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ABSTRACT: Organic dye contamination of water is a contributing factor to
environmental pollution and has a negative impact on aquatic ecology. In this
study, unsupported NiO and kaolin-supported NiO composites were synthesized
by a one-step wet impregnation−precipitation method through the precipitation of
nickel hydroxide onto locally accessible, inexpensive, and easily treated kaolin
surfaces by using sodium hydroxide as a precipitating agent. The product was
calcined at 500 °C and used for the catalytic oxidative degradation of methylene
blue (MB) dye in an aqueous solution. The morphology, structure, and
interactions of the synthesized materials were explored by SEM, XRD, and FT-
IR spectroscopy. The characterization results revealed the fabrication and the
growth of NiO on the kaolin surface. To determine the catalytic oxidative
degradation performance of the catalyst, many experiments have been performed
using the MB dye as a model dye. The catalytic degradation tests confirmed the
importance of NiO and the high catalytic activity of the synthesized NiO/kaolin composite toward MB dye degradation. The
oxidative degradation results showed that the optimized precursor amount on the kaolin surface could efficiently enhance the
removal of MB dye. The kinetic investigation of the catalytic degradation of MB dye fitted the pseudo-first-order kinetic model. High
removal efficiency was observed after eight reuse cycles, proving the exceptional stability and reusability of the composite. The
catalytic process also proceeded with a low activation energy of 30.5 kJ/mol. In conclusion, the kaolin-supported NiO composite was
established to be a favorable catalyst to degrade a model dye (MB) from an aqueous solution in the presence of inexpensive and
easily available NaOCl with a catalytic efficiency of the material higher than 99% of the 20.3 mg catalyst within 6 min with an
apparent rate constant, kapp, higher than 0.44625 min−1, which is far better than that of the unsupported catalyst with a kapp of 0.0926
min−1 at 10 mg dose in 20 min.

1. INTRODUCTION
All life on earth depends on water, which is a key renewable
resource. For everyday human needs, forestry, raising cattle,
farming, producing hydropower, industrial processes, and other
applications; often known as a “unique gift of nature”.1

Contaminants such as paint, plastic, fabric, paper, leather, food,
pharmaceutical, cosmetic, and other industries discharge
chemicals into water bodies, which are the main source of
water pollution, including dyes, chlorinated compounds, soaps,
detergents, heavy metals, surfactants, salts, and inhibitory
substances.2 They are challenging to handle due to their
intricate chemical composition, high solubility, and lack of
biodegradability. Organic dyes are one of the main
contaminants in water, particularly methylene blue dye.3 The
removal of organic dyes from water has been accomplished by
a number of methods, including chemical, photochemical,
coagulation, filtration, biodegradation, ultrafiltration, adsorp-
tion, and reverse osmosis.4 However, the aromatic structural
stability of these organic dyes makes their removal from water
challenging, and all of the above methods have their own
limitations in an application, but in the treatment of
wastewater containing refractory organic materials, advanced

oxidation processes (AOPs) have achieved notable advance-
ments. They include photochemical oxidation, electrochemical
oxidation, catalytic oxidation, and ozone oxidation, which have
the ability to break down and transform poisonous and
refractory macromolecular organic materials into safe,
harmless, and biodegradable small molecular organic materi-
als.5

Currently, organic pollutant catalysis is frequently carried
out using metal catalysts made of Pt, Pd, Ag, and Au;6

however, their restricted availability and rising costs limit their
use. For these reasons, numerous researchers have recently
become interested in easily available and inexpensive catalysts
that have high catalytic efficiency and recyclability. Due to their
distinctive natural characteristics, such as their restricted size,
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high surface-to-volume proportion, and strong catalytic
activity, numerous studies have examined the properties of
transition metals and their oxides as nanocatalysis7 and has
occurred as an alternative to other water treatment methods
due to their effectiveness, firm process, economic feasibility,
superficial usefulness of products, and no sludge production.8

Transition metals, including cobalt, nickel, manganese, iron,
copper, and their oxides, are highly employed materials for the
creation of catalysts and are used to replace noble metals
because of their accessibility, affordability, and chemical
properties.9

Nickel oxide (NiO), however, has become quite popular
among metal oxides. The high specific capacity, affordability,
high efficiency, and accessibility of NiO nanoparticles (NPs)
make them a popular choice for catalysis.10 Numerous studies
have been conducted using nickel oxide nanoparticles to
photocatalytically degrade methylene blue dye.11 However, the
use of transition metals and their ions in wastewater treatment
systems is limited due to their hazardous nature and difficulty
in recycling,12 and the simple ability of pure nanoparticles to
aggregate prevents their usefulness and catalytic activity when
utilized alone as well as the toxicity of NiO NPs and their risk
to the environment and human health is still an open topic.13

For these severe and convincing reasons, researchers have
determined composites in which NPs are attached to solid
matrices, restricting NP mobility without eliminating their
special qualities. Numerous studies have suggested that
growing nanoparticles on support materials can reduce their
aggregation, which is a main concern.14 Unfortunately, the
majority of support materials are excessively costly, and the
procedures involved in synthesis are difficult and time-
consuming.
Clay minerals have garnered significant attention as

substrates for nanoparticles because of their inherent,
economic, and environmental attributes such as large surface
area, superior adsorption capabilities, and capacity for ion
exchange. One of the most cost-effective ways to develop
nanoparticles on clay compounds is to use them as support
materials. This is because clay compounds are less expensive
than other support materials like carbon nanotubes and
graphene, which are more expensive than inexpensive clay.15

