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ABSTRACT: In the present work, a three-layer magnetic nanocomposite containing ceria
nanoparticles was synthesized as Fe;0.@SiO.@CeO, by precipitation method and after
characterization was used as photocatalyst for the degradation of malachite green dye from industrial
wastewater under visible light. The influence parameters such as pH, initial dye concentration,
photocatalyst amount, and process time on the malachite green dye removal were investigated and
optimized. Under optimum conditions (pH = 9, the photocatalyst amounts of 0.05 g, the reaction time
of 40 min, and the initial solution concentration of 10 ppm), the results indicated that the synthesized
nanostructure has a desirable performance for dye. The removal percentage remained higher than
90% after 5 times of use and the photocatalyst could be quickly separated from the aqueous solution
with the assistance of the external magnetic field. According to the calculation, the second pseudo-model
was selected as the kinetic model of photocatalytic degradation.
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INTRODUCTION

Environmental pollution is currently one of the most
important issues facing humanity and has been highly regarded
in recent years. One of the major pollutants is the dye
wastewater from the textile industry that causes harm to
humans and the environment [1, 2]. The very important effects
of these compounds in humans can be mentioned to the effects
of carcinogenicity and mutagenesis. As a result, textile dyes
are considered a threat to health and the environment around
the world and wastewater must be refined properly before
entering the natural environment [3-5].

Malachite Green (MG) is one of the synthetic dyes that
is found to be high in wastewater from various industries,
including fish breeding, leather and textile industry, paper
and linen. Few concentrations of this dye are visible in aquatic
environments. Therefore, the effective removal of this
pigment from the wastewater of the mentioned industries and
preventing its penetration into underground waters is
important in order to ensure human health and environmental
protection [6-9]. Removal of MG from industrial
wastewater was carried out by various methods
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such as ultrafiltration [10], Biotransformation [11], ion
exchange [12], and adsorption on various materials such as
activated carbon [13], mesoporous materials [14],
graphene oxide [15], and clay [16]. But since these
methods often transfer water pollution from the water
phase to the solid-state and are not destructive processes,
learning these techniques is not considered.

The use of photocatalysts for the removal of pollutants
in most cases has been successful. Photocatalysts are referred
to the catalysts that are activated in the presence of light.
They are usually semiconducting solid oxides, which
create a pair of electron cavities by absorbing
the photons. This electron-cavity can react with molecules
on the surface of the particles stimulated electrons and
cavities can directly or indirectly produce radical
hydroxyls that convert organic matter into minerals.
Photocatalysts are used in water purification, air purification,
self-cleaning glasses, anti-steam surfaces, antimicrobials,
and organic molecules degradation [17, 18].

Photocatalytic degradation is biologically or so-called
green and without any secondary pollution. Among the
methods for eliminating environmental pollution, the use of
photocatalysts is more important due to the lack of side
effects. Different photocatalysts are now used to remove
organic compounds from water [19, 20]. But in recent years,
with the advancement of nanotechnology, the possibility of
using effective and low-cost pollution elimination methods
are provided [21-25]. FesO. (magnetite) exhibits unique
electric and magnetic properties based on the transfer of
electrons between Fe?* and Fe®* in the octahedral sites.
Because of its low toxicity, good biocompatibility, and
tunable magnetic properties, FesO. has received
considerable attention in various areas [25]. The use of the
core-shell magnetic nanostructure as a photocatalyst is
a growing trend, due to the specific characteristics of these
nanostructures. These nanostructures have a large surface-
to-volume ratio, which significantly increases their
photocatalytic capacity. In this work, a three-layer core-shell
nanostructure containing FesO4 magnetic nanoparticles and
semiconductor nanoparticles of CeO, was prepared and its
application as a visible area photocatalyst was investigated.

EXPERIMENTAL SECTION
Reagents and instruments

FeS0..7H,0, FeCls.6H,O, NH4,OH, NaOH, ethylene
glycol, ethanol, ammonia, and polyethylene glycol were
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purchased from Merck, and tetraethyl orthosilicate (TEQS),
Ce(S04),, and malachite green were purchased from
Sigma-Aldrich.

Product X-Ray Diffraction (XRD) data were recorded by
a Rigaku D-max C 111, X-ray diffractometer using Ni-filtered
Cu K, radiation. The composition of the as-prepared
photocatalyst was characterized by Transmitting Electron
Microscope (TEM) model LEO-912 AB manufactured
by Germany. Magnetic properties of the products were
examined using a Vibrating Sample Magnetometer (VSM)
at room temperature. All absorption measurements were
carried out with a spectrophotometer, ultraviolet Specord 210
plus Analytikjena company in Germany after irradiation
with a visible lamp (100 W, tungsten) as the radiation source.

