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Degradation of dye pollutants by the photocatalytic process has been regarded as the most efficient green method for removal
organic dyes from contaminated water. The current research work describes the synthesis of Fe;O,@SiO,@Ru hybrid magnetic
composites (HMCs) and their photocatalytic degradation of two azo dye pollutants, methyl orange (MO) and methyl red
(MR), under irradiation of visible light. The synthesis of Fe;O,@SiO,@Ru HMCs involves three stages, including synthesis of
Fe,O, magnetic microspheres (MMSs), followed by silica (SiO,) coating to get Fe;0,@Si0, MMSs, and then incorporation of
presynthesized Ru nanoparticles (~3 nm) onto the surface of Fe;0,@SiO, HMCs. The synthesized HMCs were characterized
by XRD, FTIR, TEM, EDS, XPS, BET analysis, UV-DRS, PL spectroscopy, and VSM to study the physical and chemical
properties. Furthermore, the narrow band gap energy of the HMC photocatalyst is a significant parameter that provides high
photocatalytic properties due to the high light adsorption. The photocatalytic activity of synthesized Fe,0,@SiO,@Ru HMCs
was assessed by researching their ability to degrade the aqueous solution of MO and MR dyes under visible radiation, and the
influence of various functional parameters on photocatalytic degradation has also been studied. The results indicate that the
photocatalytic degradation of MO and MR dyes is more than 90%, and acid media favors better degradation. The probable
mechanism of photodegradation of azo dyes by Fe,0,@SiO,@Ru HMC catalysts has been proposed. Furthermore, due to the
strong ferromagnetic Fe;O, core, HMCs were easily separated from the solution after the photocatalytic degradation process
for reuse. Also, the photocatalytic activity after six cycles of use is greater than 90%, suggesting the stability of the synthesized
Fe;0,@Si0,@Ru HMCs.
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1. Introduction

The increased toxicity and carcinogenicity of toxic contami-
nants released from industrial effluents have created signifi-
cant environmental problems. Organic dyes have been used
to color fabrics since ancient times and are manufactured in
large quantities (nearly 10,000 different styles with over
700,000 metric tons in industrial production) [1]. Approxi-
mately 10%-15% of dyes are wasted during production pro-
cesses, and clothes can only absorb 25% dye on their surface
[2]. In general, fibers (54 percent) are the largest emitters of
dye effluents, led by dyeing (21 percent), paper (10 percent),
and paint (8 percent) industries [3]. Wastewater containing
synthetic dyes, even in trace amounts, has been identified
as the primary cause of aquatic life destruction. The majority
of synthetic dyes are hazardous to health (a handful are
carcinogenic) and impossible to degrade [4, 5]. Methyl
orange (MO) dye is one of the most widely used azo dyes
in the clothing, dairy, leather, and pharmaceutical industries.
Additionally, MO is used as a coloring agent. The most det-
rimental effects of MO use are toxicity, mutagenicity, and
carcinogenicity [6]. Methyl Red is a well-known dye that
has been widely used in garment dyeing and paper printing
[7]. If inhaled/swallowed, it induces irritation of the skin and
eyes, as well as discomfort of the respiratory and digestive tracts.
It has been suspected as a possible carcinogen and mutagen.

To eliminate the harmful effects of dyes and similar
substances, effluents released from different industries should
be handled with effective (low-cost and/or easy-to-handle)
nanomaterial-based technologies. Additionally, removing dyes
from the atmosphere is critical for making water supply acces-
sible to living organisms. Adsorption, filtration, coagulation,
and biodegradation are all traditional processes used in the
water treatment industry [8, 9]. These approaches have limita-
tions in terms of cost, feasibility, time required, and environ-
mental impacts. Despite the fact that adsorption is a common
process for removing toxic textile dyes, it could be incapable
of degrading or mineralizing organic contaminants from the
environment.

Among the different methods, photodegradation using
semiconductor metal oxides is a potential green environmen-
tal protection technique because it can directly break down
dye molecules in the effluent to harmless ones such as CO,
and H,0 [10, 11]. Due to its low cost, it has been extensively
employed to remove organic dye molecules from water
[12-15]. To remove organic pollutants from wastewater, a
number of semiconductor photocatalytic materials such as
ZnO, TiO,, and Fe,O, have been utilized [16, 17]. Addition-
ally, semiconductor photocatalysts can exhibit considerable
efficiency and high catalytic activity when combined with a
variety of other materials [18]. Through integrating nanopar-
ticles (NPs) of diverse components into a single object, the
individual capabilities obtained from each component’s par-
ticular electrical, mechanical, optical, and catalytic properties
may be merged [19, 20]. As a result, these multicomponent
NPs have found broad usage in a wide number of sectors
[21, 22]. For example, magnetic materials are often mixed with
noble metal NPs, allowing the noble metal NPs to be easily
separated from the mixtures using merely an external mag-
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netic field, giving reusable photocatalysts [23, 24]. Neverthe-
less, these hybrid NPs agglomerate quickly, significantly
decreasing their initial action [25]. In addition, bare iron oxide
NPs demonstrate a high degree of chemical activity and are
quickly oxidized in the air (particularly magnetite), resulting
in the loss of magnetism and disparity [26]. As a result, it is
important to optimize the stability of composite nanomaterials.
Thus, it is important to improve the stability and compatibility
of nanomaterials. Fortunately, surface coating is an excellent
alternative technology. Carbon, polymers, and silica are the
most frequently used coating materials in the literature [27, 28].

