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‘I
Wet chemical techniques were used to synthesize magnetic nanocomposites effectively, whereas the sol-gel process was used to individually |
prepare the magnetic nanocomposites. The UV-DRS, FTIR, SEM, EDS, TEM, XRD and VSM methods were used to characterize the |
MgFe,0,-TiO,-Si0, nanocomposite. The photocatalytic activity of the nanocomposite as a photocatalyst towards the degradation of
Brilliant green was studied under visible light irradiation. The photocatalytic activity showed that the nanocomposites were still effective |
after three cycles of catalysis and degraded brilliant green dye at a rate of 100%. The structural, morphological and optical properties of |
the composites have been investigated by X-ray diffraction and high-resolution transmission electron microscopy (HR-TEM) techniques. |
The HR-TEM images confirm the formation of ternary nanocomposites having smaller particle sizes, whereas the surface morphology of
nanocomposite was examined by SEM and EDS techniques. In UV-DRS analysis, the band gap energy value of the nanocomposite was |
found to be 2.3 eV. These results concluded that a synthesized photocatalyst is effective, reusable, easily separable, low-cost and eco- |
friendly. The antibacterial activity of the prepared nanocomposites was also evaluated against Gram-negative Escherichia coli and Gram- |
positive Staphylococcus aureus bacteria. The novel nanocomposites have shown efficient photocatalytic activity and better antibacterial |
activity. |
|
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INTRODUCTION

The explosive growth in population today is driving acce-
lerated industrialization in sectors such as paper, textile, leather
and cosmetics. These industries uses colours of their products
with a variety of synthetic organic dyes [1]. These product colour
emissions contaminate the environment, mostly in the water
stream, which results in a shortage of drinking water and harms
human health [2]. Dyes are the synthetic organic compounds
that come in various types, such as acidic, basic, sulfur, nitro
triphenylmethane and azo dyes. Brilliant green (BG), a tri-
phenylmethane-based dye, is widely used in the leather, textile
and biological industries. However, water contaminated with
brilliant green poses serious health risks to humans, potentially
causing hypertension and issues related to the heart, kidneys
and lungs. It may even have carcinogenic effects on living
organisms [3].

The photocatalysis process is widely considered to be among
the most effective methods for eliminating organic pollutants
from wastewater [4]. In the presence of sunlight, organic conta-
minants undergo breakdown through a process involving photo-
catalysis. Sunlight and catalysts generate free radicals, which
then engage with the pollutants, leading to their decomposition.
Nanoscale materials, utilized as catalysts, can enhance effici-
ency by 100% relative to bulk materials due to their high surface
area to volume ratios [5]. The semiconductor materials having
wide band gap exhibit great stability and photocatalytic activity
[6]. TiO; is one of the best semiconductor materials that has
been employed in photocatalysis among other semiconductors
because of its wide band gap (3.2 eV), excellent electrical prop-
erties and optical properties, high chemical and photostability,
strong photocatalytic activity, low cost, nontoxic nature and
ecological [7]. TiO, absorbs only UV photons (wavelengths
shorter than 400 nm), accounting for approximately 5% of solar
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light, which significantly restricts its application. Semiconductor
metal oxides are combined with TiO, to boost its photocatalytic
capacity, leading to the successful formation of heterojunctions
that improve the photocatalytic performance of TiO, under visible
light and near-infrared region [8]. Moreover, TiO, may combine
in an extremely favourable way with a semiconductor that has
areduced band gap to produce TiO-based materials with mag-
netic properties [9].

Magnesium ferrite, characterized by its small band gap
of 2.1 eV, is a semiconductor with a spinel structure capable
of absorbing visible light [10]. Magnesium ferrite is effective
for removing arsenic and has a high adsorption capacity. It is
inexpensive, stable and safe for biological tissues also [11].
The previously described properties of MgFe,O, are combined
with TiO, to increase surface area, inhibit photogenerated
charge carrier recombination and modify the band gap to expand
into visible [12]. Due to the small size of TiO, particles, separ-
ating and recovering suspended nano-titania from treated water
is extremely challenging, owing to the superior proximity of
metal oxides to pollutants and their accessibility as a catalytic
surface [13]. It also appears that the silica layer stopped the
iron oxide from serving as a centre for electron-hole recom-
bination. Further, this results in increased photoactivity [14].
Because to their great mechanical strength, broad surface area,
low toxicity, biodegradability and sustainability, they are also
the best adsorbents for removing heavy metal ions (As, Pd)
from water [15]. And TiO,/SiO; both acts as additive properties
(Ti-O-Si) bond activates the catalytic centers of composite oxide
in oxidation reactions of organic compound. Electron hole-
pair on Si0,-TiO; leads to increase photocatalytic activity and
self-cleaning features (hydrophobic) [16]. The preparation and
characterization of MgFe,O, as a source of iron ions (a dopant)
coated with anatase titanium nanoparticles (a photocatalytic
component) and SiO, (adsorbent) using the sol-gel method is
the aim of this work. By adding an external magnetic field, the
magnetic composite photocatalyst can be both recovered and
fluidized. Utilizing UV and solar radiation to degrade Brilliant
green dye, the magnetic photocatalyst was examined using
UV-DRS, SEM-EDS, TEM, XRD, FTIR and VSM techniques.