Preparation of Fes04@SiO2@CeO:2 three-layer magnetic
nanocomposite

Iron oxide Magnetic NanoParticles (MNPs) were
synthesized through the coprecipitation method and the
Fe;0.@SiO; nanoparticles were synthesized through the
Stéber method [26]. Iron (111) chloride hexahydrate and
iron (I1) sulfate hexahydrate (2:1 mmol) were dissolved
in water and then, NH4OH was added to the solution until
the pH value was adjusted to 9. The precipitate was collected
using a magnet, washed with deionized water, and dried
at 70 °C. For Fes0.@SiO; synthesis, ethanol solution
containing magnetic powder was ultrasound and then,
5 mL of ammonia was added to the solution. 1 mL of
diluted TEOS in ethanol was added dropwise, and
the mixture was stirred for 24 hours at room temperature.
The magnetic Fes0.@SiO; nanoparticles were collected
by a magnet, washed with distilled water, and dried
at room temperature. FesO,s@SiO.@CeQO; nanostructure
was synthesized by homogeneous precipitation and
subsequent calcinated. 0.5 g FesO4@SiO- in ethylene glycol
was stirred under ultrasound waves. An aqueous solution
containing 10 mM cerium sulfate tetrahydrate was added
dropwise to the mixture and was stirred in the same state
for 30 minutes. 3 M ammonia solution was added and
stirred at 50 °C. The precipitate was separated by the magnet
and dried at 80 °C. At last, the FesO,@SiO.@CeO,
nanocomposite was calcinated at 500 °C for 2 h.

Dye removal procedure

The photocatalytic activity measurements were conducted
by removal of malachite green under visible light.
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0.05 g photocatalyst was added to 20 mL of 10 ppm MG
solution at pH=9. The suspension was stirred using
a magnetic stirrer for 40 min under visible light. The
photocatalyst was collected by magnetic separation and
the solution was analyzed by UV-Vis spectrophotometer.

RESULTS AND DISCUSSION
Characterization of photocatalyst

XRD pattern of Fes0.@SiO.@CeO, three-layer
magnetic nanocomposite is shown in Fig. 1. The peaks
at the scattering angles (20) of 30.3, 36, 43.3, 54, 57, 63,
74 degrees and diffraction plates of (220), (311), (400),
(422), (511), (440), and (533), respectively are related to
the FesO4 nanoparticles. In the coating of the magnetic
nanoparticles of iron oxide with the amorphous silica
phase, there is no peak in the XRD pattern. Successful
coating of the Fes0.@SiO, core-shell with CeO. shell
was confirmed with the presence of peaks at scattering
angles (20) of 28.74, 33.28, 47.61, 56.53, 69.61, and 76.83
degrees related to the diffraction plates of (111), (200), (220),
(311), (222), (400), respectively. This pattern confirmed the
synthesis of FesO4, SiO,, and CeO, nanoparticles, properly.

The Fes0.@SiO,@CeO, three-layer  magnetic
nanocomposite was characterized by FESEM and TEM.
It was seen from Fig. 2a that the magnetic nanostructure
has a spherical particle shape and some particles
aggregated together. According to the TEM image (Fig 2b),
the nanocomposite has a layered structure. According to
the images, the size of the nanoparticles is about 40 nm.

Magnetic properties of the nanostructure were
examined using VSM at room temperature. Fig. 3 shows
that the Ms value of Fe30.@SiO,@CeO; is about 40 emu/g
which is sufficient for photocatalyst collection from the
reaction environment.

Investigation of photocatalytic activity in malachite
green removal

Fig. 4.shows UV-Vis spectra of (@) MG solution
without photocatalyst and (b) after applying the
photocatalyst according to the procedure in section 2.3. As
shown, in presence of Fe;0.@SiO.@CeO; three-layer
magnetic nanocomposite, the removal of malachite green
dye was carried out under visible light. In this
photocatalyst, the photon excitation happens and electrons
are excited and transferred to the conductive band and
a pair of electron-hole is created in the valence band.
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Fig. 1: The XRD pattern of Fe30s@SiO.@CeO: three-layer
nanostructure.
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Fig. 2: (@) FESEM and (b) TEM images of Fe30s@SiO-@
CeO:z three-layer nanostructure.

The production holes go to the photocatalyst surface and react
with water molecules absorbed on the surface and form
hydroxyl (OH) radicals. The electrons in the conductive
band participate in reduction reactions. These electrons
react with air oxygen dissolved in water and they create
the superoxide anionic (O2) radical. These free radicals
enter decomposition reactions and organic dye is decomposed.
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Fig. 7: Effect of radiation time on malachite green removal
efficiency.
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Fig. 8: Effect of solution concentration on malachite green
removal efficiency.
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Fig. 9: Investigation of photocatalyst reusability in the
malachite green removal.
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Effect of different parameters on the photocatalytic
removal of MG dye
Effect of pH

The dye removal efficiency was done under varying pH
from 6 to 9 adjusting with HCI and NaOH. In the basic
environment, the photocatalyst surface has a negative charge.
Due to the cationic nature of the malachite green dye,
the electrostatic gravity is generated between the photocatalyst
and the cation dye and the MG removal efficiency increases
at the aqueous solution. As shown in Fig. 5 the highest
percentage of removal of malachite green from solution was
pH =9, which was selected as the optimum amount.