Kaolin, however, has been researched for support of
nanoparticles due to its affordable properties, such as
accessibility, affordability, low price, abundance, and environ-
mental approachability. It is especially necessary to act as a
support for a nanocatalyst because of its exceptional features,
including excellent adaptability, thermal and mechanical
stability, and its layered nature makes it simple to alter and
create composites and hybrids.16 The addition of NiO NPs to
the solid kaolin support facilitates retrieval of NiO NPs,
promotes the adsorption of contaminants, and accelerates the
catalytic degradation processes as the clay maintains NPs on its
outer surfaces and in its internal voids.17

Additionally, the effects of using H2O2 as an oxidizing agent
during AOPs also have limitations.18 Therefore, it is necessary
to have an optional AOP that is as good as a method using
H2O2, but with less operational expenditure. Sodium
hypochlorite with its exceptional oxidation capacity in neutral,
acidic, and less basic solutions is frequently used in water
treatment19 for the removal of organic and inorganic
substances20 and disinfection.21 Sodium hypochlorite has the
ability to decay quickly in the presence of metal ion catalysts,

and nickel-like catalysts offer the benefits of uniform
dispersion, low cost, and high catalytic activity.22

Therefore, in this work, NiO/kaolin nanocomposite was
synthesized using inexpensive, easily available kaolin and
relatively low-cost chemicals like nickel nitrate hexahydrate
through a simple solution-based method. The catalytic
oxidation activity of the NiO/kaolin nanocomposite was
used to degrade a model MB dye by using NaOCl as an
oxidizing agent. The synthesized heterogeneous catalyst
showed excellent catalytic activity.
It has been reported that the use of Ethiopian kaolin as an

efficient support material for silver nanoparticles for the
conversion of toxic MB dye to the less-toxic leuko-methylene
blue byproduct using NaBH4 as a reducing agent.23,24

However, in this work, we introduced an oxidation-based
degradation of MB dye to other less-toxic byproducts (CO2,
H2O, and low-molecular-weight organics) using inexpensive
and a less-toxic oxidizing agent NaOCl, and an extremely
inexpensive precursor material (Ni(NO3)2·6H2O).

2. MATERIALS AND METHODS
2.1. Materials. Kaolin stone, nickel nitrate hexahydrate

(Ni(NO3)2·6H2O, 99.99%, Samir Tech-Chem Pvt, Ltd.),
sodium hypochlorite (NaOCl, 4%, Savgan Heights plc),
methylene blue dye (MB, C16H18ClNS, Dallul Pharmaceuticals
plc), and sodium hydroxide (NaOH, 98% Unichem Chem-
icals) were used without additional purification, and deionized
water was used for all solution preparation.

2.2. Methods. 2.2.1. Treatment of Raw Kaolin Clay. The
clay that was used as a support for NiO NPs was imported to
the laboratory, and its treatment was performed based on the
method reported by Asmare et al.24 with slight modifications.
A certain amount of raw kaolin clay was ground with mortar
and pestle and passed through a 200 mm sieve. It was soaked
and stirred in distilled water for 24 h to dissolve any
undesirable soluble content. It was then washed with deionized
water and allowed to dry in air to obtain clay paste. The paste
was then dried overnight in an oven at 70 °C. Finally, the
material was crushed, sieved, and stored for analysis.

2.2.2. Synthesis of Unsupported Nickel Oxide Nano-
particles (NiO NPs). The synthesis of unsupported NiO NPs
was achieved by the co-precipitation method developed by
Zhang et al.25 with slight modifications. Nickel nitrate
hexahydrate (Ni(NO3)2·6H2O) and sodium hydroxide
(NaOH) were used to create NiO NPs, and the solutions
were mixed dropwise in a 150 mL beaker. The solutions
consisted of 50 mL of 0.034 M Ni(NO3)2·6H2O and 0.3 M
NaOH. NaOH was added dropwise to the mixture until a pH
of 12 was reached. A green nickel hydroxide precipitate was
produced after the entire liquid had been magnetically agitated
for 2 h. The filtrate was removed from the resulting precipitate
and washed three times with deionized water. Additionally, the
green precipitate of nickel hydroxide (Ni(OH)2) was dried in
an oven at 70 °C for several hours before being calcined at 500
°C for 3 h in order to obtain NiO NPs.

