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Abstract—Environmental  pollution from  wastewater
containing dyes has emerged as a significant issue, necessitating
research to identify effective catalysts to address this problem.
The present study investigation generated a
bentonite/Fes;O4@NiO composite as a photocatalyst for the
degradation of Methylene blue dye. The composite was
examined utilizing X-Ray Diffraction (XRD), Scanning
Electron  Microscope with  Energy-Dispersive  X-ray
Spectroscopy (SEM-EDX), UV-vis Diffuse Reflectance
Spectroscopy (UV-DRS), Vibrating Sample Magnetometer
(VSM), and Fourier Transform Infrared Spectroscopy (FTIR).
The bentonite/Fe;O.@NiO composite exhibits magnetic
properties by a saturation magnetization value of 51.02 emu/g.
With a low band gap of 1.96 eV, this composite is active in the
visible light region. NiO supported on bentonite/Fe;O. enhances
degrading efficiency relative to bentonite/FesOs. The
degradation efficiency attained 99.35% under visible light
irradiation with optimal conditions: 0.05 g of catalyst, 20 mg/L
Methylene blue dye concentration, pH 8, and an irradiation
time of 75 min. The photocatalytic degradation adhered to the
pseudo-first-order model. The bentonite/Fe;O«@NiO composite
exhibited remarkable stability, with an efficiency reduction of
merely 5.71% after five reuse cycles. This photocatalyst could
potentially be  utilized in the remediation of
wastewater-containing dyes.

Keywords—Bentonite/Fe;O04@NiO composite, photocatalyst,
degradation, visible light, methylene blue dye

[. INTRODUCTION

Synthetic dyes, such as Methylene blue dye, are
extensively utilized across multiple industries, including
textiles, paper, pharmaceuticals, leather, and cosmetics [1, 2].
Annually, the textile industry utilizes more than 80,000
metric tons of reactive coloring agents; nonetheless, 20-30%
of these chemicals are discarded as they are not absorbed by
the fabric [3]. The environmental and health repercussions of
dye-induced water contamination are significant. Dyes are
challenging to break down naturally due to their intricate and
stable chemical composition. Consequently, these dyes can
persist in water for extended periods, diminishing the
sunlight penetration essential for photosynthetic organisms.
The disposal of dye-containing waste into the environment
might result in significant pollution [4, 5].

Methylene blue dye (CisHisCIN:S) is a basic dye that is
regularly utilized and known for its stability and capacity to
produce brilliant hues. Methylene blue dye possesses
carcinogenic qualities and may induce health issues,
including ocular irritation, dyspnea, gastrointestinal
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disturbances, dermal irritation, and systemic toxicity [6, 7].
Consequently, it is crucial to determine the appropriate
method for treating waste containing this dye before its
environmental discharge.

Several techniques, such as adsorption [8], membrane
filtration ~ [9],  chemical  oxidation [10], and
coagulation-flocculation [11], have been employed to lower
the Methylene blue dye concentration. Many of the employed
processes generate by-products, rendering them inefficient
[12]. Utilizing highly reactive hydroxyl radicals (*OH),
Advanced Oxidation Processes (AOP) enable the
mineralization of practically all organic molecules into CO»,
H,O, and harm-less compounds [13]. One notable AOP
technology is the utilization of photocatalysts derived from
semiconductor ~ materials. =~ This  approach  offers
cost-effectiveness and a rapid degradation process [14]. A
range of semiconductors has been utilized for the
photocatalytic degradation of Methylene blue dye, including
CuO [2], MnO; [15], TiO; [16], NiO [17], and Nb/MCM-41
[18].