Transition metal/oxide nanomaterials and also their com-
posites exhibit excellent catalytic and photocatalytic activities
[29-32]. The transition-based nanomaterials show desirable
characteristics like large surface area to volume ratio com-
pared to the bulk, well-controlled structures, and as semicon-
ductors with wide band gaps, nontoxicity, and high stability in
aqueous solution which make them useful not only in catalytic
applications but also in a wide range of applications such as
chemical sensing [33], electrochemical energy conversion
and storage [34], solar cells [35], discrimination of racemic
drugs [36], sustainable environmental remediation and pollut-
ant sensing [37], and biological applications [38]. Photodegra-
dation of dyes is a standard process for determining the
catalytic action of different types of photocatalysts. In the liter-
ature, many research works have been published on ruthe-
nium NPs in either dispersed or immobilized state for
catalytic applications. However, some methods were reported
on magnetic Ru/Fe;0,@SiO, nanospheres to prepare cis-
pinane [25], Ru NPs decorated with Fe,O,@SiO,-NH, core-
shell microspheres for hydrogen production [39], Fe,O,@-
SiO,/APTS/Ru magnetic nanocomposite catalyst for hydroge-
nation reactions [40], and Fe;0,@C@Ru hybrid composites
for photocatalytic degradation of methylene blue under visible
light [41]. The current study describes the synthesis and
fabrication of silica-coated magnetic iron oxide core-shell
microspheres with ruthenium (Ru) nanoparticles to obtain
Fe;0,@Si0,@Ru hybrid magnetic composites (HMCs). The
incorporated Ru NPs onto the magnetic silica are expected
to reduce the band gap, which could promote enhancing pho-
tocatalytic property. To the best of our knowledge, the use of
Fe,0,@Si0,@Ru HMCs as photocatalysts has not been
reported. The morphological, optical, and magnetic properties
of Fe;0,@Si0,@RuHMCs were investigated by different
characterization methods. In this work, two azo dye organic
pollutants, methyl orange and methyl red, were selected for
their degradation in an aqueous medium under visible light
radiation to evaluate the photocatalytic performance of the
prepared HMCs.

2. Experimental

2.1. Materials. FeCl;-6H,0, sodium acetate, sodium acrylate,
and ammonium hydroxide (NH,OH) were received from
Sigma. The azo dyes, methyl orange (MO) and methyl red
(MR), ruthenium(III) acetylacetonate, ethylene glycol, poly(-
vinylpyrrolidone), 1,4-butanediol, and tetraethyl orthosilicate
(TEOS) were supplied by Sigma-Aldrich. Ethanol (EtOH) of
HPLC grade was obtained from J. T. Baker. Other chemicals
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of the analytical reagent grade were employed, which had a
purity of more than 99% purity and were used without addi-
tional purification.

2.2. Synthesis of Fe;O, Magnetic Microspheres. The Fe,O,
magnetic microsphere (MMS) synthesis was carried out by
solvothermal process as per previous report [42]. Briefly, in
100 mL ethylene glycol, 2 g of FeCl;-6H,0, 5.5g of sodium
acetate, and 5.5g of sodium acrylate were dissolved with
magnetic stirring at room temperature for 90 min. The resul-
tant solution obtained was then transferred into a Teflon-
lined stainless steel autoclave (200 mL in capacity) for heat-
ing at 200°C for 10 h. After the reaction time, the autoclave
was cooled to room temperature, and the obtained black
product of Fe,O, magnetic microspheres was thoroughly
washed with deionized H,O and EtOH for several times
and finally vacuum dried at room temperature.

2.3. Synthesis of Fe;0,@Si0O, Core-Shell MMSs. At room
temperature, the Fe;O, MMSs (50 mg) were dispersed in a
solution comprising 50 mL of EtOH, 20mL of H,O, and
2.0mL of NH; solution, and the solution was homogenized
by ultrasonication. Then, TEOS was added through injec-
tion, and the resultant dispersion solution was mechanically
stirred for 2 h at room temperature. The product obtained as
Fe,0,@5i0, MMSs was collected by applying an external
magnetic field (using a magnet) and washed several times
with deionized water and EtOH.

2.4. Synthesis of Fe;0,@Si0,@Ru HMCs. To synthesize
Fe,0,@Si0,@Ru HMCs, first, Ru NPs of 3nm size were
synthesized by the reported procedure [43]. To immobilize
the synthesized Ru NPs onto the Fe;O,@SiO, core-shell
MMSs, the following procedure was employed. Initially,
0.5mL of acetic acid solution was added to an ethanolic
solution of 50mgmL™" of Fe;0,@Si0, magnetic sample at
room temperature, followed by sonication for 30 min. This
procedure was implemented to activate the surface of
Fe,0,@Si0, core-shell MMSs. Then, a solution of already
synthesized Ru NPs (dispersed in EtOH) was added to the
Fe;0,@Si0, core-shell MMSs (5mL), and the solution was
ultrasonicated at room temperature for 60 min. During this
process, the Ru NPs were immobilized on the surface of
the Fe,0,@Si0, MMSs to obtain Fe,O,@Si0,@Ru HMCs.
This final product of Ru magnetic composite was isolated
from the solution by a magnet, then rinsed several times
with H,0 and EtOH, and then dispersed in H,O for charac-
terization and photocatalytic degradation of azo dyes.