EXPERIMENTAL

All the chemicals and reagents viz. tetraethyl orthosilicate,
ethylene glycol, magnesium nitrate, ferric citrate, citric acid,
titanium tetrachloride, hydrochloric acid, ammonia and ethanol
were of analytical grade and utilized without further purifi-
cation. All the reactions were performed using deionized water.

Characterization: The synthesized materials were chara-
cterized using a variety of approaches. The crystallite size and
purity of the prepared photocatalyst were measured through
X-ray diffraction (XRD) using a Bruker DX-5 Advanced with
a proportional counter and CuKo radiation (A = 1.54 A).
Scanning electron microscopy (SEM) images were collected
using a Carl Zeiss Gemini 300 from Germany and transmission
electron microscopy (TEM) was utilized to establish the form
and particle size of the nanocomposite. The key vibrations of
the functional groups of the nanocomposite were observed using
Fourier transform infrared (FTIR) spectroscopy on IR Prestige

21 in the range of 4000-500 cm™'. UV-DRS was utilized to inves-
tigate the structure and band gap, utilizing a Shimadzu 2600R
and BaSO; as a reference in the range of 200-800 nm. The
magnetic characteristics of the photocatalyst nanocomposite
were measured using a vibrating sample magnetometer (VSM)
throughout a temperature range.

Synthesis of SiO,: Tetraethyl orthosilicate (TEOS) was
added to 0.3 mol of ethanol followed by the addition of 0.1 to
0.75 mol ammonia and 0.25-2.0 mol of ethanol. Stirred the
solution mixed vigorously for 0.5 h, dried at 80 °C for 6 h and
then calcined at 900 °C for 2 h.

Synthesis of TiO.: TiCl, (6.9 g) was added slowly to 350
mL of distilled water containing 0.5 mL of HCI solution in a
beaker covered with aluminum foil. A white, curdy precipitate
was formed when the beaker was stirred kept on magnetically
for 1 h and then heated at 80-100 °C on a hot plate. The fine
powder was obtained and kept in a hot air oven at 80 °C to
evaporate the moisture. The powder was finally ground in a
motor pestle and calcined at 400 °C for 2 h [17].

Synthesis of MgFe,O4: Magnesium nitrate (4.23 g) dissol-
ved in 10 mL of distilled water was added to a aqueous solution
of ferric citrate (71.64 g) followed by the addition of 12.6 g of
citric acid and then adjusted the pH of the solution to neutral
by adding few ammonia slowly and then 20 mL of ethylene
glycol. After 2 h of heating on a hot plate, the solution was
reduced to a dry powder. After calcination at 800 °C to form
fine magnesium ferrite nanopowder.

Synthesis of MgFe,04/Ti0»/SiO, nanocomposites: To
enable investigation of the effect of TiO, loading on SiO, and
further, these are loadings on magnesium ferrite nanocompo-
site at 0.1, 0.1 and 0.8 g, respectively. TiO, (0.1 g) was placed
into a motor followed by the additio of 0.1 g of Si0, and 0.8 g
of MgFe,O, powder and then grounded using pestle to obtain
finely MgFe,0,-Ti0O,-Si0, nanocomposite.

RESULTS AND DISCUSSION

XRD studies: Fig. 1 shows the X-ray diffraction patterns
of MgFe,0,-Ti0O,-SiO, photocatalytic nanocomposite. The
diffraction peaks at 20 values of 25°, 30°, 35°, 55°and 57° corresp-
onding to the planes (101) (220) (311) (105) (333), respectively.
Indexing using JCPDS card no. 73-1720, the peaks observed
at 30°, 36°, 57° correspond to plane (220) (311) (333) indicate
that MgFe,0, is the primary phase and also highlighted the crys-
talline nature of the sample. The SiO, peak is absent due to its
amorphous nature, while the peaks corresponding to TiO, are
observed at 20 values based on JCPDS card No. 21-1272, with
prominent peaks at 25° and 55°, associated with the (101) and
(105) planes. These results indicate that the composite sample
was successfully formed, with MgFe,O, exhibiting a crystalline
structure, while TiO, exists in the anatase phase, consistent
with recent reports [18,19].

