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Abstract: This study aims to fabricate a NiFe2O4/SiO2/TiO2 magnetic composite to
serve as a photocatalyst for the degradation of Congo red dye. The catalyst
characterization involved XRD, FTIR, UV-vis DRS, BET, VSM, SEM-EDS, and pHpzc
analyses. The performance in degradation was determined by the effect of various
variables, including solution pH, dye concentration, and irradiation time. Results
revealed that the NiFe2O4/SiO2/TiO2 composite exhibited a crystallite size of 24.56 nm
and a bandgap of 2.1 eV. The surface area of NiFe2O4/SiO2/TiO2 was measured at
154 m2/g, exceeding that of NiFe2O4/SiO2 and NiFe2O4, which were observed at 122 and
51 m2/g, respectively. NiFe2O4/SiO2/TiO2 exhibited magnetic properties with a magnetic
saturation of 18.55 emu/g. Under optimal conditions (pH 5, initial dye concentration
of 20 mg/L, and 90 min of visible irradiation), the degradation efficiency reached
96.86%. It was concluded that the photodegradation was effective, as its efficiency
decreased from 96.86 to 92.45% after five reuse cycles. The presence of mineralization
was evaluated using total organic carbon analysis, which revealed an 84.60% reduction
in carbon content.

Keywords: NiFe2O4/SiO2/TiO2; magnetic composite; photodegradation; Congo red
dye

■ INTRODUCTION

Azo dyes, characterized by aromatic compounds

highly prevalent in industries like textiles, paper, printing,
plastics, and leather [1-3]. Approximately 80% of these
dyes are used in industries such as soap, paper, plastics,
and textiles. During the synthesis and dyeing processes,

Their wastewater exhibits complex characteristics,
including difficulty in degradation, and causes serious
environmental damage once discharged without
treatment [6-8]. Furthermore, dyestuffs are carcinogenic,

mutagenic, stable to light and oxidizing agents, and
difficult to remove from wastewater [6,9]. Congo red dye
contains benzidine compounds, which are which are
highly carcinogenic. Even at low concentrations and
under specific temperatures, Congo red exhibits distinct
color and toxicity. Its discharge into water not only
jeopardizes human health but also disrupts plant
photosynthesis. Furthermore, its azo structure makes it
difficult to biodegradation. Therefore, effectively
removing Congo red from industrial wastewater is
crucial to safeguard human health and the ecological
environment [10-11].
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Various methods, such as adsorption [11],
coagulation [12], electrochemical oxidation [13],
biological treatment [14], and ion exchange [15] are
applied to remove dyes from water. These methods only
transfer contaminants from one phase to another,
requiring additional processes, such as the advanced
oxidation process [16]. Other drawbacks are the difficulty
of reusing coagulants or flocculants, the high cost, and the
recycling of adsorbents for sludge removal [17].
Advanced oxidation processes (AOP) are recognized as
cost-effective, environmentally friendly, efficient, and
promising approaches for decomposing and mineralizing
pollutants [18-19]. Heterogeneous photocatalysis, a form
of AOP, is a material capable of mineralizing numerous
organic contaminants [20-22]. The dye is degraded after
the semiconductor material is exposed to light. Photon
absorption produces electron-hole pairs on the catalyst
surface, reducing or oxidizing organic matter to non-toxic
species, such as CO2 and H2O [20]. Some photocatalyst
metal-semiconductors are TiO2, ZnO, SnO2, ZrO2, V2O5,
and C3N4, and several of their modifications have been
studied [23-28].

TiO2 is extensively employed due to its outstanding
photocatalytic activity, chemical stability, non-toxic
nature, affordability and low cost [22,29]. TiO2 has
excellent advantages, i.e., photosensitivity, chemical
stability, and low cost [30]. TiO2 is classified as n-type
metal-oxide superconductors with a wide band gap [31].
Disadvantages of applying TiO2 as a catalyst include a
band gap of 3.2 eV, which limits absorption to UV light,
and difficulty in separation from solution after the
photocatalytic process, thereby causing the release of the
material into the environment [32-33]. This problem can
be solved by altering the structure of TiO2, such as
incorporating transition metals and doping with
nonmetals, surface modification with organic
compounds, and combining it with narrow bandgap
semiconductors to generate heterojunctions [34-35].