2.5. Characterization of the Samples. The XRD (X-ray dif-
fraction) pattern of all the samples was carried out by Philips
X’pert MPD 3040 with Cu Ka radiation over a 20 range from
20° to 80° at 2.5° per minute. Fourier transform infrared
(FTIR) spectra were obtained using a Nicolet FT-IR 400
spectrophotometer (Nicolet iS10, SCINCO, USA) using the
KBr pellet method. The morphology and size of all magnetic
microspheres and composites were recorded by a transmis-
sion electron microscope (TEM) (JEM-2100F, JEOL, Japan).
TEM-EDX (energy-dispersive X-ray) analysis was used to
determine the elemental analysis of Fe;0,@SiO,@Ru mag-

netic composite sample. The XPS (X-ray photoelectron spec-
troscopy) was recorded by a MultiLab2000 (Thermo VG
Scientific, USA). The pore size distributions, pore volume,
and surface area were determined by N, adsorption-
desorption isotherms using Autosorb-1 equipment (Quanta-
chrome, USA). The pore size distribution and surface area
were measured by the Brunauer-Emmett-Teller (BET)
method. A vibrating sample magnetometer (VSM, Lake-
shore 7304) was employed to determine the magnetic prop-
erties of the Fe;O,, Fe;0,@Si0,, and Fe;0,@SiO,@Ru
magnetic microsphere samples at room temperature. The
UV-Vis spectra were acquired by a Lambda 950 spectrome-
ter (PerkinElmer). A Shimadzu UV-2600 spectrophotometer
was used for UV-Vis DRS analyses. The fluorescence spectra
of the magnetic samples were recorded using a Shimadzu,
RF-5301PC spectrofluorophotometer.

2.6. Photocatalytic Degradation. The photocatalytic activity
performances of synthesized Fe;0,@SiO,@Ru HMCs were
examined for their ability to remove two azo dyes, MO
and MR, in an aqueous solution under visible light. In a typ-
ical photocatalytic degradation process, a magnetic compos-
ite photocatalyst of 10 mg was added to a 50 mL of MO/MR
dye aqueous solution (30 mg/L). Afterwards, the reaction
solution was stirred in the dark for 60 min to attain the
adsorption-desorption equilibrium of the MO/MR dye on
the composite photocatalyst surface prior to visible-light
irradiation. The same experimental procedure was used for
control experiments. A homemade setup was used to con-
duct the photocatalytic experiments. A tungsten halogen
lamp (300 W, 8500 lumen) was employed to generate visible
light radiation. The photocatalytic degradation reaction was
tracked at various time intervals by recording the absorbance
at A, of the MO/MR dye at particular wavelengths using
UV-Vis spectrophotometry. The photocatalytic degradation
rate can be calculated as follows:

Ag-A
Degradation rate (%) = [ 0 } % 100,

c (1)

Degradation rate (%) = [COC } x 100,

0
where A, indicates the initial absorbance of the MO/MR
solution, A shows the absorbance of the MO/MR solution
after visible-light irradiation at time ¢, C, is the initial con-
centration of the MO/MR solution, and C is the concentra-
tion of the dye solution after visible irradiation at time ¢.

3. Results and Discussion

3.1. Synthesis and Characterization. The Fe;0,@SiO,@Ru
core-shell HMCs were synthesized in three steps. A scheme
for the synthesis of Fe;0,@SiO,@Ru core-shell HMCs is
shown in Scheme 1. In the first step, the Fe;O, MMSs were
prepared by the solvothermal method using Fe(III) salt as
the sole iron seed for magnetic property, sodium acrylate
as the reducing agent, NaAc as the precipitating agent, and
ethylene glycol as the solvent. In the second step, silica-
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ScHEME 1: Synthesis of Ru NP-decorated silica-coated iron oxide magnetic hybrid magnetic nanocomposites (Fe;0,@SiO,@Ru HMNCs).

coated magnetite (Fe;0,@Si0,) MMSs were prepared by
coating a layer of silica on the surface of Fe;O, MMSs by
hydrolysis and condensation of tetraethyl orthosilicate
(TEOS) in a mixture of EtOH, ammonia, and water. The
silica layer was coated on magnetic Fe;O, MMSs to protect
against photocorrosion and leaching of Fe ions. Moreover,
this SiO, layer has a negative effect on the photocatalytic
activity because it inhibits charge transfer between the
Fe,O, and the catalyst [44]. In the final third step, Fe;O0,@-
SiO,@Ru core-shell HMCs were obtained by stabilization of
presynthesized Ru NPs on to the surface of Fe;O0,@SiO,
MMSs. The obtained HMCs were characterized by different
instrumental methods.

3.2. XRD Studies. XRD studies were conducted to examine
the purity and crystallinity of the synthesized Fe;O, MMSs,
Fe,0,@58i0, MMSs, and Fe;0,@Si0O,@Ru HMCs. The
diffraction peaks of the Fe;O, MMSs are clearly visible from
Figure 1(a), detected at 20 values, 30.1, 35.5, 43.2, 53.6, 57.3,
62.7, and 74.4, which can be assigned to (220), (311), (400),
(422), (511), (440), and (533) planes, respectively, which are
well matched with the face center-cubic phase of Fe,O,
(JCPDS card, File No. 19-0629). Furthermore, no peaks
have been found specifically for impurities, indicating that
the Fe;O, MMSs synthesized by the solvothermal method
are very pure. The XRD pattern of Fe;0,@SiO, MMSs and
Fe,0,@Si0,@Ru HMCs exhibits reflection peaks similar to
Fe,O, MMSs. This suggests that the Fe;O, magnetite phase
is observed in all X-ray diffraction patterns, pointing that
the crystal structure of Fe;O, has not changed after coating
the SiO, layer on the Fe;O, and also even after incorporating
Ru NPs on the SiO, layer. This is because of the fact that the
SiO, layer on the magnetic Fe;O, core is amorphous, and
therefore, no characteristic peaks of SiO, are noticed in the
XRD pattern. Nevertheless, the characteristic diffraction
peaks of Fe,O, are weakened due to the amorphous SiO,-
coated layer on the surface of the magnetic Fe,O, core.
Moreover, the characteristic diffraction peaks of the metallic
Ru are not observed in Fe,O,@Si0O,@Ru HMCs, indicating
that Ru NPs are in a uniformly distributed state with a size
of ~3nm, which is not within the XRD detection limit
[45]. The XRD patterns of Fe;0,@SiO, MMSs and Fe,O,@-
SiO,@Ru HMC:s also revealed that there were no other con-
taminants in those materials. XRD studies have shown the
formation of highly pure Fe;O, MMSs and also the purity
of the Fe;0,@Si0,@Ru HMCs.