UV-DRS studies: The Tauc plot nanocomposite was emp-
loyed to ascertain the correlation of E, with the indirect band
gap energy of MgFe,0,-Ti0,-Si0,, which was estimated using
UV-DRS spectrum within the region of 200-800 nm for the
prepared nanocomposite (Fig. 2). The characteristic band
appears at 440 nm.
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Fig. 1. XRD pattern of MgFe,04/TiO,/SiO, ternary nanocomposite
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Energy band gap=E, =hv = %
The optical band gap for SiO, nanoparticles was evaluated
using the following equation:

(ohv)"=A(hv - E,)

The nanocomposite exhibits an indirect band gap (E,) of
2.29 eV and a maximum absorption wavelength at 440 nm.
The efficiency of photocatalytic activity is significantly deter-
mined by the electronic band gap energy. For a photocatalyst
to be efficient, it must possess a band gap of less than 3.0 eV,
allowing for enhanced light absorption within the visible spec-
trum and improving the utilization of solar energy [20]. The
band gap between 1.5 and 2.4 eV has the potential for photo-
catalytic water splitting, thus, nanocomposites are a good
photocatalyst for air and water purification.

SEM and EDAX: MgFe,04-Ti0,-Si0, is heterogeneous
with high degree of smooth on the surface observed. Based
on the SEM image (Fig. 3a) at low magnification, it is observed
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that structure seems to consist of aggregated particles, forming
agglomeration. Whereas Fig. 3b-c focuses more closely on
the individual particles, possibly revealing finer details such
as the crystalline appearance of the material. The particle size
distribution based on histogram curve (Fig. 3d) suggests a nor-
mal or Gaussian distribution, with an average particle size of
approximately 38.03 nm. The EDS spectrum (Fig. 3e) and ele-
mental composition exhibit the presence of 56.4% Fe, 31.6%
0O, 1.5%Ti, 2.5% Si and 8.0% Mg which confirm the formation
of pure MgFe,0,-TiO,-Si0, nanocomposite.

TEM studies: Fig. 4a illustrates the structure of small
particles which further confirms the nanoparticles. The darker
regions likely represent agglomerated or more dense particles,
while the lighter areas suggest lower electron density or smaller
particles. The TEM images (Fig. 4b-c) shows a mixture of small
particles and larger spherical structures, which provides an
overall view of the particle distribution, emphasizing the bulk
morphology of the sample. The selected area electron diffra-
ction (SAED) pattern (Fig. 4d) consists of bright spots arranged
in a regular manner, which indicates that the material is
crystalline. The distances between spots (labeled as 5.17 nm)
correspond to the specific interplanar spacings, which can be
used to identify the crystallographic structure of the material.

FT-IR studies: The FTIR spectrum of MgFe,04TiO,-SiO,
nanocomposite particles is shown in Fig. 5. The major peaks
appear at 3853, 3408, 1501, 1103, 700-400 cm™'. The absor-
ption bands 3408, 3853 cm™ are the stretching mode of O-H
groups on surface (M-O bond strength) of photocatalyst. This
is significant as it improves the photocatalytic activity of TiO,
by increasing its capacity to absorb oxygen. The absorption
peak appear at 1501 cm™ is O-H bending vibration. The absor-
ption band observed at 469 cm™ corresponds to the stretching
vibrations of Fe-O bonds, thereby confirmed the presence of
metal oxides, such as iron oxide. The peak at 487 cm™ is due
to the stretching vibrations of Ti-O in anatase TiO,. However,
aband observed at 1103 cm™ correspond to the Si-O-Si stret-
ching vibrations in the FTIR spectrum is confirmed.
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Fig. 2. (a) UV-visible absorption spectra and (b) band gap energy of MgFe,0./TiO,/SiO, ternary nanocomposite
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Fig. 3. SEM images (a) 1 um (b) 10 nm (c) 100 nm (d) average particle size histogram and (¢) EADX image of MgFe,0.4/Ti0,/SiO, nanocomposite