Doping TiO2 with magnetic materials is a method
developed to enhance its photocatalytic activity while
reducing band gap, photo dissolution, and recombination
[32,35]. Combining this semiconductor with spinel ferrite
results in a magnetic photocatalyst composite. Following

the photodegradation process, the catalyst can be easily
and quickly removed from the solution using permanent
magnets. Spinel ferrite has the general formula MFe2O4,
where M and Fe are metal cations located in two
different places, tetrahedral and octahedral. One of the
magnetic ferrites is NiFe2O4. The band gap energy of
NiFe2O4 reported from the literature is around 2 eV [36-
38]. Several modifications of TiO2 include Fe3O4/TiO2 to
degrade methylene blue dye [30], CoFe2O4/TiO2 to
degrade Congo red dye [39], and TiO2/ZnFe2O4 to
degrade methylene blue dye [40].

NiFe2O4 is employed in electronic devices because
of the chemical and mechanical stability, high
permeability, electrical resistivity, and magnetic
permeability [41-42]. Previous research has synthesized
NiFe2O4 by co-precipitation, achieving a magnetic
moment of 46.37 emu/g [43]. The modification of
NiFe2O4/TiO2 can reduce the band gap of TiO2 from 3.20
to 2.11 eV, allowing NiFe2O4/TiO2 to be used in the
visible region. The reduction in the bandgap of
semiconductor materials increases absorption
wavelength, allowing electrons in the valence band to
more easily transition to the conduction band [38]. A
layer of SiO2 between the NiFe2O4 and the TiO2 shell is
introduced to prevent electrons from being trapped by
the magnetic core, which usually acts as a recombination
for electron holes [44]. The recombination process
reduces the efficiency of the photocatalytic. SiO2 is the
shell material due to its thermal stability, chemical
inertness, and high specific surface area. In addition,
SiO2 protects NiFe2O4 from the agglomeration process
[45]. The calcination temperature influences the
characteristics of NiFe2O4/SiO2. The crystallinity and
magnetic properties of NiFe2O4/SiO2 increase within the
calcination range of 400–800 °C. At a calcination
temperature of 800 °C, the crystal size of NiFe2O4/SiO2 is
12.9 nm [46]. Previous research synthesized
NiFe2O4/SiO2 using the co-precipitation method with
precursors Ni(NO3)2·6H2O and Fe(NO3)3·9H2O at a
temperature of 450 °C, resulting in a crystallite size of
53.56 nm [43]. In this study, NiFe2O4/SiO2 magnetic
composites were synthesized using the co-precipitation
method with precursors NiCl2·6H2O and FeCl3·6H2O at
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a calcination temperature of 800 °C, subsequently
combined with TiO2. These NiFe2O4/SiO2/TiO2

composites were employed to the photodegradation of
Congo red dye.

■ EXPERIMENTAL SECTION

Materials

The materials used were NiCl2·6H2O, FeCl3·6H2O,
NaOH, NH4OH, tetraethyl orthosilicate (TEOS), HCl,
titanium(IV) butoxide, TiO2, ethanol, Congo red dye
purchased from Merck (Germany), nitrogen gas, and
deionized water.

Instrumentation

The X-ray diffractometer (XRD, Shimadzu-6000)
was employed to determine the phase type and crystal size
of the photocatalyst. Fourier transform infrared
spectroscopy (FTIR, Prestige 21, Shimadzu) was applied to
examine the functional groups. The elemental composition
and morphology of the samples were evaluated by
employing scanning electron microscopy with an energy
dispersive spectrometer (SEM-EDS, Quanta-650 Oxford).
UV-vis diffuse reflectance spectroscopy (UV-vis DRS,
Pharmaspec, UV-1700) was used to analyze absorbance
spectra. Surface area analysis was conducted using a
Surface Area Analyzer (SAA, ASAP 2020). Magnetic
properties were assessed using a Vibrating Sample
Magnetometer (VSM Oxford Type 1.2 T). The
concentration of Congo red dye was determined using a
UV-vis spectrophotometer (Orion Aquamate 8000).
Total organic carbon analysis was performed utilizing a
Total Organic Carbon Analyzer (TOC Teledyne Tekmar).