3.3. FT-IR Studies. The synthesized Fe,O,, Fe;0,@SiO,, and
Fe,0,@Si0,@Ru composite samples were characterized by

FT-IR spectroscopy at room temperature to confirm their
chemical composition. As shown in Figure 1(b), bare
Fe,O, MMSs show a characteristic absorption band at
591cm™ for stretching vibration of the Fe-O bond. The
broad absorption band observed at approximately 3430 cm’
! is related to O-H stretching vibrations of the surface Fe-
OH groups. The FT-IR spectrum of Fe,O,@SiO, MMSs dis-
plays characteristic asymmetric and symmetric linear
stretching vibrations of the Si-O-Si bond, and those absorp-
tions were appeared at 1082 and 798 cm™', respectively [46].
The absorption peaks for bending vibrations of Si-OH and
Si-O-Si were observed at 948 and 461cm’, respectively
[47]. Apparently, these stretching and bending vibrations
represent the SiO, (silica) layer successfully formed on the
surface of superparamagnetic Fe,O, MMSs.

3.4. TEM Studies. Figure 2 displays TEM images of super-
paramagnetic Fe;O, and core-shell Fe,O,@SiO, MMSs. As
shown in the TEM images, all the four images (a—d) appear
to have a narrow size distribution and better monodisper-
sion. It can be easily seen in Figures 2(a) and 2(b) that the
Fe,O, MMSs are almost spherical in shape and have an aver-
age diameter of ca 180 nm. From Figures 2(c) and 2(d), the
core-shell structure of Fe;O,@Si0, is clearly visible, consist-
ing of a dark black magnetic Fe,O, core and its surface uni-
formly coated with a silica shell (grey colored) of thickness
ca 40 nm. Using the sol-gel approach, it is possible to tune
the thickness of the silica layer from tens to hundreds of
nanometers [48]. The Ru NPs prepared by colloidal synthe-
sis are ~3nm in size and are well dispersed as seen in
Figure 3(a). TEM images of the obtained Fe;0,@SiO,@Ru
HMCs (Figures 3(b)-3(d)) indicate that the magnetic
Fe,0,@Si0,@Ru composite microspheres are well dispersed
and have an average diameter of 280nm. As shown in
Figures 3(b)-3(d), many monodispersed Ru NPs (~3 nm)
are uniformly decorated, indicating that the synthesized Ru
NPs are stabilized onto the surface of Fe;0,@SiO, MMSs
to form Fe;0,@Si0,@Ru HMCs. Furthermore, these
Fe,0,@Si0,@Ru HMCs were stable and did not decompose
even after 150 minutes of sonication. This ensures that
deposited Ru NPs are not easily lost when reused in liquid-
phase catalytic reactions [49].

Additional TEM studies were performed in conjunction
with EDX spectrum analysis for positive identification of
synthesized Fe;0,@Si0,@Ru HMCs. From the TEM-EDX
spectrum shown in Figure 4, a good correspondence of the
elemental distribution of Fe, O, and Si can be clearly seen
and confirmed the presence of metallic Ru content in the
Fe,0,@Si0,@Ru magnetic composite sample.
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FIGURE 1: (a) XRD patterns and (b) FT-IR spectra of (i) Fe;O, MMSs, (ii) Fe;0,@SiO, MMSs, and (iii) Fe;0,@SiO,@Ru HMCs.
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3.5. XPS Studies. The Fe;0,@Si0,@Ru composite was also
characterized by XPS in order to ensure the existence of
decorated ruthenium content and its oxidation state. The
HR-XPS results of the Fe,O,@Si0,@Ru HMC are presented
in Figure 5. The HR-XPS spectrum of Fe (Figure 5(a)) exhibits
peaks at the binding energies of 711.3 and 725.1 eV belonging
to Fe,,, and Fe, ,, respectively, in the 2p region [50, 51]. As
shown Figure 5(b), the binding energy at 531 eV was assigned
to O 1s. The HR-XPS spectrum of Figure 5(c) represents Ru in
the 3p region and exhibits two peaks at binding energies of
pattern 461.4 and 483.2 eV, which are characteristic of Ru,,,
and Ru,,,, respectively. Doublet at binding energies, 284.0
and 297.2 eV (Figure 6(d)) were ascribed to Ru(0) 3d,,, and

100 nm

(d)
Ficure 2: TEM images of (a, b) Fe;O, MMSs and (c, d) Fe;0,@SiO, MMSs.

3d;,,, respectively. These HR-XPS results confirm the pres-
ence of ruthenium in its metallic state on the surface of
Fe,0,@Si0, MMSs [52, 53].