NiO serves as a p-type semiconductor frequently
employed in photocatalytic degradation processes.
Nevertheless, the utilization of NiO is marked by a
considerable rate of electron-hole recombination. The rapid
recombination of electrons and holes may lead to a decrease
in a reduction of free radical generation, consequently
diminishing the efficiency of the photocatalytic process.
Furthermore, NiO possesses an expansive band gap energy of
3.6 to 4.0 eV, allowing it to essentially absorb ultraviolet
light [19, 20]. Enhancing the efficiency of NiO as a catalyst
can be achieved through the modification of various
materials. Numerous investigations have explored
modifications of NiO, including Co3;04/NiO [21],
ZnO/La,03/NiO [22], and NiO/NiFe;04 [23].

Bentonite is a naturally abundant mineral that is very
inexpensive and readily accessible. Bentonite is non-toxic
and environmentally friendly, ensuring its application in
catalytic reactions does not generate residues. Bentonite
exhibits a layered structure with an extensive surface area,
making it highly effective as a catalyst support [24].

The modification of NiO wusing bentonite/FesOs in
enhanced catalysts that exhibit magnetic properties, robust
photocatalytic activity, stability, and effectiveness in acidic
environments, as well as efficiency in harnessing visible light
[23]. FesOs represents a category of ferrite compounds
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characterized by their environmental friendliness,
thermomechanical stability, notable magnetic properties, and
facilitating separation from the liquid medium when
subjected to an external magnetic field [25, 26].

This research focused on the synthesis of a
bentonite/FesO4@NiO composite employed for Methylene
blue dye degradation with the help of visible light. The
observed variables included catalyst dose, concentration, pH
solution, and contact time. In addition, the evaluation of
reaction kinetics and the reusability of the
bentonite/Fes0s4@NiO composite were undertaken.

II. MATERIALS AND METHODS

A. Materials

The materials utilized comprise FeClz-4H-0, FeCls-6H-0,
NaOH, Ni(NOs):-6H20, HCIl, and Methylene blue dye in
analytical quality and utilized without further purification
sourced from Merck, Germany. Bentonite is sourced from
Sarolangun Regency, located in Jambi Province, Indonesia.

B. Synthesis of Bentonite/Fe;Oy

Bentonite/FesO4 was produced in a mass ratio of 2:1. Total
of 1.72 g of FeCl24H:0, 4.66 g of FeCls-6H20, and 4.0 g of
bentonite were dissolved in 25 mL of distilled water. The
mixture was stirred at a speed of 120 rpm, accompanied by
the flow of N gas, and maintained at a temperature of 60 °C
[27]. A 2 M NaOH solution was incrementally added until the
pH of the solution reached around 10 over 90 minutes,
forming a black precipitate. Bentonite/FesO4 was extracted
from the solution and rinsed with distilled water until
achieving a neutral pH and subsequently subjected to drying
in an oven at a temperature of 80 °C for 2 h.

C. Synthesis of Bentonite/Fe3;0,@NiO Composite

Ni(NOs)2'6H20, as much as 3.89 g, was dissolved in 25
mL of distilled water. 1 g of bentonite/FesO was added to the
solution. The mixture was stirred at a speed of 120 rpm while
adding 2 M NaOH solution gradually until the pH was + 10.
The precipitate was washed with distilled water until the pH
was neutral. Furthermore, the precipitate was dried at a
temperature of 80 °C for 2 h. Finally, the resulting powder
was calcined at 250 °C for 3 h [28].

D. Characterizations Methods

The crystal phase of the composite was assessed using
X-ray diffraction (PANalytical XRD) with Cu ka radiation (A
= 1.540598 A and 6 = 10-100°) at room temperature. A
scanning electron microscope with energy-dispersive X-ray
capabilities (SEM-EDX JEOL JSM-6510LA) was employed
to examine the morphology and elemental composition. The
absorbance and band gap energy were determined using
UV-vis Diffuse Reflectance Spectroscopy (UV-DRS Hitachi
U-2900). The magnetic properties of the material were
examined employing a Vibrating Sample Magnetometer
(VSM Oxford Type 1.2 T). Dye absorbance analysis was
conducted using Thermo Orion AquaMate 8000 [AQ8000]
UV-Vis Spectrophotometer.