Procedure

Synthesis of NiFe2O4

NiFe2O4 was synthesized using the co-precipitation
method, a modification of the Naseri method [47].
Initially, 2.38 g of NiCl2·6H2O and 5.41 g of FeCl3·6H2O
were dissolved in 40 mL of distilled water. After stirring
the solution for 30 min, it was heated to 60 °C. A 2 M
NaOH solution was gradually added while nitrogen gas
was bubbled through the mixture to reach pH
approximately 10. The NiFe2O4 precipitate was separated
from the solution using an external magnet and then

washed with ethanol and deionized water until the pH
was neutral (pH 7). Finally, the product was dried in an
oven at 70 °C for 1 h and then calcined in a furnace at
800 °C for 2 h.

Synthesis of NiFe2O4/SiO2

Using a water bath sonicator, 1.0 g of NiFe2O4 was
distributed throughout 50 mL of ethanol for 60 min at
25 °C. Furthermore, 10 mL of 25% NH4OH was added,
and the sonication process was continued for 15 min.
After that, 8 mL of TEOS was added to the mixture, and
the process was carried out for a further 2 h. The
resulting precipitate was cleaned with ethanol and
deionized water until it reached a pH of around 7. It was
then dried in an oven for 1 h at 70 °C and calcined for
2 h at 800 °C in a furnace [46].

Synthesis of NiFe2O4/SiO2/TiO2

The source of TiO2 in the synthesis of
NiFe2O4/SiO2/TiO2 is titanium(IV) butoxide. To prepare
the composite, 0.2 g of NiFe2O4/SiO2 was added to 25 mL
of ethanol over the course of 60 min at 25 °C in water
bath sonicator. Subsequently, a solution of 0.1 M HCl
was introduced to the mixture until the pH reached 4,
and 0.2 mL of titanium(IV) butoxide (dissolved in
10 mL ethanol) was poured inside slowly and sonicated
for 4 h. The residue obtained was washed using ethanol
and deionized water to pH 7. Additionally, it was dried
at 70 °C for 1 h and then calcined in a furnace at 800 °C
for 2 h [47-48].

Determination of point of zero charge (pHpzc)

In each 100 mL conical flask, a 50 mL of 0.01 M
NaCl solution was introduced. The initial pH of the
solution was adjusted within the range of 2 to 12 by
adding 0.1 M HCl or 0.1 M NaOH solution. Then, 0.2 g
of NiFe2O4/SiO2/TiO2 magnetic composite was added to
each flask, and the contents were agitated using a
mechanical shaker for 48 h under atmospheric
conditions. The pH at the point of zero charge was
calculated by plotting the difference in pH (pHfinal-
pHinitial) against the initial difference in pH [49].

Photocatalytic activity

Congo red degradation using the
NiFe2O4/SiO2/TiO2 magnetic composite was assessed
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using a reactor equipped with a visible light source (72 W
LED lamps). The variables related to photocatalytic
degradation comprised solution pH, dye concentration,
and irradiation time. A 0.05 g of NiFe2O4-SiO2-TiO2 was
mixed with 50 mL of 20 mg/L Congo red solution, and the
pH of the solution was changed to range from 3 to 10
using 0.1 M HCl or NaOH. The mixture was put in the
reactor and the position of the lamps with the reaction
mixture was 25 cm from the visible lamp. The catalyst was
isolated from the solution using a magnet, and the
residual dye was examined. The effect of dye
concentration was studied with variations of 20–
120 mg/L (interval of 20 mg/L), while the irradiation time
effect ranged from 0–120 min. The C/C0 ratio, where C0

and C are the dye concentrations prior to and following
photodegradation, is used to express the degradation
efficiency.