2.2.3. Synthesis of the Kaolin-Supported Nickel Oxide
(NiO/kaolin) Nanocomposite. A wet impregnation method
was used to prepare the nickel-based catalyst through a
modification of the method developed by Moumen et al.26 1 g
of treated kaolin clay was spread in 50 mL of distilled water
and mixed for about 35 min. To this solution was added 50 mL
of nickel nitrate hexahydrate solution (0.02M) and the mixture
was agitated for an hour. Then, sodium hydroxide (0.3 M) was
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added to the suspension until a pH of 12 was reached, and the
mixture was stirred for 1 h. The solid catalyst product was
separated by filtration and then washed with deionized water
three times to remove the nickel ion residue. The obtained
residue was dried in an oven at 70 °C overnight and calcined at
500 °C for 3 h and stored as NiO/kaolin nanocomposite-1.
These procedures were repeated three times, with the same
path for comparison, by using 0.027, 0.034, and 0.041 M
Ni(NO3)2·6H2O, and in total four composites were prepared
with different mass compositions of the nickel nitrate
hexahydrate precursor. The four catalysts were named as
NiO/kaolin nanocomposite-1, NiO/kaolin nanocomposite-2,
NiO/kaolin nanocomposite-3, and NiO/kaolin nanocompo-
site-4. Scheme 1 shows the synthesis mechanism of the NiO/
kaolin nanocomposite using NaOH as a precipitating agent.

2.3. Characterization Techniques. An XRD-7000 X-ray
diffractometer (Shimadzu, Japan) was used to obtain X-ray
diffraction (XRD) patterns of the support kaolin and NiO/

kaolin nanocomposite. A UV−vis spectrophotometer (HACH
DR6000, Linderberg Drive, Loveland) was used to obtain the
absorption spectra. An FT/IR-6600, FTIR spectrometer
(JASCO International Co., Ltd., Tokyo, Japan) was used to
record Fourier transform infrared (FT-IR) spectra between
4000 and 400 cm−1. A JEOL NeoScope JCM-6000Plus
Benchtop SEM (HITACHI, Japan) was used to obtain
scanning electron microscopy (SEM) images.

2.4. Catalytic Activity of NiO/Kaolin Nanocomposites
on MB Dye. In the present work, a NiO/kaolin nano-
composite was used as a catalyst to degrade MB dye by using
NaOCl as an oxidizing agent. A mass of 10 mg of the NiO/
kaolin nanocomposite was mixed with 50 mL of 50 ppm MB in
the presence of 4% NaOCl (0.5 mL). The kinetics of the
catalytic oxidation of MB using the NiO/kaolin nano-
composite was examined using UV−vis spectroscopy by
tracking the highest absorption wavelength of MB until it
completely disappeared (λmax = 664 nm). The dark blue color

Scheme 1. Wet Impregnation of NiO NPs Supported on the Kaolin Pores by Soaking in Ni(NO3)2·6H2O Solution and
Precipitating Using NaOH as a Precipitating Agent and Calcined at 500 °C

Figure 1. UV−vis spectra of (A) kaolin (Kn), NiO/kaolin nanocomposite-1 (C-1), NiO/kaolin nanocomposite-2 (C-2), NiO/kaolin
nanocomposite-3 (C-3), NiO/kaolin nanocomposite-4 (C-4), and NiO NPs without the support and (B) after two months. (C) XRD spectra of
NiO/kaolin nanocomposite-2 (Kn/NiO), kaolin (Kn), and unsupported NiO NPs.
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of the MB dye solution quickly disappeared. The concentration
of the MB dye solution was determined by measuring the time-
dependent absorbance at 664 nm using a UV−vis spectrometer
(200−800 nm range). The major influences on the oxidation
rate constants, including the temperature, concentration of the
MB dye solution, and mass of the NiO/kaolin nanocomposite
were also examined. Additionally, the effects of the NiO
amount on the catalytic removal of kaolin were investigated by
the oxidative removal of MB using kaolin, NiO/kaolin
nanocomposite-1, NiO/kaolin nanocomposite-2, NiO/kaolin
nanocomposite-3, and NiO/kaolin nanocomposite-4. The rate
of oxidative degradation of the MB dye, kapp, is calculated using
pseudo-first-order kinetics according to eq 123

i
k
jjjjj

y
{
zzzzz

C
C

k tln t

o
app=

(1)

where kapp is the degradation rate constant, Ct is the MB dye
concentration at time t, and Co is the starting MB dye
concentration. The percentage degradation efficiency, D, of the
catalyst was also calculated by eq 223

D
C C

C
% 100o t

o
= ×

(2)

where Co is the initial MB dye concentration (mg/L) and Ct is
an equilibrium MB dye concentration (mg/L).

2.5. Reusability Test. To assess the reusability of the
NiO/kaolin nanocomposite, its sequential catalytic activities
were investigated. In the first cycle, 0.5 mL of 4% NaOCl and
25 mL of MB dye solution (100 mg/L) were combined with
10 mg of the NiO/kaolin nanocomposite. After 15 min of
stirring, the mixture was screened by centrifugation at 3500

rpm for 5 min, and the NiO/kaolin nanocomposite was
recycled eight more times under the same conditions, dried,
and characterized by XRD to evaluate its change after eight
reuse cycles.