E. pHpzc
The pHpzc was determined following this procedure.

Multiple Erlenmeyer flasks containing 0.15 g of
bentonite/FesO4@NiO composite were introduced with 50
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mL of 0.01 M NaCl. A combination of 0.1 M NaOH and 0.1
M HCI was used to adjust the initial pH value of the solution
to a range of 2—12. The mixture was then stirred at 100 rpm
for 48 h at ambient temperature. The pHpzc value represents
the junction of the initial pH and ApH.

F. Photocatalytic degradation of Methylene blue dye

The procedure was conducted using the batch method. 50
mg of the bentonite/Fe;04@NiO composite was distributed
to 100 mL of a 20 mg/L Methylene blue dye solution in a 250
mL container. To reach equilibrium, the mixture was stirred
in a dark room for 25 min. After that, it was exposed to
visible light (a halogen lamp with a 500 W bulb and a
wavelength of 450 nm). The radiation source is
approximately 15 cm from the dye. Degradation factors
encompass the amount of catalyst (0.025-0.1 g), initial dye
concentration (20—80 mg/L), and solution pH (4-10), with a
volume of Methylene blue dye 100 mL and an irradiation
time ranging from 25 to 125 min. After the degradation
process, the catalyst is separated from the solution using an
external magnet. The degradation of dye is quantified as
Ct/Co, where Ct represents the residual dye concentration
and Co denotes the initial concentration of Methylene blue
dye.

III. RESULT AND DISCUSSION

A. Characterization of Bentonite, Bentonite/Fe;Oy, and
Bentonite/Fe3;0,@NiO composite
The structure and phase characteristics of FesOs,

bentonite/Fe;O4, and bentonite/Fe;0s@NiO composites are
all revealed by XRD examination. Bentonite is a clay mineral
consisting mostly of montmorillonite. The XRD pattern
reveals a distinct peak at 260 = 26.6°, signifying the presence
of SiO., as presented in Fig. 1(a). Fig. 1(b) displays peaks at
20 =130.1,35.4,43.1, 53.4, 57.0, and 62.5°, corresponding to
the (220), (311), (400), (442), (511), and (440) crystal planes
of the inverse spinel cubic FesOs structure (JCPDS No.
65-3107) [29].

(200)

111y
(220)
|
— J |y "
| @311) (b)
o . whehaad

Intensity (a.u)

(101)

()

PR O DO

50 60 70 80 90 100
20 (degree)

.}
10 20 30 40

Fig. 1. Characterization of X-ray diffraction of (a) bentonite, (b)
bentonite/Fe;04, and (c) bentonite/Fe;O4@NiO composite.

The incorporation of NiO in the bentonite/Fe;Os@NiO
composite is evidenced by the distinct and narrow peaks at
angles 20 =37.2,43.3, and 62.9°, corresponding to the crystal
planes (111), (200), and (220) illustrated in Fig. 1(c). These
peaks align with JCPDS data No. 47-1049 [19]. The
existence of peaks for each element in the composite signifies
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the incorporation of Fe3Os, NiO, and bentonite.

Fig. 2 demonstrates the magnetic characteristics of Fes;Os,
bentonite/FesO4 and bentonite/FesO4@NiO. The saturation
magnetization values for the three materials are 75.66, 61.07,
and 51.02 emu/g, respectively. The saturation magnetization
value of Fe;Oy is higher than that of other studies using the
same method, namely 72 emu/g [30]. The magnetic
characteristics of the material diminish as the proportion of
bentonite (a non-magnetic substance) in the composite [27].
Although the bentonite/Fe;Os@NiO composite exhibits the
least magnetic properties, it is still significantly affected by
magnetic fields.
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Fig. 2. Assessment of magnetic saturation of Fe;O4, bentonite/FesOa, and
bentonite/Fe;04@NiO composite.

