H. El-Naas,[a] and Abdul Wahab Mohammad[b, c]

In this study, the application of the core-shell Fe3O4@SiO2 nano-
catalysts for fenton-like degradation of malachite green dye
has been presented. The nano-catalysts were prepared using a
combination of solvothermal and sol-gel techniques and
characterized using XRD, FTIR, SEM/EDX, TEM and VSM
techniques. The effects of various reaction parameters on the
degradation of malachite green dye using the prepared nano-
catalysts were investigated. The optimal condition for pH,
catalyst dosage and H2O2 amount were found to be at 6.7,
15 mg and 50 μL, respectively. Under the optimized conditions,

a degradation efficiency of 96.18 % for malachite green dye
was achieved using the catalyst within 30 minutes at 303 K
with a pseudo first order rate constant of 0.1102 min� 1. The
plausible mechanism for MG degradation was determined to
be the combination of adsorption and simultaneous decom-
position via formation of hydroxyl radicals. The performance of
the nano-catalyst was compared with other fenton-like cata-
lysts reported in the literature. Finally, the magnetic properties
of the Fe3O4@SiO2 catalysts was utilized for its successful
recovery and application in multiple degradation cycles.

1. Introduction

Water pollution from industrial wastewater effluents has
become a growing environmental concern of the world. Of the
various compounds being discharged, organic dyes are an
important class of pollutant that can contaminate both the
surface and ground water.[1] Organic dyes are readily used in
textile, leather, paper production and food technology indus-
tries to color their respective products. Consequently, a huge
portion of the effluents originating from these industries
contains organic dyes. Fazal et al.[2] reported that an estimate
of 2.8 million tons of dyes is being discharged around world
per annum. Malachite green (MG) is one such dye that is being
readily discharged from the industries. It is commonly used for
dying cotton, silk, paper, leather and for producing paint and
ink for printing purposes.[3] It is further used as a coloring agent

for various food products.[4] However, studies have shown that
MG dyes are highly carcinogenic and harmful for aquatic
environment.[5] They are easily miscible in water and alcohol
and once consumed they can disrupt the reproductive and
immune systems.[6,7] Moreover, studies have shown that MG
dyes are environmentally persistent and cannot be easily
removed.[8] Therefore, the removal malachite green dye from
the industrial wastewaters is of paramount importance for the
safety and well-being of both the aquatic and human environ-
ment.

In the past few years, the use of advanced oxidation
processes (AOPs) have emerged as attractive option for
remediation of organic pollutants from wastewater.[9,10] In this
AOPs, highly reactive radicals are produced which then helps in
oxidizing the organic pollutants.[11] Unlike the traditional
activated sludge process, AOP’s can handle a wide variety of
pollutants and are now readily being employed in both
laboratory and industrial scale.[12] Of the several possible routes
for AOP, fenton reaction is the mostly widely deployed method
which involves the decomposition of H2O2 to hydroxyl and
hydroperoxyl radicals in presence of Fe2+ ions.[13] However,
their successful implementation depends several factors like
maintaining an acidic pH of 3 and requiring stochiometric
amount of the Fe2+ ions. Moreover, it can generate large
amounts of iron sludge.[14,15] Therefore, the application of
heterogenous fenton catalysts instead of the traditional fenton
catalyst is becoming increasing popular as they can easily
overcome these drawbacks.[16,17]