3.6. BET Analysis. The specific surface area and pore size dis-
tribution of as-synthesized Fe;O,@SiO,@Ru HMCs were
determined by N, adsorption-desorption analysis. Figure 6
provides the N, adsorption-desorption isotherms and the
corresponding pore-size distribution curve, suggesting that
the Fe;0,@Si0,@Ru composite exhibits a typical IV iso-
therm with a H3-type hysteresis loop (P/P, of 0.38)
(Figure 6(a)), and this supports the presence of well-
defined mesopores [54]. The BET specific surface area and
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(d)

FIGURE 3: TEM images of (a) Ru NPs and (b-d) Fe;0,@SiO,@Ru HMCs.

Spectrum 2

0 2 4 6 8 10 12 14 16
Full scale 1872 cts cursor: 0.000

Element | Weight% Atomic%

OK 27.84 53.91
SiK 14.81 16.34
FeK 41.00 22.74
CuK 11.05 5.39
RuK 5.30 1.62
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FiGUure 4: TEM-EDX spectrum of Fe;0,@SiO,@Ru HMCs.

pore volume were measured as 93.24 m*/g and 0.18 cm’/g,
respectively. Figure 6(b) displays the pore size distribution
plot, which refers to well-developed mesopores with a diam-
eter of 22.98 nm according to the BJH model, which support
the porous nature of the deposited Ru NPs. This is impor-
tant not only for the exposure of active adsorption sites
and provides more efficient transport pathways but also to
facilitate increasing photocatalytic performance.

3.7. UV-Vis (DRS) Analysis. UV-Vis DRS was performed to
study the optical absorption behavior of the synthesized
Fe,0, MMS, Fe,0,@Si0, MMS, and Fe,0,@SiO,@Ru
composite samples. As shown in Figure 7(a), all magnetic
samples show wide absorption and a strong absorptive peak
at a wavelength of 410 nm. Moreover, the Fe;0,@SiO,@Ru
HMC showed a wider absorption peak and a higher intensity
of the absorption maxima with red-shift as compared to bare
Fe;O, MNSs and Fe;0,@SiO, MNSs. This demonstrates
that the incorporated Ru NPs on the surface of Fe;0,@SiO,

could significantly absorb visible light, which promotes more
electron-hole pairs for greater photocatalytic activity. The
band gap energy of Fe;0,@SiO,@Ru HMC was calculated
by Tauc and Davis-Mott relation [55] as given below.

(ahv)" =K (hv - E,), (2)

where « is the absorption coeflicient, kv is the incident pho-
ton energy, K is the energy independent constant, E is the

band gap energy, and n =1/2 corresponding to the allowed
direct transitions. The E, is calculated from the plotting

(ahv)' against v, by extrapolating the straight line portion
of the curve to zero coeflicient value. The Tauc plot
(Figure 7(b)) showed that the band gap energies for Fe,O,,
Fe;0,@8i0,, and Fe;0,@Si0,@Ru HMCs were 2.45, 2.18,
and 2.03 eV, respectively. This clearly confirmed the band’s
red-shifts during the incorporation of Fe O, and also
indicated that the visible light harvesting efficiency of Ru
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FIGURE 6: (a) N, adsorption-desorption isotherms and (b) pore size distribution of Fe;0,@SiO,@Ru HMCs.

NP-decorated Fe,O,@SiO, HMCs for photocatalytic appli-
cations could be improved.(a)(b)

3.8. Photoluminescence (PL) Spectral Analysis. PL spectral
analysis provides important and selective information about
the efficiency of charge carrier trapping, migration, transfer,
separation, and recombination processes of the photoin-
duced electron-hole pairs in the nanocatalysts [56, 57]. PL
emission takes place as the electron comes from the excited
state to the ground state. So, the PL intensity is directly pro-

portional to the separation of photoinduced charge carriers;
therefore, the lower PL intensity reflects a decrease in the
recombination probability [58]. The PL spectra of Fe,O,
MNSs, core-shell Fe;O,@Si0, MNSs and Fe,;0,@Si0,@Ru
composite were carried out with an excitation of 300 nm at
room temperature. As seen in Figure 8, all the samples of
MMSs were exhibited similar spectral pattern in their emis-
sion. A major emission peak was observed at 465nm of
highest peak intensity and variations of PL intensity associ-
ated with the recombination rate of excited electron-hole
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pairs. The PL intensity decreased remarkably from Fe,O,
MMSs, Fe;0,@Si0, MMSs and Fe,0,@Si0,@Ru compos-
ite, and Fe;0,@SiO,@Ru composite notices lower emission
intensity than pure magnetic Fe;O, and core-shell Fe,;0,@-
SiO, MMSs. This indicates that decorated Ru NPs further
decreased the PL intensity which lowers the recombination
rate and high separation efficiency of the photoinduced elec-
tron-hole pairs. Because the ability to separate (separation
efficiency) photoinduced electron-hole pairs is one of the
most significant parameters for photocatalytic activity, a
low recombination rate is expected for high photocatalytic
degradation potential. Therefore, it could be concluded that
the Ru-decorated Fe;O,@SiO, composite contributes a large
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FIGURE 9: Magnetization curves of (a) Fe;O, MMSs, (b) Fe,O,
@S§i0, MMSs, and (c) Fe;0,@SiO,@Ru HMCs.

number of photoinduced electrons and holes which promote
the photochemical transformation for the enhancement in
the photocatalytic activity.