The wavelength and band gap analysis employing
UV-visible spectroscopy is shown in Fig. 3. The wavelength
was measured between 200-900 nm, revealing that the
absorption peak of bentonite/Fe;O4@NiO composites occurs
at 340 nm, 455 nm, and 600 nm. It signifies that the
composite absorbs not just in the ultraviolet and visible
spectra. Absorption at 340 nm indicates the presence of NiO
in the composite. NiO generally absorbs light in the
ultraviolet spectrum, specifically between 300 and 400 nm,
associated with the d-d transition [31, 32]. The energy band
gap was ascertained utilizing the Tauc equation (1) as
follows:

ahv = A (hv - Eg)" (1

where o is the absorption coefficient, / is Planck's constant, v
is the frequency of light, and Eg indicates the value of the
band. The band gap of NiO is 3.72 eV, exceeding that of
bentonite/Fe;04@NiO and bentonite/Fe;Os4  composites,
which are 1.96 eV and 1.82 eV, respectively. Integration of
bentonite, Fe3O4, and NiO decreases the band gap of NiO. A
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p/n-type heterojunction is established in
bentonite/Fe;04@NiO composites. This interaction enables
the efficient transport of cargo and reduces the minimum
energy necessary for electron excitation, thereby reducing the
optical band gap [33].
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Fig. 3. (a) Wavelength (b) Band energy gap of bentonite/Fe;Os,
bentonite/Fe;04@NiO composite and NiO.

Fig. 4 illustrates the morphology of bentonite,
bentonite/FesOa, and bentonite/Fe:Os@NiO composites. The
bentonite structure exhibits typical layered properties
(interlayer) with overlapping layers. FesOs is situated within
the layers or on the surface of bentonite. Simultaneously, NiO
is dispersed over the surface of bentonite/Fe;Oa.

EDX analysis results validated the successful synthesis,
evidenced by the presence of Ni components in the
bentonite/FesO4 composites, as presented in Fig. 5 and Table
1. Bentonite comprises three primary elements: O, Al, and Si.
Additionally, there was an augmentation in the proportion of
Fe elements in bentonite/FesOs and Ni in the
bentonite/FesOs@NiO composites.
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Fig. 4. Secondary electron image of (a) bentonite, (b) bentonite/Fe;0,, and (c) bentonite/Fe;04@NiO composite.
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Fig. 5. EDX spectra of bentonite/Fe;04@NiO composite.
Table 1. Elemental composition of EDX analysis
Elements Mass (%)
Bentonite Bentonite/Fe;Os  Bentonite/Fe;0s@NiO
(0) 59.85 51.95 48.57
Al 8.64 5.88 3.48
Si 27.78 12.94 9.59
K 0.47 0.32 0.16
Fe 1.22 28.34 21.13
Cu 1.00 0.28 0.39
Ca 0.36 0.11 0.09
Na 0.68 0.18 -
Ni 16.59

B. Evaluation of Photocatalytic Activity

Fig. 6 illustrates the pHpzc of the bentonite/Fe;O4@NiO
composite. pHpzc is the pH value at which the charges on the
material's surface are balanced, which is essential for
optimum degradation conditions. The pHpzc
bentonite/Fe;04@NiO composite in this investigation was
6.84. If the pH of the solution is less than or equal to pHpzc,
the composite surface is positive, while it is negative when
the pH of the solution is greater than or equal to pHpzc [34].
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Fig. 6. pHpzc of Bentonite/Fe;O4@NiO composite.

The catalyst was added at an amount of 0.025, 0.05, 0.075,
and 0.1 g into 100 mL of Methylene blue dye with a
concentration of 20 mg/L. The degradation (Ct/C,) increased
from 0.025 to 0.05 g, as seen in Fig. 7(a). The increased
availability of active sites due to a higher catalyst dosage
facilitates the concurrent degradation of additional target
molecules [35]. However, at 0.075 g, degradation diminishes;
catalyst particles may induce aggregation and precipitation,
consequently decreasing the effective surface area of the
catalyst accessible for interaction with dye molecules [34].
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Fig. 7 (a) The impact of (b) amount of catalyst, (b) initial concentration, and
(c) pH solution for Methylene blue dye degradation.