Among the several heterogenous fenton-like catalysts
studied in the literature, Fe3O4 could spontaneously catalyze
the hydrogen peroxide under various experimental
conditions.[18,19] However, successful fenton-like oxidation re-
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quires introduction of external energy. For instance, Liu et al.[20]

reported that the catalytic activity of the Fe3O4 NP’s for
activating peroxymonosulfates to degrade acid orange 7 was
significantly enhanced through ultrasound irritation. Carvallho
et el.[21] applied the Fe3O4 NP’s of different grain size in
photodegradation of rhodamine B. They concluded that the
degradation significantly increased with the decrease in the
grain size of the nanoparticles. However, other findings
indicated that the surface modification of the Fe3O4 NP’s can
facilitate the fenton-like degradation phenomena without the
requirement of any external source of energy. Zhang et al.[22]

reported that the carbon encapsulated Fe3O4 NP’s could
successfully degrade methyl blue dyes under acidic pH without
requiring any external energy supply. Studies have shown that
Incorporation of SiO2 or TiO2 coating to Fe3O4 NP’s can even
shift the optimal pH for degradation to near neutral conditions.
For example, Wang et al.[23] applied Fe3O4@SiO2@C for the
degradation of the methyl blue and achieved decent degrada-
tion over a pH rage to 3 to 9. Also, Liu et al.[24] applied
Fe3O4@TiO2@C nanocomposites for degradation of MB dye at
neutral pH. However, it is to be noted the aforementioned
composites were mostly prepared using Fe3O4 NP’s that were
synthesized via co-precipitation. Nanoparticles prepared via
this method tends to be of non-uniform morphology and form
aggregates. This results in loss of active sites and the diffusion
of peroxide to the catalyst surface requires significantly longer
time. Thus, effecting the overall catalytic activity of the nano-
composites.

Despite, the promising characteristics of the surface
modified Fe3O4 NP’s in degradation of methyl blue and
rhodamine B dyes, not many studies have focused on its
application in degradation of malachite green dye. Therefore,
the main objective of this study is to investigate the application
of core-shell Fe3O4@SiO2 nano-catalysts in fenton-like degrada-
tion of malachite green dyes. The Fe3O4@SiO2 nano-catalysts
were synthesized via a combination of solvothermal and sol-gel

process. Use of hydrothermal method allowed in synthesizing
Fe3O4 NP’s of distinct morphology, while, sol-gel technique
ensured the application of clear SiO2 coatings on each Fe3O4

grains which may ensure in low loss of catalytic active sites.
The as-prepared Fe3O4@SiO2 nano-catalysts were characterized
using X-ray Diffraction (XRD), Fourier transform infrared spec-
troscopy (FTIR), Scanning Electron Microscopy with energy
dispersive x-ray spectroscopy (SEM/EDX), Transmission Electron
Microscopy (TEM) and vibrating sample magnetometer (VSM)
techniques. Batch experiments were conducted to determine
the optimum conditions for various operating parameters like
pH, catalyst dosage and H2O2 amount for degradation of MG
dye using the as prepared Fe3O4@SiO2 nano-catalysts. The
possible mechanisms involved in the degradation process are
briefly discussed. Moreover, kinetics study was also conducted
under the optimum condition to determine rate constant for
MG degradation. Finally, the performance of the nano-catalysts
was compared to other recently reported fenton catalysts.
Overall, the findings of this study are expected to provide
significant insights for application Fe3O4@SiO2 nano-catalysts
for degradation of MG dyes and its potentials to be used in the
field of industrial wastewater treatment.

2. Results and discussion

2.1. Catalyst Characterization

The crystalline structure and phase composition of the Fe3O4

and Fe3O4@SiO2 particles was analyzed using XRD apparatus. As
shown in Figure 1, the XRD patterns of the both samples
mainly composed of the characteristic peaks of Iron Oxide
[JCPDS No.19-0629] as indicated the sharper peaks noticed at
2θ values of 30°, 35.3°, 43°, 53.3°, 56.8°, and 62.5° correspond-
ing to the (220), (311), (400), (422), (511), and (440) planes,
respectively.[25] However, in case of Fe3O4@SiO2 particles, a
broad peak was observed between the 2θ values of 22–28

Figure 1. XRD patterns of Fe3O4 and Fe3O4@SiO2.
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which corresponds to the peak of amorphous SiO2. Further-
more, an overall reduction of the baseline in terms of intensity
was also observed, which indicated the formation of SiO2 shell
around the Fe3O4 particles reducing its peak intensities. The
XRD patterns were used to estimate the average particle size of
the nanoparticles using Scherrer’s equation given by the
equation 3.