3.9. Magnetic Properties. To study the magnetic behavior,
the magnetic properties of the prepared Fe;O,, core-shell
Fe,0,@Si0,, and Fe,;0,@Si0,@Ru HMCs were determined
at room temperature using VSM. The curves of magnetiza-
tion versus magnetic field (M-H loop) are displayed in
Figure 9. All magnetic samples exhibit negligible hysteresis
at the room-temperature magnetization, which reveals their
super-paramagnetic behavior. The magnetic saturation
values of bare Fe;O, MMSs, core-shell Fe,O,@SiO, MMSs,
and Fe;0,@Si0,@Ru HMCs were measured as 68.78, 42.36,
and 31.82emug ', respectively, which indicate a decrease in
the magnetization after surface coating by the silica layer
and the decorated Ru NPs. This decrease of magnetic
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ScHEME 2: Decolorization of azo dyes by Fe;0,@SiO,@Ru
photocatalysts.

saturation can be explained by considering the diamagnetic
contribution of the silica shell and Ru NPs surrounding
Fe,O, [59]. The super-paramagnetic property of the
Fe,0,@Si0,@Ru HMCs allows an easy and effective way
to separate and recycle from catalytic reaction systems.

3.10. Photocatalytic Degradation of MO and MR Dyes. The
organic dyes are the most common organic pollutants from
dye industries to pollute water, so these dyes are one of the
most marked analytes in water analysis. Photodegradation
of dyes is a standard process for determining the catalytic
action of different types of photocatalysts. In this work, fab-
ricated Fe;0,@Si0,@Ru HMCs were applied as photocata-
lysts for the degradation of two azo dyes (MO and MR
dyes) under visible light. Scheme 2 displays the decoloriza-
tion of the MO azo dye solution using synthesized Fe,O,@-
SiO,@Ru HMCs.

Figure 9 illustrates the photocatalytic activity of Fe,O,@-
SiO,@Ru HMCs for the degradation of MO (Figure 9(a))
and MR (Figure 9(b)) dyes when exposed to visible light at
different irradiation times at room temperature. Photodegra-
dation of the azo dyes showed similar trend, where catalytic
degradation rates increase over time and both azo dyes
degrade by more than 90% (MO: 95% and MR 91%) within
150 min irradiation time. These findings indicate that
Fe;0,@S5i0,@Ru HMCs exhibit a higher photocatalytic per-
formance when exposed to visible light. Control experiments
on azo dyes were performed in the absence of Fe,O,@-
SiO,@Ru photocatalysts and in the presence of Fe,O,@SiO,
MMSs to assess the photodegradation active component of
the catalyst. As shown in Figure 10, almost no dye degradation
was observed in the absence of Fe;O,@SiO,@Ru photocata-
lysts, and 7-8% degradation was detected using Fe,O,@SiO,
MMSs. This suggests that very poor photocatalytic degrada-
tions occur except using Fe,0,@Si0,@Ru HMCs. Apart from
this, an experiment was conducted using Fe,;O0,@SiO,@Ru
HMC:s in dark conditions to confirm that there is no photocat-
alytic degradation of azo dyes. The results found that the azo
dye degradation was very poor, so it is negligible. These exper-
imental results explore that the photocatalytic reaction is trig-
gered and facilitated by the Fe,0,@SiO,@Ru photocatalysts’
irradiation effect and not by the other individual constituents
of the Fe;0,@Si0,@Ru composite. Furthermore, the effects
of other practical parameters, pH of the azo dye solution,
azo dye concentration in the solution, and amount or dose
of photocatalyst in the degradation solution were examined
on the dye degradation efficiency. Also, the kinetics of the
photocatalytic reaction and the reuse of Fe;0,@Si0,@Ru
HMCs were evaluated, presented, and discussed.

3.10.1. Influence of pH on MO and MR Degradation. The pH
is critical in photocatalytic degradation because it affects the
release of protons and the formation of hydroxyl radicals.
Various sectors, such as dye manufacturing and surface
coating, discharge their effluent into water sources at differ-
ent stages. As a result, determining the effect of pH on pol-
lutant photodegradation in the organic dye mechanism is
critical. This involves hydroxyl radical attack, direct electron
reduction in the conducting band, and positive hole direct
oxidation [60]. Using a concentration of 10 mg/mL dye solu-
tion and 1g/L of Fe;0,@SiO,@Ru photocatalyst, the pH
effect was studied at various pH values. The pH of the solu-
tion was modified using diluted sodium hydroxide (NaOH)
or hydrochloric acid (HCI). At pHs 4, 7, and 10, the photo-
catalytic degradation of azo dyes was measured and the
respective degradation results are presented in Figure 11.
As the pH increases from 4 to 10, the azo dye degradation
efficiencies decreased, indicating that pH plays a large part
in the degradation of MO and MR. In the acid medium,
the most degradation is found. In addition, MO dye was
found to degrade faster than MR dye. As a result of the effec-
tive electron transfer, the interaction of the photocatalyst
ions with the positive holes resulted in the generation of a
significant number of hydroxyl radicals and the formation
of a rich surface complex bond [61]. The photodegradation
was reduced with higher pH values; this is due to the cou-
lombic repulsion between the hydroxyl (OH") anions and
the positive charged oxide surface, which is caused by the
diffusion of the further generated OH™ anions on the catalyst
surface. The increased pH can also cause a cathodic displace-
ment of the composite catalyst valence band position, reduc-
ing the holes’ potential to oxidize [62].