3. RESULTS AND DISCUSSION
3.1. Characterization of NiO and the NiO/Kaolin

Nanocomposite. 3.1.1. Ultraviolet−Visible (UV−vis) Spec-
troscopy Analysis. For the purpose of characterizing the metal
and metal oxide nanoparticles, the nanoparticle solution
displays an absorption band and provides details on their
size, shape, stability, and aggregation in the wavelength range
of 200−800 nm.27 NiO NPs display a distinct absorbance peak
between 300 and 350 nm.28 The UV−vis spectra of the as-
synthesized NiO/kaolin nanocomposites with various pre-
cursor quantities and treated kaolin are shown in Figure 1A.
The ranges showed a distinctive absorbance peak at around
333 nm, confirming the creation of NiO NPs on kaolin, as
shown in Figure 1A. Furthermore, no noticeable changes in the
peak location or intensity were noticed after the sample was
kept in the lab for up to two months, indicating the high
stability of the created kaolin-supported NiO nanocomposites,
as shown in Figure 1B.

3.1.2. X-ray Diffraction Analysis. The structures of kaolin,
kaolin-supported NiO nanocomposite, and NiO NPs alone
were also examined by X-ray diffraction spectroscopy. The
spectra showed noticeable diffraction patterns and Miller
indices at 37.22° (111), 43.28° (200), 62.89° (220), 75.45°
(311), and 79.46° (222), in agreement with the reference card
number JCPDS00-047-1049, revealing the formation of
crystalline NiO NPs (Figure 1C).29 The absence of noticeable
impurity peaks indicated that a pure NiO nanoparticle is

Figure 2. SEM micrographs of (A) kaolin, (B) calcined kaolin, and (C) NiO/kaolin. (D) FT-IR spectra of kaolin, calcined kaolin, and the prepared
nanocomposite.
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formed. Additionally, the results of the literature reports on
NiO NPs are consistent with our results.30 By application of
the Debye−Scherrer formula, the mean crystallite size of
unsupported NiO NPs was determined to be 11 nm. The XRD
patterns of the NiO/kaolin nanocomposite also showed
diffraction peaks at 2θ = 37.02, 43.07, 62.52, 75.59, and
79.33°, which were assigned to NiO,31 with various hkl values
(111), (200), (220), (311), and (222), respectively, showing
the decoration of kaolin by face-centered cubic (fcc) NiO NPs
with an estimated average crystalline size of 3 nm (Figure S-1).
The structure of kaolin is transformed from the crystalline

structure to the amorphous metakaolin phase during
calcination at 500 °C while making the NiO crystal. The
diffraction peaks at around 2θ of 20.3 and 24.4° in Figure S-1
indicate the diffraction pattern of kaolinite in the NiO/kaolin
nanocomposite.32 In addition, the surface coverage of kaolin by
NiO prevents the X-ray from accessing the kaolinite structure,
and the intensity of diffraction peaks may be weak. Therefore,
the semi-amorphous structure of kaolinite is maintained.

3.1.3. Scanning Electron Microscopic Analysis. SEM
reveals the microstructure of the coated surface of the
nanoparticles, catalyst distribution over the substrate surface,

Figure 3. Removal of MB dye with different materials: (A) NaOCl, (B) NiO/NaOCl, (C) NiO/kaolin/NaOCl, (D) kaolin, (E) kaolin/NaOCl,
and (F) degradation profile. Conditions: 10 mg of kaolin, NiO, NiO/kaolin; 50 mL (50 mg/L) of MB dye; 0.5 mL of NaOCl; 40 °C temperature.
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homogeneity and heterogeneity, and also the morphology of
the particles. The morphological properties of calcined kaolin,
the NiO/kaolin nanocomposite, and beneficiated kaolin were
examined using SEM. When compared to beneficiated and
calcined kaolin, Figure 2 illustrates how the surface
morphology and roughness of kaolin are altered by the
addition of NiO NPs. This confirms the effective deposition of
NiO NPs on the kaolin surface. The physicochemical
properties of the studied kaolinite have already been
reported.23 The EDS analysis of the reported work indicates
that the Ethiopian kaolinite has Si/Al of 28.01/12.33 (by mass
percent) and 20.19/9.25 (by atomic percent).23,33

3.1.4. Fourier Transform−IR Spectroscopy Analysis. The
FT-IR spectra of kaolin, calcined kaolin, and the NiO/kaolin
nanocomposites are presented in Figure 2D. The main peaks
appearing in the infrared region reflect Al−O, Al−OH, and
Si−O functional groups in the low-frequency bending modes
and high-frequency stretching.34 The band at around 1620
cm−1 is related to the vibration of the water molecules. The
peaks at around 1082 and 1380 cm−1 are related to Al−O and
silicon monoxide (Si−O) stretching vibrations, which
correspond to quartz and disilicon oxide (Si−O−Si)
symmetric stretching vibrations, respectively, showing that
silicon oxide is confined predominantly in kaolin.33 The small
peak at around 2359 cm−1 is ascribed to the bending of
hydroxyl from the water molecule. The small peak at around
780 cm−1 is believed to be caused by metal impurities bound
to aluminum and hydroxyl (Al-MgOH) vibrations. A peak at
530 cm−1 is related to Si−O−Al bending, indicating that
aluminum oxide is also enclosed close to silicon oxide and the
asymmetric Si−O−Si stretching vibrations were observed at
about 1039 cm−1. The absorption band at 465 can be assigned
to the stretching vibration of the Ni−O bond, indicating the
presence of NiO particles.26,34 The broadband peak of kaolin
at around 3420 cm−1 characterizes −OH stretching vibrations
(Al−OH or Si−OH) and the band of kaolin and it was lost
during calcination in calcined kaolin and composite because
calcination causes structural transformation of kaolin, including
sintering, dehydroxylation, and the formation of gehlenite,
anorthite, and mullite.35