■ RESULTS AND DISCUSSION

XRD Analysis

Fig. 1 depicts the XRD spectra of NiFe2O4,
NiFe2O4/SiO2, and NiFe2O4/SiO2/TiO2. The peak of
NiFe2O4 was observed to be sharp and intense at a value

75.51°, according to the fields (220), (311), (400), (422),
(511), (440) and (444). These data are consistent with the
cubic spinel structure described in JCPDS Card No. 10-
0325. The presence of peaks in the NiFe2O4/SiO2

composite confirms that NiFe2O4 is the dominant phase.
However, peaks indicative of SiO2 were not observed,
likely due to its amorphous properties [50-51]. The peaks
corresponding to TiO2 in the NiFe2O4/SiO2/TiO2

magnetic composite were detected at 25.53, 48.27, 55.35,
and 71.51°, corresponding to the (101), (202), (105), and
(116) crystallographic planes, respectively. These
observations align with the data provided in JCPDS Card
No. 21-1272, indicating the presence of the anatase phase
in the composite material. The decrease in peak intensity
observed in the magnetic composite suggests the
successful coating of NiFe2O4 with SiO2 and TiO2. Table 1
presents the crystallite sizes of the three materials,
calculated using Scherrer's formula. The coating process
with SiO2 and TiO2 resulted in an increase in the crystallite

Fig 1. XRD diffraction pattern of (a) NiFe2O4, (b)
NiFe2O4/SiO2, and (c) NiFe2O4/SiO2/TiO2

Table 1. The crystallite size of the materials
Materials Average crystallite size (nm)

NiFe2O4 18.88
NiFe2O4/SiO2 20.73
NiFe2O4/SiO2/TiO2 24.56

size. These results are in line with earlier research by
Kunarti et al. [51] and Han et al. [52], which found that
Fe3O4 coated with SiO2 and TiO2 showed larger
crystallites and lower peak intensity.

FTIR Analysis

The functional groups of NiFe2O4, NiFe2O4/SiO2,
and NiFe2O4/SiO2/TiO2 were analyzed using FTIR, as
shown in Fig. 2. The absorption at wavenumbers around
3200–3600 cm indicated the presence of OH groups,
derived from water molecules adsorbed by the catalyst
and strengthened by a signal at 1600 cm [53-54]. All
three materials exhibit a similar absorption pattern at
this specific wavenumber. The stretching vibrations of
Ni cm ,
respectively, indicating the presence of the spinel
structure of NiFe2O4. Furthermore, in the spectra of
NiFe2O4/SiO2 and NiFe2O4/SiO2/TiO2 at wavenumbers
at 472, 796, and 1110 cm signify the symmetric

TiO2 was confirmed by absorption in the range of 400 to
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Fig 2. FTIR spectra of (a) NiFe2O4, (b) NiFe2O4/SiO2, and
(c) NiFe2O4/SiO2/TiO2

1000 cm , with peaks at 470 and 788 cm suggesting the
2 (anatase) [53].

UV-vis DRS Analysis

The catalyst's optical characteristics were examined
by UV-vis DRS analysis. Fig. 3(a) displays the UV-vis DRS
spectrum of NiFe2O4/SiO2/TiO2 in comparison to

commercial TiO2. It was observed that TiO2 was
absorbed in the ultraviolet (355 nm) region and absent
in the visible region, but the NiFe2O4/SiO2/TiO2

magnetic composites were absorbed both regions.
Following Tauc’s law, the bandgap energy value can be

2 versus energy (eV) as
presented in Fig. 3(b). The bandgap energy value for TiO2

and NiFe2O4/SiO2/TiO2 was 3.2 and 2.3 eV, respectively.
The results suggest that the bandgap value of the
composite decreased as a result of the core-shell structure.