3.10.2. Effect of Variation in Dosage of Fe;0,@SiO,@Ru
Photocatalyst. The optimal amount of catalyst loading is the
decisive step in scaling up the photocatalytic process since it
affects both the process’s economy and the downstream pro-
cessing needed to remove the photocatalyst from the reaction
mixture. The effect of Fe;0,@Si0,@Ru photocatalyst loading
on the degradation of MO and MR dyes at concentrations
ranging from 0.2 to 1.0 g/L was investigated under a constant
of experimental conditions of 10mg/mL of MO/MR dye
concentration and pH4. Figure 12 illustrates the effect of the
photocatalyst loading on the degradation efficiency. As
expected, the amount of Fe;0,@SiO,@Ru applied to the reac-
tion medium had an impact on the efficiency of the operation.
The percentage of azo dye removal increased linearly with
Fe,0,@Si0,@Ru loading and reached a maximum of 0.8 g/
L. Beyond that, the removal percentage is almost constant as
the Fe,0,@Si0,@Ru dose is increased. The observed increase
in decolorization efficiency is explained by a rise in the density
(number) of active sites on the catalyst, which leads to an
increase in the active radicals (hydroxyl and superoxide) that
trigger the degradation reaction. As the catalyst loading is
increased, the Fe,O,@Si0,@Ru particles serve as a barrier to
incident visible irradiation, preventing it from reaching other
particles. Another possibility is that the catalyst NPs aggregate
due to their high surface energy and surface area. As a result,
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Ficure 11: Effect of pH on the degradation of MO and MR.

the effective surface area of the catalyst decreases, resulting in a
decrease in decolorization performance.

3.10.3. The Effect of Azo Dye Concentration. The rate at
which a dye or pollutant degrades photocatalytically
depends on its concentration, nature, and the role of other
compounds in the polluted water. The concentration of
dye has an effect on the photodegradation efficiency of MO
and MR dyes, as seen in Figures 13(a) and 13(b). At concen-
trations of 10, 20, 30, and 40 mg/L, the degradation efficien-
cies were determined by keeping a constant dose of 1g/L of
Fe,0,@Si0,@Ru photocatalyst and a constant pH of 4. The
results showed that the degradation efficiencies for MO were
observed as 67, 78, 84, and 93 percent, respectively, and for
MR as 60, 73, 82, and 88 percent, respectively. The low
concentration of azo dye, 10mg/L, provides the highest

performance, while the high concentration activates the
photocatalytic process but slows down its degradation rate.
A possible way is that as the initial concentration of the dye
increases, the azo dye molecules get adsorb on the Fe,O,@-
SiO,@Ru photocatalyst surface, which absorbs a significant
amount of visible light. This leads to a saturated photocata-
lyst’s surface (the MO/MR dye molecules completely occupy
the active sites of the Fe;0,@SiO,@Ru photocatalyst), and
the number of photons getting to the Fe;0,@SiO,@Ru surface
decreases, which is induced by the high concentration of the
azo dye. This also diminishes the generation of hydroxyl rad-
icals, resulting in inactivation of the photocatalytic degrada-
tion reaction. In addition, the nature of the dye is used to
effectively bind to the photocatalyst surface, which makes it
capable of removing dyes from the solution more efficiently.

3.10.4. Kinetics of MO/MR Dye Degradation. The kinetics of
photocatalytic degradation of azo dyes, MO and MR, by
Fe,;0,@Si0,@Ru catalysts was estimated by pseudo-first-
order kinetics, which is given by the following equation:

“In (C%) — kt, 3)

where C, indicates the initial concentration of the MO/MR
dye (mg/L), C is the concentration of the MO/MR dye after
irradiation time “t,” and k is the degradation rate constant
(min™). The —In (C/C,) is plotted as a function of the irradi-
ation time for different MO/MR dye concentrated samples,
and the corresponding curves are displayed in Figures 13(c)
and 13(d). It can be seen from the kinetic plots that a linear
relationship between —In (C/C,)) and irradiation time was
found for both MO and MR azo dyes. The photocatalytic deg-
radation of the azo dyes follows the pseudo first-order kinetics
of the Langmuir-Hinshelwood model [63]. The degradation
rate constants are estimated using the slopes of regression lines
and are listed in Table 1.
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TaBLE 1: Kinetic parameters for photocatalytic degradation of MO
and MR dyes.

Azo dye Azo dye conc. (mg/L’l) k (min™) R?
10 0.0428 0.994
20 0.0382 0.990
MO
30 0.0311 0.983
40 0.0244 0.979
10 0.0338 0.992
20 0.0282 0.988
MR
30 0.0214 0.982
40 0.0158 0.980

The degradation rate constants are progressively
decreased as the dye concentration increased, which corre-
sponds to the Langmuir-Hinshelwood model. It states that
azo dye is first adsorbed on the photocatalyst surface and
then degraded by photon irradiation. When the initial reac-
tant concentration is reached, the molecules accumulate on
the photocatalyst surface and quench the excited molecules
[64]. In addition, high adsorption of the incident photon
occurs as a result of an increase in the initial concentration,
resulting in a decrease in the reaction rate constant [65]. The
R? values (Table 1) clearly show that azo dyes undergo pho-
tocatalytic degradation in a manner consistent with pseudo
first-order reaction kinetics.

Tables 2 and 3 summarize a comparative analysis of
photocatalytic degradation of MO and MR dyes, respec-
tively, using different photocatalysts based on a literature
survey. Our current research work demonstrates that the
synthesized Fe;0,@SiO,@Ru HMNCs are potential candi-
dates for organic dye removal.