d ¼
kl

bcosq (1)

Here, the terms k, λ, β and q represents the Scherrer
constant, the wavelength of Cu Ka X-ray (1.5406 Å); full width
at half-maximum (FWHM) of the XRD peaks, and the Bragg
diffraction angle, respectively. Using this equation the average
particle size of the Fe3O4 and Fe3O4@SiO2 particles was
estimated to be around 184 and 189 nm, respectively.[27]

The FTIR spectrums of the Fe3O4 and Fe3O4@SiO2 particles
are given in the Figure 2. The peak around 540 cm� 1 observed
in the FTIR spectrum of the Fe3O4 and at 560 cm� 1 observed in
the FTIR spectrum of the Fe3O4@SiO2 particles corresponded to
the Fe� O bond of thebulk Fe3O4 nanoparticles.[28,29] Additionally,
the spectrum of the Fe3O4@SiO2 nano-catalysts, contained a
sharp peak at 1080 cm� 1 which represents the formation of
Si� O� Si bond along with a shoulder at around 950 cm� 1

representing the formation of Si� OH.[30–32] These peaks further
affirm the formation silica shell around the magnetic core.

The SEM images for Fe3O4@SiO2 nano-catalysts is presented
in Figure 3(a) and Figure 3(b). It was observed that the nano-
catalysts were spherical in structure. Each sphere appeared to
form out of agglomerations of smaller crystals. Depending on
the number of smaller crystals agglomerated, a wide variation
in the size of the spheres was observed. With the exception of
few smaller sphere whose diameters was less than 50 nm, most
of the nano-catalyst had a diameter range of 100–250 nm. The

image could not provide any insight on the presence of SiO2,
however, EDX analysis of the confirmed the presence Si
element. Based on EDX data Figure 3 (c), the as prepared
Fe3O4@SiO2 nano-catalyst primarily contained three major
elements namely; Iron (Fe), Silicon (Si) and Oxygen (O). Of the
three elements present within the nano-crystal, the Iron
(60.79 %) and Oxygen (34.15 %) were found to be dominant
compared to the Silicon (4.09 %). The high content of Fe and O
indicates that the observed spheres primarily contained Iron
oxide.

The core-shell structure of the Fe3O4@SiO2 nano-catalysts
was confirmed through the elemental distribution observed
using HRTEM-STEM analysis coupled with EDS elemental
mapping as shown in Figure 4. The elemental mapping Fig-
ure 4b–e correspond to the area in Figure 4a. The core of the
nano-catalyst was expected to be composed of iron oxide only
which was affirmed from the identical elemental mappings
obtained for Fe and O (Figure 4b and 4d). On the contrary, the
elemental mapping of Si (Figure 4c) showed their presence as
hollow shells. Upon overlapping the three elements Fe, O and
Si (Figure 4e), Fe and O together appeared to form the core of
the nano-catalysts while the outer layer composed of the blue
silicon layer. Hence, confirming the core-shell structure of the
catalysts.

The magnetic hysteresis loops of the Fe3O4 and Fe3O4@SiO2

particles are given in the Figure 5 a) at room temperature. Both
of the nanoparticles, showed superparamagnetic behavior with
very narrow hysteresis, which could be largely attributed to the
presence of ultrafine Fe3O4 nanocrystals within their structure.
The saturation magnetism of the of the Fe3O4 nanoparticles
was 57.95 emu.g� 1. But the saturation magnetism of the
Fe3O4@SiO2 particles was evidently lower compared to the
former at 22.20 emu.g� 1. The lower magnetizing values stems
from the immobilization of amorphous silica, thus, reducing
the overall magnetic strength of the Fe3O4@SiO2 particles.
However, it is to be noted that the nano-catalysts still exhibited
great magnetic properties suggesting their suitability for
magnetic recovery as shown in Figure 5 b) and subsequent
reuse.