BET Surface Area Analysis

According to Table 2, the surface areas of NiFe2O4,
NiFe2O4/SiO2, and NiFe2O4/SiO2/TiO2 were evaluated
based on nitrogen gas absorption using the Brunauer-
Emmett-Teller (BET) equation of 51, 122, and 154 m2/g.
Coating with SiO2 and TiO2 increased the surface area.
Similarly, the other researchers found that the surface
area of CoFe2O4 < CoFe2O4/SiO2 < CoFe2O4/SiO2/TiO2

[55]. The pore diameter and pore volume of
NiFe2O4/SiO2/TiO2 are 4.2 nm and 0.30 cm3/g, indicating
that this material is classified as mesopore (2–50 nm)
[56]. The pore volume and diameter of NiFe2O4/SiO2/TiO2

Fig 3. 2 vs. Eg (eV) of the materials

Table 2. Parameters of the surface area of the materials
Materials BET surface area (m2/g) d (nm) V (cm3/g)

NiFe2O4 51 3.8 0.24
NiFe2O4/SiO2 122 3.7 0.24
NiFe2O4/SiO2/TiO2 154 4.2 0.30
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are larger compared to NiFe2O4 and NiFe2O4/SiO2, an
increase in surface area can cause an increase in pore
volume and diameter due to the addition of small pores or
the creation of more spaces between the material particles.

VSM Analysis

Magnetic properties are an important aspect of
magnetic photocatalysts. Fig. 4 shows the magnetic
properties analysis of the materials. NiFe2O4 had the
largest saturation magnetization of 43.48 emu/g, while
NiFe2O4/SiO2 and NiFe2O4/SiO2/TiO2 had 24.48 and
18.55 emu/g, respectively. Alavi et al. [57] reported the
saturation magnetization of NiFe2O4 as 57.1 emu/g, but
the formation of NiFe2O4-SiO2-ZrO2/SO4 /Co/Cu
magnetic composite decreased the value to 11.5 emu/g.
Coating NiFe2O4 with SrTiO3 reduced its saturation
magnetization from 40 to 23.35 emu/g, according to
another study [41]. Coating with non-magnetic materials
often causes a reduction in magnetic properties. Despite
the reduced properties observed, NiFe2O4/SiO2/TiO2 still
exhibited good magnetic performance after being used in
the photocatalytic process. Therefore, an external magnet
can rapidly separate the catalyst from the solution.

SEM-EDS Analysis

Fig. 5 shows the morphology of the materials. The
morphology of NiFe2O4 looks more homogeneous than
that of other materials. NiFe2O4/SiO2 morphology
indicates the presence of spherical particles, which is
characteristic of SiO2 covering, while NiFe2O4/SiO2/TiO2

morphology has spherical particles with TiO2 being
suspected on the surface. SiO2 addition as an interlayer
between the NiFe2O4 core and the TiO2 outer layer

effectively reduced the interaction of NiFe2O4 and TiO2

as well as protect the magnetic core from photo
dissolution and electron-hole recombination [58]. Table
3 displays the composition of elements analyzed using
EDS. The presence of Si and Ti in the magnetic
composite confirmed the synthesis succeeded.

Photocatalytic Activity

In this research, the variables for photocatalytic
degradation encompassed solution pH (3–10), dye
concentration (20–120 mg/L), and irradiation time (0–
120 min), as illustrated in Fig. 6. This figure depicts both
the pHpzc and the influence of the three variables. In the
photocatalytic degradation process, solution pH is a
crucial factor that impacts the dye's charge. The
determination of the pHpzc of NiFe2O4/SiO2/TiO2 was
conducted at pH 6.5 to ascertain the total surface charge

Fig 4. Magnetic hysteresis curve of the materials
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Fig 5. SEM image dan EDS spectra of (a) NiFe2O4, (b) NiFe2O4/SiO2 and (c) NiFe2O4/SiO2/TiO2

Table 3. EDS analysis of the materials

Materials
Element (%)