3.2. Catalytic Oxidative Activity Test. 3.2.1. Catalytic
Oxidative Degradation of MB Dye. By employing NaOCl as
an oxidizing agent for MB dye oxidative degradation, we
investigated the catalytic oxidative degradation reaction of the
NiO/kaolin nanocomposite. A solution containing MB exhibits
a UV−vis spectrum with peaks at 290 and 664 nm,
accompanied by a dip at 612 nm, associated with π → π*
and n → π* transitions, consequently.36

3.2.2. Catalytic Activity of the NiO/Kaolin Nanocompo-
site. The oxidative degradation reaction of MB with NaOCl
was performed with and without the prepared catalyst
materials. The intensity of the peak at λmax of 664 nm showed
a slight decline after 20 min of reaction between MB and
NaOCl without the addition of the nanocomposite catalyst
material, as illustrated in Figure 3A. This shows that the
degradation of MB dye by the NaOCl oxidant alone is
insignificant compared to that by the NiO/kaolin nano-
composite. Nonetheless, the addition of the NiO catalyst
without a support increased the rate of oxidative degradation,
demonstrating the catalytic impact of NiO on the degradation
of MB dye (Figure 3B). This was demonstrated by the MB’s
deep blue hue gradually decreasing and then disappearing, as
well as the drop in λmax intensity at 664 nm. The addition of

the NiO/kaolin nanocomposite increases the catalytic activity
very fast as the peak at λmax of 664 nm fades quickly and
becomes almost zero at 15 min, as shown in Figure 3C,
indicating the complete degradation of the MB solution.
Additionally, the removal capacity of kaolin alone and with
NaOCl (Figure 3D,E, respectively) was evaluated. The results
showed the peak decline of MBdye but it was not comparable
with the composite. This is attributed to the adsorption
capacity of kaolin toward methylene blue dye37 and the small
catalytic removal capacity of kaolin due to the presence of
metal impurities like iron oxide and titanium oxide.38

3.2.3. Effect of Load Amount of NiO on Kaolin. The
amount of NiO NPs on the kaolin surface could affect the
catalytic process. To monitor the NiO loading amount on the
substrate surface, the synthesis was completed with many trials
of different mass compositions of Ni(NO3)2·6H2O in a fixed
amount of kaolin. The obtained materials among them were
labeled as NiO/kaolin nanocomposite-1, NiO/kaolin nano-
composite-2, NiO/kaolin nanocomposite-3, and NiO/kaolin
nanocomposite-4, and were evaluated with NaOCl as an
oxidizing agent to determine the optimal composition for the
catalytic oxidative degradation of MB dye.
To ascertain the degradation rate (kapp), the kinetics of MB

dye degradation using the four catalysts produced was also
examined (Table S-1). The rate of catalytic degradation of MB
dye was fitted to pseudo-first-order reaction kinetics. Addi-
tionally, Table 1 shows strong correlation coefficient values on
the plot of ln Ct/Co vs reaction time, suggesting that pseudo-
first-order kinetics could adequately characterize the events.

The UV−vis spectra displayed in Figure S-2 show the
removal of MB dye by four nanomaterials prepared in addition
to the unmodified kaolin (Figure S-2A), indicating that the
degradation of MB dye was significantly better with NiO/
kaolin nanocomposite-2 (Figure S-2C) and NiO/kaolin
nanocomposite-3 (Figure S-2D) than with NiO/kaolin nano-
composite-1 (Figure S-2B) and NiO/kaolin nanocomposite-4
(Figure S-2E). In the presence of NiO/kaolin nanocomposites-
2 and −3, the peak at 664 nm nearly vanished within minutes.
Additionally, for NiO/kaolin nanocomposites-1−3, the degra-
dation rate constant, kapp, increased (0.14674, 0.2351, 0.25277
min−1, respectively), and the highest removal efficiency for the
oxidative degradation of MB dye was demonstrated by the
lower rate with NiO/kaolin nanocomposite-4 (0.14057 min−1;
Figure 4). Under the same conditions, the degradation
efficiency of NiO/kaolin nanocomposite-2 (10 mg) with
NaOCl (4%) for 50 mL (50 mg L−1) MB dye in a 15 min
reaction time was 98.2%, whereas the NiO/kaolin composite-3

Table 1. Experimental Results for Oxidative Degradation of
MB Dye (50 mg/L)

pseudo-first order pseudo-second order

T (k) kapp1 (min−1) R2 kapp2 (M−1·min−1) R2

298 0.1113 0.9968 1.6665 0.8881
306 0.1813 0.9985 2.8451 0.8248
313 0.2215 0.9972 2.3395 0.7676
320 0.2664 0.9969 2.6830 0.8221