The impact of concentration was examined using a catalyst
0f 0.05 g and Methylene blue dye concentrations of 20, 40, 60,
and 80 mg/L. The lowest C/C, value indicating the optimum
degrading efficiency occurs at 20 mg/L. The efficiency of
degradation diminished as the concentration of Methylene
blue dye increased (Fig. 7b). Increased dye concentrations
resulted in an elevated number of dye molecules obstructing
the radiation light essential for activating the catalyst. As a
result, the intensity of light reaching the catalyst surface
decreases, so the number of electrons and holes produced by
the catalyst for degradation also decreases. In addition, the
catalyst surface may be covered by an increasing number of
dye molecules, some of which are adsorbed on the catalyst
surface, thereby reducing the amount of active surface area
available for degradation. This limits the direct interaction
between the dye molecules and the free radicals generated by
the catalyst [36, 37].
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The pH influences the surface charge of the catalyst, the
stability of the dye, and the generation of radicals.
Consequently, it is crucial to evaluate the impact of pH. This
investigation investigated the effect of pH using a 20 mg/L
concentration of Methylene blue dye, amount of catalyst
0.05 g, and a pH range of 4-10. Fig. 7(c) indicates that the
optimal pH for photocatalytic degradation is 8, achieving an
efficiency of 99.35%. Methylene blue dye typically degrades
photocatalytically in alkaline conditions [38, 39].
Bentonite/FesO4@NiO composite possesses a pHpzc of 6.80,
whereas Methylene blue dye is a cationic dye; at a solution
pH below the pHpzc, repulsion occurs between the catalyst
and the dye. At alkaline conditions, the catalyst is negatively
charged while the Methylene blue dye is positively charged
so that an electrostatic attraction occurs. The efficiency of the
photodegradation process increases with a higher
concentration of Methylene blue dye near the active surface.
A significant quantity of hydroxyl radicals is generated at pH
8, hence enhancing the efficiency of the breakdown process.
Elevated pH levels increase the presence of OH™ ions, which
compete with hydroxyl radicals during the degradation
process. The possible degradation mechanism of Methylene
blue dye by the Bentonite/Fes04/NiO composite entails a
producing radical such as superoxide (*O.") and hydroxyl
radicals (*OH) that decompose dye molecules into simpler
compounds [40].

Bentonite/FesO4s@NiO + hv = ecg” + hys” 2
ecg- + Oy = Oz 3)
hygt +H,O — «OH+ H' 4)

Dye + *OH + *O; = CO; + H,O + other product &)

C. Kinetics Study

The examination of Methylene blue dye degradation
kinetics is crucial for elucidating the reaction rate and
processes underlying the degradation process. The kinetics of
photocatalytic degradation of the bentonite/Fe;O4@NiO
composite for Methylene blue dye under visible light was
assessed by plotting the logarithmic ratio of the initial
concentration to the dye concentration at various reaction
times. The kinetic study followed pseudo-first-order reaction
kinetics, as outlined by the Langmuir-Hinshelwood model.
The pseudo-first-order equation is defined in the following
Eq. [6]:

InC/Cy = -kt (©)

where C and Cy (mg/L) represent the initial concentration of

Methylene blue dye each time (t), and k is the kinetic constant.

The kinetic investigations were carried out during a 10-70
min period using a 20 mg/L concentration of Methylene blue
dye, an amount of catalyst of 0.05, and a pH of 8 solution.
Based on the coefficient of determination value obtained (R?)
of 0.9945, it indicates the suitability of the data with
pseudo-first-order (Fig. 8). The k£ value obtained from the
slope is 0.0665 min'. The kinetics of Methylene blue dye
degradation from other studies using CuO, ZnO/La,O3/NiO,
and chitosan/NiO showed the same results, namely following
pseudo-first-order with k£ values of 0.000681, 0.0621, and
0.00138 min’! [2, 21, 36]. The k value of the results of this
investigation is greater than that of the studies.
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Fig. 8. Pseudo-first-order kinetics for the degradation of Methylene blue dye
using bentonite/Fe;0+@NiO composite.