O Fe Ni Si Ti
NiFe2O4 34.80 36.03 19.35 - -
NiFe2O4/SiO2 47.84 15.37 9.89 18.32 -
NiFe2O4/SiO2/TiO2 39.65 5.97 3.28 5.66 4.77

of the particles (Fig. 6(a)). If the solution has pH > pHpzc,
then the composite surface is positively charged, but if the
solution has pH < pHpzc, the charge of the composite
surface becomes negative [44]. The catalyst and dye
interaction is affected by the solution pH. Congo red dye
has a pH range of 3.0–5.2, with pKa of 4.1. In acidic
conditions (pH solution < pHpzc), it dissociates into
negatively charged R-SO3 from dye and interacts with the
positively charged composite [50,58]. Electrostatic
attraction is beneficial for dye adsorption on the catalyst
surface, improving photodegradation performance [59].
Besides that, reducing O2 to •O2 radical is expected to
initiate under acidic conditions where the catalyst surface
is positively charged by transferring electrons to the
surface [60]. The pH effect on C/C0 was determined by

adding 0.05 g catalyst and 20 mg/L dye solution at a 60
min irradiation time (Fig. 6(b)). The highest degradation
efficiency was observed at pH 5. In contrast, utilizing
visible irradiation alone in the photolysis process did not
yield significant changes.

An increase in dye concentration is directly related
to a decrease in C/C0 or inversely proportional to
degradation efficiency. The dye obstructs visible
irradiation from reaching the catalyst at higher
concentrations, reducing efficiency [61]. Combining the
catalyst with visible irradiation yielded higher
degradation efficiency than using visible irradiation
alone. A similar trend was observed in the degradation of
etodolac with ZnFe2O4/SiO2/TiO2 composites, where UV
irradiation alone resulted in lower degradation efficiency
than when combined with a catalyst and UV irradiation.
The effect of irradiation time was evaluated at 20 mg/L
concentration of dye and a solution pH of 5. It was
observed that the C/C0 value decreased with increasing
irradiation time up to 90 min, with an efficiency of 96.86%.
Photocatalytic UV degradation of methylene blue using
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Fig 6. Photocatalytic degradation by varying (a) pHpzc, (b) solution pH, (c) Congo red dye concentration, and (d)
irradiation time

Fe3O4/SiO2/TiO2 composites had the same pattern, which
increased sharply at 0–120 min and continued slightly or
remained relatively constant afterward [51]. In
photocatalytic degradation, dye molecules are oxidized by
reactive oxygen species produced, such as superoxide and
hydroxyl radicals, on the surface of the catalyst, producing
H2O, CO2, and other products [39]. Fig. 7 shows the
schematic of the photodegradation of Congo red dye. The
photocatalytic degradation utilizing NiFe2O4/SiO2/TiO2

composites can be explained in Eq. (1–8) [60-61];

2 4 4 2 2 4 2 2 CB VBNiFe O /SiO /TiO h NiFe O /SiO /TiO (e h )    (1)

VB 2h H O OH H     (2)

CB 2 2e O O    (3)

2 2 2O H O HO OH     (4)

2 2O H HO    (5)

2 2 2 2HO H O H O OH    (6)

2 2H O 2 OH  (7)

2

2 2

H O CR Degradation product
CO H O other product

   

 

 
(8)

Table 4 offers a comparison of the degradation
efficiency of Congo red dye using various catalysts under
varying pH, starting concentration, and irradiation time.
The findings suggest that the NiFe2O4/SiO2/TiO2

composite exhibits potential for photodegradation
compared to other catalysts.
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Fig 7. Schematic of photodegradation Congo red dye by NiFe2O4/SiO2/TiO2

Table 4. Comparison of Congo red degradation efficiency with previous reports catalyst
Catalyst pH Initial concentration (mg/L) Irradiation time (min) Degradations (%) Ref.