Effect of photocatalyst amount

For investigation of photocatalyst amount effect on the
removal efficiency, the amount of photocatalyst was varied
from 0.005 to 0.2 g, and experiments were done. The
increasing amounts would make the reaction faster due to
the increase in the number of active sites on the
photocatalyst. In the other words, the number of hydroxyl
radicals increased resulting in dye removal is better done.
Further increase in photocatalyst amount above 0.05 g
has a negligible effect on the MG removal efficiency,
which could be due to the hindrance to the pathway of light
to reach the dye molecules. The optimum value for
the photocatalyst was selected 0.05 g according to Fig. 6.

Effect of reaction time

To evaluate the effect of the irradiation time on the MG
removal efficiency, the solutions were exposed to visible
light at 5 to 60 min. The abundance and availability of
vacant sites on the photocatalysts surface results in the
rapid absorption of malachite green from aqueous
solutions in the first minutes and then with a gentle slope,
this decomposition is continued and fixed after 40 min.
As a result, the reaction reached a balance of 40 minutes (Fig. 7).
Therefore, 40 min was chosen as optimal.

Effect of initial solution concentration

The effect of initial dye concentration on the removal
efficiency was tested by investigation of different
concentrations between 5 to 30 ppm. Based on these
results and according to Fig. 8, a concentration of 10 ppm
of solution malachite green was chosen as the optimal
concentration.
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Table 1: Parameters of First pseudo-model and Second pseudo-model equations for the removal of malachite green.

( ge(exp) First pseudo-model Second pseudo-model \
Ky (min') Ger (Mg.g™) R? Kz (min') Je2 (Mg.g™") R?
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Fig. 10: Investigation of kinetic model of (a) First-pseudo and (b) Second -pseudo.

Stability and Reuse Investigation

Sustainability and reuse of three-layer magnetic
nanocomposite as photocatalyst in malachite green
degradation was investigated under optimum conditions.
The percentage of malachite green removal with the
photocatalyst remains more than 90% after 4 times of use
(Fig. 9). This means that the proposed photocatalyst can be
reused at least 4 times without losing a significant amount
of its performance and has good stability.

Investigation of photocatalytic degradation kinetic
Equation (1) is the First-pseudo kinetic model equation

in which ge is the amount of removed dye when balancing

(mg g1, qeis the amount of deleted dye at t time (mg/g)

and Kj is the speed constant of First -pseudo order (min).
the speed constant First-pseudo (min).

Kt

1)

lo - =lo -
g(a,-a,)=logaq, 303
Eq. (2) is second -pseudo kinetic model equation in
which k» is the speed constant of second-pseudo order
(minY).

v 2)
9, 4q.K q.
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According to Fig. 10 the parameters of the first-pseudo
and second-pseudo kinetic model can be calculated (Table 1).

According to the results, photocatalytic degradation of
malachite green in the presence of the proposed photocatalyst
is based on a second pseudo-model.

In describing the mechanism of MG degradation using
Fes0.@SiO,@CeO,, it can be said that the SiO, middle
layer can block the electrons transfer from CeO; into
the FezO4 core and help to prevent the FesO, from being
as an electron-hole recombination center. In this structure,
the Fes0s and SiO; presented a core and shell,
respectively, and both of them contacted CeO, in a coupled
semiconductor system. The two photogenerated electrons
and holes are accessible on the surface for oxidation and
reduction processes. Then the generated hydroxyl radical
can react with adsorbed MG, and degrade it [27].

Comparison of proposed photocatalyst with other
photocatalyst

In Table 2, the proposed photocatalyst is compared
with the other photocatalysts published in papers to
remove malachite green dye. Fe30.@SiO,@CeO;
three- layer magnetic nanocomposite can remove more MG
with less photocatalyst consumption in shorter time under
visible light in comparison with other photocatalysts.
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Table 2: Comparison of proposed photocatalyst with other photocatalysts.

4 Photocatalyst Concentration (ppm) Photocatalyst Amount (g) Time (min) Ref )
Ni-doped TiO, 10 0.1 45 [28]
CeFeOs 20 0.05 120 [29]
Nickel/magnesium ferrit 15 0.2 90 [30]
Nickel vanadate 10 0.1 100 [31]
Starfish-like La-doped ZnO/SiO2 15 0.015 140 [32]
\_ Fe;0,@Si0,@Ce0, 10 0.05 40 Present work )

CONCLUSIONS

The effective removal of dyes from the industries'
wastewater and preventing penetration into underground
waters is important in order to ensure human health and
environmental ~ protection.  Three-layer ~ magnetic
nanocomposite due to its unique properties and their
surface to volume ratio has a wide application as a
photocatalyst to remove industrial dyes from factory
wastewater. The prepared photocatalyst has an appropriate
option for pollutants removal in the environment and
organic materials destruction in water due to its high
photocatalytic properties, chemical stability, non-toxicity,
and high activity under visible light radiation. In addition,
due to its magnetic properties, it will be possible to recycle
and reuse it.
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