Fig. 4. (a) 20 nm (b) 200 nm (c) 100 nm TEM images of MgFe,0./TiO,/Si0,, (d) SAED pattern of MgFe,0./TiO,/Si0, ternary nanocomposite
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Magnetic properties: The magnetic properties were exam-
ined using a vibrating sample magnetometer (VSM) at room
temperature. The magnetic behaviour of the prepared nano-
composite is important to its application as a regenerable and
reusable magnetic heterogeneous catalyst. Magnesium ferrite
nanoparticles show the superparamagnetic behaviour, with a
saturation magnetization of 60 emu/g and nearly zero coer-
civity (Fig. 6). The prepared MgFe,O./TiO,/SiO, nanocomposite
exhibits superparamagnetic behaviour, with a saturation magn-
etization of 32.5 emu/g and coercivity around zero. The magne-
tization is lower due to the presence of metal oxides. Thus,
this nanocomposite is suitable for reusable magnetic separation
application of photocatalytic particles.
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Fig. 6. Magnetization loop for MgFe,04/TiO,/SiO, composite at room

temperature

UV-visible studies: The UV-visible spectrum for brilliant
green in aqueous solution were observed, revealing a high-
intensity peak at the absorption wavelength, Ay = 625 nm, in
the visible range. The percentage of degradation of brilliant
green was examined at various time intervals.

Photocatalytic degradation of brilliant green dye: The
photocatalytic activity of the prepared nanocomposites was
assessed by measuring the degradation of brilliant green dye
under visible light irradiation. Intially, MgFe,O, (without TiO,)
did not affect the photodegradation of aqueous brilliant green
dye solution. However, using MgFe,0,/TiO,/SiO, nanocom-
posite as photocatalyst, degraded the brilliant green dye effici-
ently. However, the optimized paraments such as pH, catalyst
dosage, dye degradation and temperature influence must be
evaluated in order to obtain the efficiency of photocatalyst.

Initial dye concentration: By adjusting the intial brilliant
green dye concentration from 5 to 100 ppm at fixed pH = 8
and catalyst loading of 10 mg/L, the impact of initial brilliant
green dye concentration on the photocatalytic performance of
MgFe,0./TiO,/Si0O, composite was investigated. Fig. 7 shows
that using 10 mg/L of brilliant green dye concentration, the
maximal degradation rate (100%) was reached in 125 min.
The reduction in the degradation rate as the concentration of
brilliant green dye increases can be attributed to the blanket
effect, where brilliant green dye molecules cover the active
sites on the catalyst surface, thereby limiting the generation
of OH radicals. Although the catalyst dosage was kept constant
at 10 mg/L, a proportional number of reactive species could
not be generated due to the increasing quantity of brilliant green
dye molecules. The efficiency of brilliant green dye molecules
to block visible light is an additional factor influencing the redu-
ction in the degradation rate. Thus, the results demonstrated
that 10 ppm of MgFe,04/TiO,/SiO; is an a potent photocatalyst
for the breakdown of brilliant green dye solution (10 ppm).
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Fig. 7. Effect of dye concentration on MgFe,0./TiO,/SiO,

Effect of pH: The pH of the solution containing MgFe,O./
TiO,/Si0, nanocomposite was increased from 4 to 8 by adding
0.1 M HCI/NaOH solution to the solution. 500 mg of MgFe,O./
TiO,/Si0, nanocomposite is added to an aqueous solution
containing Brilliant green dye and the pH was measured and
found to be 4.0. The dye degradation at different pH values
showed that after 100 min of radiation pH 8 has shown 100%
dye degradation as shown in Fig. 8. As the pH was increased
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to 8, the degradation percentage initially increased and then
gradually decreased. At lower pH levels, the catalyst surface
becomes negatively charged.

0.8
0.6
QO
&)
0.4 1
0.2
04
T T T T T T T T T T T ]
0O 10 20 30 40 50 60 70 80 90 100 110 12
Time (min)

Fig. 8. Effect of pH on MgFe,04/TiO,/Si0,

Effect of temperature: Increasing the temperature from
25 to 40 °C and the photocatalytic efficiency can increased by
approximately two to three times. The results demonstrated
that the molecules cannot be pyrolyzed by heating to a temper-
ature below 40 °C or self-degraded by absorbing radiation.
The effective degradation of was achieved when both MgFe,O./
Si0,/TiO, and UV radiation were applied (Fig. 9) indicating
that MgFe,0./Ti0,/Si0, nanocomposite is useful photocata-
lysts.
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Fig. 9. Effect of temperature on MgFe,0./TiO,/SiO,