2.2. Effect of pH

The pH of the solution is a crucial factor in fenton-like catalytic
degradation reactions. The degradation efficiency of the
malachite green dye was investigated between the range of 3–
7 while maintaining the experimental factors such H2O2

amount, Catalyst dosage and temperature at 50 μL, 15 mg and
303 K, respectively. Commonly, the most efficient pH for fenton
like degradation of malachite green dye is reported to be at an
acidic pH of 3.[3,9,33–35] However, in case of the as prepared
Fe3O4@SiO2 nano-catalysts, the degradation efficiency of the
malachite green was low at pH of 3 (efficiency 10.99 %). The
degradation efficiency progressively increased the with the
increase in pH and reached its maximum at near neutral
condition (pH 6.7, efficiency 96.18 %). The phenomena is
primarily caused by the presence of SiO2 shells of the nano-
catalyst as they are known to push fenton-like reactionsFigure 2. FTIR spectrum of Fe3O4 and Fe3O4@SiO2.
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towards neutral pH.[12,19,36] SiO2 contains multiple hydroxyl
groups which can chelate with Fe2 + and Fe3 + ions of the Fe304

core forming a rather weak chelation. This chelation formed
promotes the Fenton reactions to occur under neutral
conditions.[37] Furthermore, it confirms the influence of the
core-shell Fe3O4@SiO2 nano-catalysts and displays its merit to
be used under near neutral pH. Therefore, based on the
investigations, a pH of 6.7 was chosen as optimum pH for the
fenton-like degradation of MG experiments.

2.3. Effect of Catalyst Dosage

A series of experiments were performed to investigate the role
of the amount of core-shell Fe3O4@SiO2 nano-catalysts on the
fenton like degradation of the MG dye. The dose of the nano-
catalysts was varied between 5 to 25 mg for 30 minutes while
maintaining the experimental factors such H2O2 amount, pH
and temperature at 50 μL, 6.7 and 303 K, respectively. As
depicted in Figure 6b, the degradation efficiency progressively
increased with the increasing amount of nano-catalysts. This is
because higher dose of Fe3O4@SiO2 nano-catalysts resulted in
an increase of adsorption sites, subsequently providing more

active sides to activate H2O2 to generate more hydroxyl
radicals.[38,39] Around 78.31 % of the malachite green dye
degraded at 5 mg dosage. The degradation efficiency improved
with addition of 5 more grams to 90.80 %. At 15 mg dose of
Fe3O4@SiO2 nano-catalysts, the degradation efficiency further
improved to 96.77 %. No significant improvement was observed
upon further addition of the nano-catalyst due to self-
scavenging of the hydroxyl radicals by the nano-catalyst.[40]

Hence, 15 mg was set as the optimum dose of the Fe3O4@SiO2

nano-catalyst.

2.4. Effect of H2O2

Since the amount of H2O2 plays a key role in the generation of
hydroxyl radicals,[41] it directly effects the degradation efficiency
of fenton-like reactions.[42,43] A number of experiments were
performed to investigate the impact of H2O2 dose on the
degradation of MG dye. The experiments were performed by
varying the peroxide dose between 25 to 100 μL for 30 mi-
nutes; while, maintaining the experimental factors such Catalyst
dosage, pH and temperature at 15 mg, 6.7 and 303 K,
respectively. Similar to the catalyst dose, the degradation of

Figure 3. The SEM image at a) 1 μm and b) 500 nm and c) EDX analysis of the as prepared Fe3O4@SiO2.
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MG dye increased with the increasing amount of H2O2 as
shown in figure 6c. Control experiments performed without
H2O2 showed a degradation of 33.60 % at the end of the
experimental time, due to adsorption on the surface of the
nano-catalyst.[44] However, around 89.03 % of the MG dye were
removed with the addition of only 25 μL of the H2O2. Peroxide
dose of 50 μL improved degradation efficiency to 96.18 %. No
further significant improvement in the degradation of MG dye
was observed upon addition of more H2O2. Therefore, 50 μL

was set as the optimum amount of peroxide for the
degradation experiments.