D. Reusability Study

Another crucial part of photocatalysis is conducting
reusability research to ensure stability and continued
degradation of Methylene blue dye. The catalyst's reusability
decreases operational expenses. Following the catalyst's
removal from the solution with a magnet, it was washed with
acetone and deionized water. Subsequently, it was left to dry
at 80°C for three hours. Reusability was conducted during
five successive cycles, as illustrated in Fig. 9.

99.35
90 - 98.12

96.89
96.11

Degradation (%)
N W A NN I R
=R A )

>

0 1 2 3 4 5
Cycle number

Fig. 9. Reusability of bentonite/Fe;O,@NiO composite for Methylene blue
dye degradation.

The catalyst exhibited commendable performance across
five cycles, with degradation rates of 98.12%, 96.89%,
96.11%, 95.37%, and 93.64%, respectively. During
deterioration, the reaction products may adhere to the
composite surface, obstructing access to the active areas.
This results in a reduction in the surface area accessible for
subsequent reactions, hence diminishing the catalyst's
activity [41]. In addition, leaching from the catalyst structure
into the solution also contributes to the decreased efficiency
due to the decreased number of active components involved
in the photocatalysis process [42, 43]. The reduction in
degradation efficiency in this study was 5.71%, significantly
lower than in previous investigations, such as the one where
the CeVOu/bentonite catalyst used for Methylene blue dye
recycling exhibited a decline from 99% to 74.78% after five
cycles [44].

E. FTIR Analysis

The analysis of FTIR was utilized to elucidate the
alterations in the catalyst structure prior to and following
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degradation. The study was conducted within the wave
number range of 4000 to 400 cm™ (Fig. 10). It appears that
the bentonite/FesO4@NiO composite, both prior to and
subsequent to its application in the photocatalytic
degradation of Methylene blue dye, did not exhibit any
alterations in wave number. This signifies the catalyst has
considerable chemical stability. The broad peaks at wave
numbers around 3200-3600 cm™ and 1630 cm™ correspond
to O-H bonds resulting from the absorption of water
molecules or hydroxyl group bonds on the bentonite surface
with metal oxides (M-OH) [45]. Bentonite exhibits two
distinct peaks at 532 cm™" and 466 cm™', which are indicative
of Al-O-Si stretching vibrations and Si-O-Si vibrations,
respectively [46]. These peaks coincide with the Fe-O peak
of Fes0a4 [47]. The wave number of 1031 cm™ corresponds to
the Si—O stretching vibration of silica tetrahedra within the
bentonite structure. The NiO band is situated within the
400-600 cm ™' range, reflecting the distinctive vibration of the
Ni—O bond.

— Pre-photocatalytic degradation
— Post-photocatalytic degradation

(3200-3600) (1630) (1031) (532)

BV A
N TN

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™)

% T

Fig. 10. FTIR spectra of bentonite/Fe;O4@NiO composite.

IV. CONCLUSION

The present study effectively synthesized a
bentonite/Fe;04@NiO composite and utilized it for the
degradation of Methylene blue dye. This composite exhibits
magnetic properties and possesses a low band gap. The
catalyst demonstrated significant degradation capacity under
visible light irradiation, achieving optimal conditions with a
Methylene blue dye concentration of 20 mg/L, an amount of
catalyst 0.05 g, a pH of 8, and an irradiation time of 75
minutes, resulting in a degradation rate of 99.35% for
Methylene blue dye. This catalyst demonstrated significant
stability, with a degradation efficiency of 93.64% after five
cycles of reuse. The findings suggest a potential approach for
addressing water contamination caused by dyes.
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