Effect of catalyst dosage: To investigate the influence of
nanocomposite concentration on the photocatalytic degradation
of brilliant green dye, the dosage of produced nanocomposite
was adjusted from 0.20 g/L to 0.50 g/L at pH of 8 and an initial
brilliant green dye concentration of 10 mg/L. Fig. 10 demons-
trates that the photocatalytic degradation rate of brilliant green
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Fig. 10. Effect of catalyst dosage on MgFe,0./TiO,/SiO,

escalated with higher composite loading, reaching a maximum
at 0.40 g/L. The increased rate of deterioration can be attribut-
able to the bigger overall surface area and/or the greater number
of accessible active sites. However, as the composite loading
continues to increase, the rate of degradation decreases, which
can be explained by the dispersion of the catalyst and thereby
reduces the availability of active sites for light absorption. More-
over, the higher turbidity of solution with increased loading
further diminishes the light penetration.

Effect of irradiation time: To eliminate the possible influ-
ence of dye on evaluating the photocatalytic activity of the
prepared material, the photodegradation experiments utilizing
brilliant green dye, under solar radiation conditions, were also
carried out. The absorbance of brilliant green solutions under
visible light at various irradiation times is shown in Fig. 11.
During the illumination time, the absorption peaks of brilliant
green dye diminish and nearly vanish after 90 min. After 90
min of radiation, the percentage of degradation for brilliant green
is 93.9%, 87.2% and 87.2%, respectively.
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Fig. 11. Irradiation time on MgFe,O4/TiO,/Si0,
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Reusability studies of photocatalyst: The stability and
reusability of the photocatalyst, MgFe,0./TiO,/Si0O,, at the
optimum load of 0.40 mg/L was also evaluated. An essential
feature of the heterogeneous catalysis process that attracts
industry is the reusability of catalyst. The process of reusing
catalyst usually entails separating it from the reaction medium
using filtration and/or centrifugation, followed by regeneration
through washing with the appropriate liquids or heat treatment
to eliminate surface intermediates which can cause deactivation
or poisoning. In this work, the catalyst can be utilized again
without needing to be washed with water or other liquids or
separated from the reaction medium. The initial dye concen-
tration of 10 ppm has been fixed by integrating the requisite
amount of brilliant green into the colorless solution, so recov-
ering the original concentration of 10 ppm. To perform recycling
tests, the identical reaction conditions employed after the initial
application were utilized to monitor the decrease in brilliant
green concentration. According to the results (Fig. 12), the activity
moderately declines (after 50 min, it drops from 98% in the
first cycle to 93.4% and 75.9% in the second and third cycles,
respectively).
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Fig. 12. Reusability of MgFe,04/TiO,/Si0O,

Antibacterial activity: The study results indicated that
the synthesized nanocomposites also demonstrated promising
antibacterial activity against E. coli (Gram-negative) and S.
aureus (Gram-positive bacteria). Fig. 13 illustrates the anti-
bacterial effect of MgFe,04/TiO,/SiO, mixed ternary metal oxide
nanoparticles on E. coli and S. aureus. Zones of inhibition ranged
from 15 mm to 14 mm at concentrations of 25 pg/mL. At concen-
trations of 100 pug/mL, the zones of inhibition measured 18
mm and 19 mm, respectively. These findings clearly show that
the antibacterial activity of the synthesized nanocomposites
was concentration-dependent and effectively inhibited the
growth of pathogenic bacterial strains. The Gram-negative
bacteria, with an outer membrane composed of negatively
charged lipopolysaccharide molecules, likely allow the nano-
materials to penetrate the bacterial cell wall, causing internal
damage. The physical interaction between the bacterial cells

Fig. 13. Antibacterial activity of MgFe,04/TiO,/Si0O,

and the synthesized nanoparticles leads to cell wall disruption,
eventually resulting in cell breakdown and bacterial death.

Conclusion

The work presents the effective nanocomposite magnetic
photocatalyst MgFe,04/Ti0,/SiO, nanocomposite was
synthesized using the sol-gel method. Its photocatalytic activity
was tested using brilliant green dye under UV-Vis light irradi-
ation. The characterization results obtained through UV-DRS,
XRD, FTIR, SEM, TEM and VSM indicate that MgFe,O4/TiO,/
Si0,is a good photocatalyst and a reusable, easily separable
magnetic composite. A photocatalytic degradation process was
optimized in terms of pH, catalyst dose, brilliant green concen-
tration and catalyst reusability. The evaluation revealed greater
degradation efficiency (100% in 125 min) at pH 8, 10 ppm
brilliant green concentration, 0.40 g/L catalyst dosage and at
least three-fold recyclability.
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