The results of the two equations, the calculated rate constants kapp1
and kapp2, and the correlation coefficients R2 show that the R2 for the
pseudo-first-order model is higher than that for the pseudo-second-
order model and close to 1, indicating that the oxidative degradation
process is better described by the pseudo-first-order model.
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had a removal efficiency of 98.5%. The kapp values for the NiO/
kaolin nanocomposites-1−3 were 0.14674, 0.2351, and
0.25277 min−1, respectively. Therefore, choosing the best
loading content of NiO is crucial. Since NiO/kaolin nano-
composite-2 showed an acceptable catalytic performance for
MB dye degradation with a lower precursor mass, it was
selected as the best catalyst for these experiments.
The mechanism of action is as follows: the support and

metal oxide nanoparticles may perform as agents for the
generation of free active oxidizing agents, yielding the
extremely reactive oxidizing agent radicals (singlet oxygen
(1O2)) that are able to degrade the organic molecules of the
dye.39,40

The oxidative degradation at various temperatures was
performed and fitted by using the pseudo-first- (eq 3) and
-second-order reactions (eq 4) as follows23

C
C

k tln t

o
app1=

(3)

C
k t

C
1 1

t
app2

o
= +

(4)

where Co is the initial MB dye concentration (mg/L), Ct is the
concentration of the residual MB dye (mg/L), t is the time
(min), and kapp1 and kapp2 are the rate constants of the pseudo-
first- (min−1) and -second-order reactions (M−1·min−1),
respectively.

3.2.4. Impact of Operating Factors on the Catalytic
Oxidative Activity of the NiO/Kaolin Nanocomposite.
3.2.4.1. Effect of Initial MB Dye Concentration. Three
aqueous MB solutions with varying concentrations between
30 and 50 ppm were utilized in this work, along with a
constant concentration of the catalyst (10 mg/50 mL) and
NaOCl (4%, 0.5 mL). Figure S-3A−C shows the relevant UV−
vis absorption spectra for the oxidative breakdown of MB at
the necessary concentrations. As can be observed, the time
needed for full degradation increased as the MB dye
concentration increased. The degradation rate decreased as
the MB dye concentration increased, thus supporting the first-
order kinetics of the degradation process. This decline in the
rate is caused by the electron transfer process between NaOCl
and the MB dye slowing down on the nanocomposite surface,
and excess MB competing with one another for the few active
species made available by the kaolin−NiO process.41 Figure 5
displays the pseudo-first-order kinetic graphs for different
concentrations of MB dye.

3.2.4.2. Effect of Catalyst Dosage. We conducted four
reactions by varying the quantity of NiO/kaolin nano-
composites from 5.5 to 20.1 mg (Figure S-4A−D) while
maintaining the other reaction parameters constant to examine
the impact of catalyst loading on the oxidative degradation of
MB dye. Figure 6 displays the degradation trends of the
aqueous MB dye (50 mL, 50 ppm) solution across the various
nanocomposite quantities in addition to NaOCl (4%, 0.5 mL).
As the loading of the nanocatalyst increased from 5.5 to 20.1
mg, it was observed that the degradation efficiency improved.
In order to investigate other reaction parameters, a catalyst
dosage of 10 mg was used. Due to the greater catalyst dosage,
there were more active sites on the catalyst surface, which
improved the catalyst’s adsorption capacity and accelerated the
rate at which NaOCl broke down.42

3.2.4.3. Effect of Temperature. We conducted four
reactions, altering the temperature from room temperature to
47 °C, while maintaining the other reaction parameters

Figure 4. Pseudo-first-order plot of kaolin, C-1, C-2, C-3, and C-4.
Conditions: 10 mg of catalyst; 50 mL (50 mg/L) of MB dye; 0.5 mL
of NaOCl; 40 °C temperature.

Figure 5. ln(C/Co) vs time plot (a) and C/Co vs time plot (b) of 50 mL of 30 ppm and 40 ppm MB and 50 ppm MB dye (conditions: 0.5 mL of
4% NaOCl and 10 mg of the nanocomposite).
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constant, to examine the impact of temperature on the
oxidative degradation of MB dye. Figure S-5A−D displays the
degradation curves of aqueous MB dye (50 ppm) solution at
several temperatures, ranging from ambient temperature to 47
°C, in conjunction with NaOCl (4%, 0.5 mL) solution. Figure
7A (C/Co) and B (ln(C/Co)) with time plot illustrates how the

efficacy of oxidative degradation increases with temperature,
from room temperature to 47 °C. According to these findings,
the reaction’s duration to reach equilibrium following heating
might be considerably reduced by an increase in temperature.
The breakdown efficiency of NaOCl might be improved by
raising the temperature and increasing the rate of effective

Figure 6. ln (C/Co) vs time plot (A) and C/Co vs time plot (B) of aqueous MB dye (50 mL,50 ppm) and 5.5, 10, 15.2, and 20 mg of the NiO/
kaolin nanocomposite (conditions: 0.5 mL of 4% NaOCl and 40 °C temperature).

Figure 7. Degradation of MB dye at different temperatures: room temperature, 33, 40, and 47 °C. (A) C/Co vs time and (B) ln(C/Co) vs time plot.