CoFe2O4 9 10 90 92.00 [4]
Co3O4/TiO2/GO - 10 90 91.00 [62]
g-C3N4/RGO/Bi2Fe4O9 - 10 60 87.65 [63]
CTiO2@Fe3O4/AC 7 100 30 92.90 [64]
Ni–TiO2 2 10 180 92.31 [65]
TiO2 - 5 120 87.00 [66]
P-ZrO2CeO2ZnO - 10 250 86.00 [67]
NiFe2O4/SiO2/TiO2 5 20 90 96.80 This work

Kinetic Study of Photodegradation

Degradation control mechanisms can be better
understood with the use of kinetic models [30]. The
pseudo-first-order rate model (as per the Langmuir-
Hinshelwood model) allows one to ascertain the rate
constant, kapp. Photodegradation reactions are typically
described using this model, as shown in Eq. (9) and (10)
[30,68];

app
dCr k C
dt

   (9)

0
app

t

C
ln k t

C
 (10)

where t is irradiation time, C0 are Ct the initial
concentrations and at the time of Congo red dye, kapp is
obtained from the slope of ln C0

Ct
versus t plot. This study

obtained a correlation coefficient (R2) value of 0.983 before
repeated and 0.929 after repeated. If the R2 value was close
to 1, proving the experimental data's suitability to the model

used (Fig. 8). The kapp value obtained before and after it
is repeated were 0.0376 and 0.0333 min , respectively.
The decrease in the kapp value can be attributed to the

Fig 8. The kinetic curve for photodegradation of Congo
red dye using NiFe2O4/SiO2/TiO2 before and after repeated
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Fig 9. Reusability of NiFe2O4/SiO2/TiO2 for photocatalytic
degradation

repeated use of the catalyst, which causes the dye to cover
part of the catalyst surface.

Reusability of Composite

The catalyst's stability and reusability indicate that it
can be used multiple times. Furthermore, the composite
capability after five cycles is presented in Fig. 9. The initial
Congo red concentration was 20 mg/L, the solution pH
was 5, and the irradiation time was 90 min with a
degradation efficiency of 96.86%. A catalyst that has
already been used is cleaned with distilled water, dried,
and then reused. After applying five cycles, the
deterioration efficiency dropped from 96.86 to 92.45%.
Compared to other research, namely using Fe3O4@Al2O3-
PMo, the decreased efficiency 9.3% with five cycle
experiments [61], this small decrease in the study
demonstrates that NiFe2O4/SiO2/TiO2 is stable and highly
efficient as the catalyst.

TOC analysis was conducted on the dye before and
after photocatalytic degradation to assess the level of
mineralization. The TOC value indicates the total organic
compounds present in the solution [69]. This experiment
utilized a Congo red dye concentration of 20 mg/L, a pH
of 5, an irradiation time of 90 min, and a catalyst weight
of 0.05 g. The efficiency of TOC reduction was 84.60%,
indicating a successful decomposition process. This
percentage is higher than 53.55% achieved using
CeO2/Ce-BiOBr [70] and 13.4% using carbon dots [69].

The decreased catalyst performance may be attributed to
blocking active sites by dyes that remain on the catalyst
during regeneration, hindering the diffusion of dye
molecules to the catalyst's surface [71].

■ CONCLUSION

In this study, the NiFe2O4/SiO2/TiO2 composite has
been successfully synthesized. The coating of NiFe2O4

with SiO2 and TiO2 resulted in reduced XRD
diffractogram intensity and magnetic properties,
alongside an increase in surface area. The composite
demonstrates superparamagnetic properties, with a
magnetic saturation value of 18.55 emu/g, a surface area
of 154 m2/g, and a bandgap value of 2.1 eV. The EDS
results confirmed that the composite consisted of Ni, Fe,
O, Si and Ti, which indicated that the synthesis was
successful. It effectively catalyzed the photodegradation
of Congo red dye. The degradation efficiency, with a
concentration of 20 mg/L, pH of 5, and a visible
irradiation for 90 min, was found to be 96.86%. The
composite demonstrates high stability, enduring five
cycles with only a minor decrease in efficiency (4.41%).
Hence, it exhibits promise as a catalyst for wastewater
treatment, particularly in scenarios involving dye-
containing effluents. Outstanding magnetic properties
play a pivotal role in photocatalysts as they facilitate easy
recycling from solution by applying an external
magnetic field.
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