2.5. Fenton-like Degradation of Malachite Green and
Plausible Degradation Pathway

Using the optimum conditions for pH, Catalyst dosage and
H2O2 amount, experiments were performed to investigate the
fenton-like degradation of malachite green using the

Figure 4. a) HAADF- STEM phase mapping of Fe3O4@SiO2. EDS elemental mapping of b) O c) Si d) Fe and e) Fe� O� Si performed on the area of the selected
region of STEM image.

Figure 5. a) The vibrating sample magnetometer curves of the Fe3O4 and Fe3O4@SiO2 nanoparticles and a) photograph of the magnetic separation of
Fe3O4@SiO2 nanoparticles.
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Fe3O4@SiO2 nano-catalysts at 303 K. As depicted in the Figure 7,
four different systems were compared under the similar
conditions, namely; H2O2 system, Fe3O4@SiO2 system, Fe3O4-
H2O2 system and Fe3O4@SiO2-H2O2 system. Evidently, the
Fe3O4@SiO2 nano-catalysts was the most effective in catalyzing
the fenton-like degradation of MG dye. The H2O2 decomposed
to form the radicals in presence of the Fe3O4@SiO2 nano-
catalysts which in turn oxidized the MG dye. Almost a complete
degradation of the MG dye was achieved within 30 minutes
with a degradation efficiency of 96.18 %. While the other three
systems exhibited lower degradation efficiencies within the
same time frame at 13.88 %, 32.38 % and 20.24 % for H2O2,
Fe3O4@SiO2 and Fe3O4-H2O2 systems, respectively. The low
degradation efficiencies observed in these systems is mainly
caused by the near neutral pH and lack of external energy.[12,36]

The effectiveness of the Fe3O4@SiO2 nano-catalysts in degrada-
tion of the malachite green dye was further confirmed by the
evaluation of the degradation kinetics using the equation (2).
The obtained k1 value of 0.1102 min� 1 was much higher than k1

values of 0.0052, 0.0502 and 0.0143 min� 1 obtained for the
H2O2, Fe3O4-H2O2 and Fe3O4@SiO2 systems, respectively. Among

the three systems with low degradation kinetics, it was noticed
that the k1 values of the Fe3O4@SiO2 system without the H2O2

was almost three times higher than the other two systems,
indicating that the MG dye could be absorbed by the
Fe3O4@SiO2 catalyst. Therefore, based on these observations,
the high kinetics observed for the Fe3O4@SiO2-H2O2 systems,
can be attributed for the following reasons. As the SiO2 shell of
Fe3O4@SiO2 nano-catalyst adsorbed the MG dye, it resulted in
pre-concentration of the MG dye around the iron oxide
cores.[45,46] As a result, more hydroxyl radicals could reach the
MG dye before its self-destruction. Moreover, studies have
shown that the electron transfer between iron to the MG
readily occurs in presence of SiO2.

[47,48] Therefore, these two
factors combined with the formation of weak chelation (section
3.2) has resulted in high degradation efficiency of the MG dye
by Fe3O4@SiO2 catalyst under near neutral environment. Over-
all, the entire process of fenton-like degradation of MG dye by
Fe3O4@SiO2 catalyst can be explained by the following reaction
pathways.[49,50]

Figure 6. Effect of various influencing factors: a) Ph, b) Catalyst Dosage and c) H2O2 amount on the fenton-like Degradation of MG dye at 303 K.
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1. Preconcentration of MG dye on SiO2 shell of Fe3O4@SiO2

nano-catalyst via adsorption.

(2)

2. Formation of hydroxyl and hydroperoxyl radicals by the Iron
oxide cores.

(3)

(4)

(5)

3. Degradation of MG dye via the attack of the hydroxyl
radicals.

(6)

Figure 7. a) Degradation efficiencies and b) kinetics analysis of Malachite Green Dye in different systems.