3.10.5. Photocatalytic Degradation Mechanism. Most synthe-
sized azo dyes or organic pollutant dyes are highly soluble in
water and very stable in aqueous solutions. Therefore, these
color pollutants released from the dye industries are of great
concern to environmental water pollution. To eliminate
organic dye pollutants, the reaction mechanism provides
significant support for photocatalytic reactions that occur
during the photodegradation process. The superior photocat-
alytic efficiency of Fe;0,@Si0,@Ru HMCs is due to the highly
dispersed small-sized Ru NPs (~3 nm) on the surface of silica-
coated magnetic microspheres. This enabled MO/MR mole-
cules to easily enter the Ru NPs that serve as electron relays
for the photodegradation reaction mechanism. The potential
photodegradation process of azo dyes is represented schemat-
ically in Figure 14. As the Fe;0,@SiO,@Ru photocatalyst is
irradiated with visible light, Ru NPs absorb energy and the
electrons (e”) in the valance band (VB) excite to the conduc-
tion band (CB) leaving a hole (h™). As a result, electron-hole
pairs called excitons (e"/h") are produced; this is the initial
step to start the photocatalytic degradation process.

Fe,0,@Si0,@Ru + hv — e (CB) +h*(VB)  (4)

Adsorption Science & Technology

Since photocatalysts and azo dyes are in an aqueous solu-
tion, the water (H,0) molecules absorbed by the Fe,O,@-
SiO,@Ru photocatalyst surface react with the h's of VB
(photooxidation reaction) to produce hydroxyl (-OH) free
radicals which are highly reactive species.

H,0+h"(VB) — -OH+H" (5)

On the other hand, the e in CB reacts with oxygen (O,)
(photoreduction reaction) to generate superoxide anion radi-
cal (-O,") through transfer of trapped e~ from Ru surface as
shown in Figure 14.

0, +¢ (CB) — -0, (6)

These photooxidation and photoreduction reactions are
demonstrated in Equations (5) and (6), which eliminate the
possibility of an electron-hole recombination process.

In addition, -O,~ radicals produced may react with H" to
form H,0,, and this H,0, is further activated by electrons
and convert to form -OH radicals. The generated reactive
species, ‘O,  and -OH, have a high oxidative ability and
can potentially degrade azo dyes into smaller intermediates
or low molecular weight by-products and to the final degra-
dation products, CO, and H,O. The possible reactions
which occur in the photocatalytic degradation process are
proposed below.

-0,”+H"— -O,H
-0,H+- 0,H — H,0,
H,0, —> -OH+-OH (7)

MO
e OH — Intermediates — CO, + H,0

3.11. Evaluation of the Recyclability of the Photocatalysts. For
any type of catalyst, reusability is a critical theme to its
successful use. The usability is sought with a greener and
environmentally sustainable solution, as it eliminates waste
and thus cuts maintenance costs. Hence, in order to investi-
gate the recyclability, Fe;0,@Si0,@Ru HMCs were filtered
from the reaction mixture. Following that, the HMCs were
washed with deionized water and EtOH and then dried in
an oven set at 100°C for each cycle. After recovering the
composite catalyst, it was used for photodegradation of
MO and MR dyes under similar experimental parameters.
The Fe,0,@Si0,@Ru composite’s photocatalytic activity
was evaluated six times. As shown in Figure 15, also after
six reuses, the composite catalyst maintained its photocata-
Iytic activity, and the azo dye degradation performance was
nearly identical. The Fe,O,@SiO,@Ru composite’s recycla-
bility is a result of its stability and resistance to photocorro-
sion [65]. As a result of Fe,0,@SiO,@Ru composite’s
recyclable nature, it can be used as an effective photocatalyst
for organic dye degradation.
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4. Conclusions

In this work, a facile and reproducible method was developed
for synthesizing Fe;0,@Si0,@Ru core-shell HMCs by a
three-step method. The presynthesized Ru NPs (~3 nm) were
immobilized onto the surface of Fe;0,@Si0, MMSs by apply-
ing an electrostatic method to obtain Fe,0,@SiO,@Ru HMCs.
Different characterization techniques such as XRD, FT-IR,
TEM, EDS, XPS, BET, PL, UV-Vis DRS, and VSM were per-
formed to study morphology, chemical, optical, and magnetic
properties of Fe,0,@Si0,@Ru HMCs. The photocatalytic effi-
ciency of the synthesized Ru-decorated magnetic composite
was examined for degradation of MO and MR azo dyes in
aqueous solution under visible light irradiation by varying
several working parameters without any additional reduc-
tant/oxidant. The results indicate that Fe;O,@SiO,@Ru
HMCs showed excellent photocatalytic degradation of azo
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dyes. Based on the above findings and discussion, the photo-
catalytic activity of Fe;0,@Si0,@Ru HMCs is due to the
synergistic effects of the highly dispersed small-sized Ru
NPs, the sandwich silicon layers’ strong adsorption nature,
and the Fe,;0,@S510,@Ru HMCs excellent dispersion.
Accordingly, a suitable degradation mechanism of organic
dyes was proposed for the photocatalytic process. The devel-
oped Fe;0,@Si0,@Ru HMCs are easily isolated from the
solution and reused using an external magnetic field, and also,
their photocatalytic activity did not vary significantly up to 6
cycles. Photocatalysis results reveal that Fe;O,@SiO,@Ru
HMC:s are potential candidates as the most effective photoca-
talysts for degradation of organic dyes and so as applicants for
environmental protection.
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