Figure 8. Degradation of 50 mL of 50 ppm MB with different NaOCl amounts (400, 500, 700, and 100 μL): (A) C/Co vs time plot and (B) ln (C/
Co) vs time plot.
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collisions among the catalyst, MB, and other molecules. In the
NiO/kaolin/NaOCl system, elevating the temperature might
potentially accelerate the diffusion of MB dye onto the catalytic
surface, eliminate intermediates from degradation, and re-
expose the active sites by improving the mass transfer
efficiency at the solid−liquid interface.43 Hypochlorite can
also form reactive oxygen species (ROS) when exposed to heat
or UV light, and these ROS can further degrade, hydrolyze, or
halogenate the pre-existing organic compounds.44

3.2.4.4. Effect of Hypochlorite Amount. We conducted
many reactions, adjusting the quantity of hypochlorite in each
reaction to examine the impact of NaOCl on the removal of
MB dye. The best degradation was observed with volumes
from 300 to 1000 μL by observing their UV−vis spectra
(Figure S-6A−D). The degradation profiles of the aqueous MB
dye (50 mL, 50 ppm) solution over different NaOCl
concentrations and with 10 mg of the catalyst at 40 °C are
shown in Figure 8, and it was found that the NaOCl amount
had no major effect on catalysis once saturation was attained.
Therefore, 500 μL was chosen for the experiments.

3.3. Thermodynamics and Kinetic Study of Oxidative
Degradation of MB. To calculate the activation energy (Ea)
and other thermodynamic parameters, the variations of kapp
with temperature (298, 306, 313, 320 K) were utilized. The
Arrhenius equation was used to determine the catalytic
degradation’s activation energy.45

k
E

RT
Aln lnapp

a= +
(5)

Here, A is the Arrhenius constant (min−1), Ea is the energy of
activation (kJ/mol), kapp is the apparent rate constant (min−1),
T is the temperature (k), and R is the universal gas constant
(=8.314; J/mol K). To calculate the activation energy, we

plotted ln(k) vs 1/T and obtained a straight line, and the
activation energy was calculated from its slope. The data
obtained from the degradation experiments at 298, 306, 313,
and 320 K are shown in Figure 9 The flowing Eyring equation
was used to calculate the thermodynamic parameters using the
initial MB dye concentrations of 50 mg/L.46

k

T
H

RT
k
h

S
R

ln ln
app B=

*
+ +

*
(6)

Here, kapp is the rate constant, T is the temperature, ΔH* is the
enthalpy, ΔS* is the entropy, KB is the Boltzmann constant
(=1.3 × 10−23 m2 kg s−2 K−1), h is the Plancks constant
(=6.626 × 10−34 m2 kgs−1), and R is the universal gas constant
(=8.314 J mol−1 K−1).
We have a straight line, and we can obtain the enthalpy and

entropy, respectively, from its slope and intercept.47

ΔG* can also be calculated by the following equation

G H T S* = * * (7)

The activation energy value with NiO/kaolin/NaOCl was
found to be 30.5 kJ/mol, showing that the catalysis proceeds
with less activation energy. A negative ΔS* indicates instability
of the system where degradation took place. The positive ΔH*
value denotes an endothermic reaction, and the free energy
increases as temperature increases, indicating that the
spontaneity of a catalysis system increases as shown in Table
S-2.48 The overall summary of the effect of operational
parameters is given in Table S-3

3.4. Proposed Mechanism and the Possible Pathway
for the Degradation of MB Dye with the NiO/Kaolin/
NaOCl System. The degradation mechanism of MB dye by
the NiO/kaolin/NaOCl system is proposed in Figure 10, and
it is supposed that the support and metal oxide nanoparticles

Figure 9. (a) ln kapp vs 1/T and (b) ln (kapp/T) vs 1/T plots for the oxidative degradation of 50 ppm of 50 mL MB dye.

Figure 10. Proposed reaction mechanism for the degradation of MB dye by the NiO/Kn/NaOCl system.
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act as agents for the generation of free active oxidizing agents,
yielding the extremely reactive oxidizing agent radicals (singlet
oxygen (1O2)) that are able to degrade the organic molecules
of the dye. The possible intermediates in the degradation of
MB with the NaOCl system are available in the literature,39

and they indicate that the main steps of MB dye degradation
are demethylation, chromophore cleavage, ring opening, and
mineralization.39,49

The oxidative degradation reaction of MB dye leads to the
creation of CO2 and the transformation of heteroatoms of
nitrogen and sulfur to inorganic ions, such as ammonium,
nitrate, and sulfate ions, and the catalyst that we synthesized
showed supreme catalytic activity when it was compared with
some literature studies (Table 2).40,50

Step one (I)

NaClO H O HOCl NaOH2+ + (8)

HOCl MB CO H O by product2 2+ + + (9)

Step two (II)

2NiO OCl H O 2NiOOH O Cl2 2
1+ + + + (10)

NiOOH H O NiO O 3H2 2+ + + + (11)

( O MB CO H O by product2
1

2 2+ + + (12)