ChemistrySelect
Full Papers
doi.org/10.1002/slct.202003937

871ChemistrySelect 2021, 6, 865 – 875 © 2021 The Authors. ChemistrySelect published by Wiley-VCH GmbH

Wiley VCH Dienstag, 26.01.2021

2104 / 192499 [S. 871/875] 1



2.6. Effect of Temperature

Further studies were conducted to investigate the effect of
reaction temperature on the degradation of the MG dye under
optimum conditions for pH, Fe3O4@SiO2 catalyst and H2O2

amount at three different temperatures (303 K, 313 K and
323 K). As depicted in the Figure 8, the increase in temperature
resulted in a faster degradation of MG. The obtained degrada-
tion kinetics, at three temperatures are listed in Table 1. At
313 K and 323 K, around 79.24 % and 82.67 % of MG dye were
degraded within the first 10 minutes, respectively. By 15 mi-
nutes, more than 90 % of the dye was degraded at the elevated
temperatures. While at reaction temperature of 303 K, only
68 % of the dye were removed within the first 10 minutes and
by 15 minutes it improved to 82.18 %. However, at the end of
the 30 minutes, only slight improvement in the degradation
efficiencies are observed (96.18 %, 97.76 % and 98.28 % at
303 K, 313 K and 323 K, respectively). The faster degradation
initially observed at higher temperature are mainly caused by
increase in the rate of generation of Hydroxyl radicals. Elevated
temperature induces the Hydrogen peroxide to react more
readily with the chelated or non-chelated Ferric/Ferrous ions
originating from the Fe3O4 cores, thereby, increasing the rate of
production of hydroxyl radicals.[8,51] Moreover, the collision
between the MG dye and Hydroxyl radical also increases with
increase in temperature, which in turn promotes rapid
degradation.[52]

2.7. Recyclability

One of the key factors in the application of catalyst is it
stability. A catalyst that can be reused would save money and
resources. Therefore, the stability and reusability of the
Fe3O4@SiO2 nano-catalysts were investigated by performing
cyclic experiments under optimum conditions for the pH,
catalyst dosage and H2O2 amount at 303 K. At the end of each
cycle, the catalyst was separated using a magnet and reused
without further treatment and the results obtained are shown
in Figure 9. The degradation efficiency showed a sudden
decrease to 70 % in the second cycle. Further use of the
catalyst, resulted in gradual decrease in the efficiency and it
was below 50 % by the end of the fourth cycle. The initial drop
in degradation efficiency was possibly caused by the loss of
active sites as the MG dye and its intermediates occupied got
attached to the surface of the Fe3O4@SiO2 nano-catalysts.[53]

Another possible reason for the loss of degradation efficiency is
the deterioration of the core-shell structure of Fe3O4@SiO2

nano-catalysts which in turn may have caused a loss in Fe3O4.
[38]

Based on the results, it can be suggested that the as prepared
Fe3O4@SiO2 nano-catalysts can be reused for three cycles with
acceptable degradation efficiency.

2.8. Comparison

The performance of the Fe3O4@SiO2 in degradation of the MG
dye was compared with that of the other recently reported
catalysts for MG dye degradation as shown in Table 2. Based
reaction rates reported, it can be seen that the Fe3O4@SiO2

nano-catalyst exhibited faster kinetics compared to the ones
reported for Diatomite/Manganese Silicate and Fe2O3/Fe3O4

from tea extract.[9,42] Comparing the time required to reach the
maximum removal efficiency the Fe3O4@SiO2 nano-catalysts
took lesser time than most of the reported catalysts reported

Figure 8. Effect of temperature on the Degradation efficiencies of Malachite Green Dye.

Table 1. Degradation kinetics of Malachite green dye using Fe3O4@SiO2

nano-catalyst.

Temp (K) k1 (min� 1)

303 0.1102
313 0.1388
323 0.1522
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Figure 9. Recyclability performance of Fe3O4@SiO2 nano-catalysts for catalytic degradation of Malachite Green dye.

Table 2. Comparison of the performance of the Fe3O4@SiO2 catalyst with other recently reported catalysts for MG degradation.

Catalyst MG conc. pH Dosage Temp H2O2 Time Efficiency k1 Ref.

MgFe2O4 10 mg.L� 1 7 40 mg 303 K 0.1 mL, H2O2 (10 %) 50 s 100 % – [1]

Zn/HAP/MgFe2O4 10 mg.L� 1 3–7 40 mg 303 K 0.1 mL, H2O2 (10 %) 2 min 100 % – [3]

Porous Manganese Oxide Octahedral
Molecular Siev (OMS-2)

5 mg.L� 1 – 7.5 mg – 2.0 mL, H2O2 (30 %) 60 min 99 % – [54]

EDTA-Fe(iii) 10 μM 7 500 μM 293 K 20 mM 90 min 92.70 % – [55]

Fe2+ 10 mg.L� 1 3 10 mM 313 K 25.6 mM 60 min 93.83 % – [56]

Diatomite/Manganese Silicate 500 mg.L� 1 – 0.3 g/L 303 K 30 mM 70 min 93 % 0.06 min� 1 [9]

Fe2O3/Fe3O4 from tea extract 50 mg.L� 1 4 0.3 g/L 308 K 7.4 mM 60 min 85 % 0.0597 min� 1 [42]

Fe3O4@SiO2 25 mg.L� 1 6.7 15 mg 303 K 0.05 mL, H2O2 (30%) 30 min 96.18 % 0.1102
min� 1

This work
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except for the ones reported for the remarkably fast MgFe2O4

and Zn/HAP/MgFe2O4.
[1,3] The amount of Peroxide required to

induce the fenton reactions plays a significant role in determin-
ing the cost of the degradation process. It is to be noted that
the as prepared Fe3O4@SiO2 nano-catalysts required 0.05 ml of
H2O2 (30 %) making it economically competitive in comparison
to other catalysts.

3. Conclusions

The study showed that the potentials of Fe3O4@SiO2 as a
catalyst to degrade malachite green (MG) dye from aqueous
solutions. The core-shell Fe3O4@SiO2 nano-catalysts were
successfully synthesized by a combination of Solvothermal and
sol-gel technique. The as prepared nano-catalyst were then
characterized using the XRD, FTIR, SEM-EDX, TEM and VSM
studies to confirm the presence of all the desired elements and
the core-shell morphology of the Fe3O4@SiO2 nano-catalysts as
well as its magnetic properties. fenton-like degradation experi-
ments were then performed to investigate the effectiveness of
the nano-catalysts in degrading of 25 mg.L� 1 of MG dyes. The
optimum conditions for the pH, catalyst dosage and H2O2

amount for the degradation process was determined to be 6.7,
15 mg and 50 μL, respectively. Under the optimized conditions,
96.18 % of the MG dye degraded within 30 minutes of reaction
time at 303 K. Owing to their magnetic properties, the as
prepared nano-catalyst could be easily recovered and reused
with acceptable cyclic performance. Overall, the findings of this
work showed the significance of core-shell Fe3O4@SiO2 nano-
catalysts for its application in degradation MG dye, adding to
its potential as a catalyst for environmental remediation
applications.
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The supporting information provides the experimental details
associated with the research work. It includes necessary details
regarding all the required precursors as well as the steps
involved for the synthesis of heterogeneous Fe3O4@SiO2 nano-
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technique. As mentioned earlier, the prepared nanocomposites
were characterized using various techniques and the details of
the instruments used for each of the characterization technique
are also provided. Finally, the experimental procedure followed
for the catalytic degradation of the Malachite green dye using
heterogeneous Fe3O4@SiO2 nanocomposites as well as different
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