3.5. Quenching Experiments. 3.5.1. Degradation Con-
firmation Test. In this work, 5 mL of methylene blue and
hypochlorite-containing water was centrifuged to remove the
solid catalyst, and 10 mL of DCM was added to this solution
and shaken for 2 min. The MB dye residue, transferred from
water to DCM, and NaOCl remain in the aqueous phase as

they are easily soluble in water.57 The final product was
pipetted out and transferred to a cuvette to obtain the final
result. The UV−vis spectra of the extracted solution obtained
at different times were measured, and the complete
degradation of the methylene blue dye was observed after 15
min, as shown in Figure 11A.
Finally, in order to check the complete removal of the MB

dye, the separation of hypochlorite from the methylene blue
dye solution was performed because hypochlorite has a large
absorbance peak at 293 nm, which can mask the MB dye peak
at a wavelength of 290 nm, as shown in Figure 11B. Therefore,
extraction was necessary to determine the degradation pattern
of MB dye. Thus, by employing dichloromethane (DCM) as
an extractant, the extraction of MB dye from aqueous solutions
has been investigated. Dichloroethane, xylene, toluene, and
benzene are among several extractants utilized in the literature.
It was determined that dichloromethane was the most effective
active extractant for extracting the MB dye.56

3.5.2. Reusability of the Nanocomposite. The material’s
capacity for reuse and the metal ion discharge analysis are
crucial markers for assessing the material’s stability.58 Although
the NiO/kaolin nanocomposite offers great catalytic perform-
ance, it is vital to investigate its recycling stability. Therefore,
NiO/kaolin was isolated and reused for degrading MB dye to
determine its effectiveness upon recycling. As shown in Figure
12, the catalytic performance of NiO/kaolin was not reduced
considerably after six cycles for the degradation of MB dye,
which indicates the high stability of NiO/kaolin. The
conversion percentage of the MB dye decreased slightly after
the catalyst was recycled six times, probably due to mass loss,
the decrease of active sites by NiO escape, and the partly
adsorption-covered active sites on the catalyst surface.59

Table 2. Comparison of the Removal Activity of the NiO/kaolin Nanocomposite for the Degradation of MB Dye with
Catalysts Reported in the Literature

catalyst catalyst dosage MB dye conc (mg/L) oxidizing agent time (min) temperature (°C) removal percentage (%) refs

Ni−Fe/Al2O3 20 mg/mL 50 NaOCl 40 45 98.98 39
CFACoFe2O4 12 gm/100 mL 40 5 mM H2O2 60 room 99 51
PANI-Ag/ZnS 30 mg/L 10 3 mM H2O2 60 room >95 52
CoO 0.5 mg/mL 12 NaOCl 25 >96 53
Cu2O−Cu/C 0.2 mg/mL 0.03 M H2O2 40 50 >99 54
CuO 10 mg/50 mL 10 12% NaOCl 30 32 95 55
NiO/kaolin 20.3 mg/50 mL 50 4% NaOCl 6 40 >99 this work

Figure 11. UV−vis spectra for the degradation of MB dye with the NiO/kaolin/NaOCl system: (A) NaOCl removed the degradation products and
(B) degradation product after 15 min with NaOCl (conditions: 10 mg of NiO/kaolin; 50 mL of 50 ppm MB; 40 °C; 0.5 mL of 4%NaOCl).
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XRD data were obtained for the material used 8 times
(Figure S-7). It was observed that the 200 diffraction plane of
the NiO catalyst is comparatively reduced in intensity relative
to that of the 111 plane, signifying that the active surface of the
catalyst was 200 and reduced as a result of its catalytic activity.
This is in agreement with the decreased percentage removal
efficiency (90.02% at the eighth cycle) of the NiO catalyst.

4. CONCLUSIONS
In summary, we have proved that a highly efficient NiO/kaolin
nanocomposite and NiO alone can be successfully synthesized
and applied to remove methylene blue from aqueous solutions
in the presence of NaOCl by facilitating the decomposition of
NaOCl. A simple and cost-effective wet impregnation and co-
precipitation method was employed for the synthesis of NiO/
kaolin and NiO alone, respectively. The kaolin employed in
this investigation served as the substrate and support for the
nanoscale NiO particles. The synthesized nanocomposite was
characterized using UV−vis, FT-IR, SEM, and XRD, and it was
found to be well distributed on the surface of kaolin without
aggregation. From UV−vis spectroscopic data, characteristic
peaks were observed at a wavelength of 333 nm, which
confirms the formation of NiO NPs on the surface of kaolin.
The crystal sizes of NiO and NiO/kaolin obtained from XRD
were 11 and 3 nm, respectively. The synthesized NiO/kaolin
nanocomposite was employed as a catalyst toward the
oxidative degradation of MB dye and showed high catalytic
activity. The oxidation proceeded according to pseudo-first-
order kinetics with temperature, dye concentration, and
nanocatalyst load, all of which had a significant impact on
the reaction rate. The ideal loading quantity of NiO NPs on
the kaolin surface was responsible for its exceptional catalytic
degradation properties. In the presence of 0.5 mL of 4%
NaOCl, the NiO/kaolin combination (20.3 mg) broke down
99% of 50 mL of 50 mg/L MB dye solution in 6 min at a rate
of 0.4462 min−1. In addition, the NiO/kaolin nanocomposite
exhibited outstanding catalytic activity, stability, and strong
reusability, suggesting that it may be a viable option for
treating wastewater discharged from industries.
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