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Abstract: Dyes are toxic organic compounds released as effluent from various industries that need
proper treatment as they pose serious hazards to the environment and living beings, including
humans. Nanocomposites can be employed as photocatalysts for the elimination of such organic
compounds from wastewater. One such attempt is made in this present research study, where a
zinc-based nanocomposite has been fabricated for the elimination of the methylene blue dye (MB).
For the development of nanocomposite, zinc oxide nanoparticles (ZnONPs) were prepared to utilize
Allium sativa peel (garlic skin) extract, which was further processed to develop ZnO/kaolin clay NC.
ZnONPs and ZnO/kaolin clay NC formation have been confirmed by UV–Vis spectral bands at 379
nm and 423 nm. The NC was rod-shaped, with width of 60–100 nm and length of 200–800 nm and
an average size of 50.0 ± 0.58 nm. Both materials were compared for their efficacy in photocatalytic
degradation of the MB under solar light irradiation. ZnONPs removed 65% of MB, whereas the
degradation efficiency of ZnO/clay NC was calculated to be 96% for 10 ppm MB. A kinetics study
for photocatalytic degradation of MB using both nanomaterials showed that the photocatalytic
degradation followed the pseudo-first-order (PFO) type of reaction. This investigation represents
an expeditious, lucrative, ecological, and appropriate technique for the fabrication of functional
nanomaterials for the remediation of diverse organic pollutants.

Keywords: nanocomposite; kaolin clay; photocatalytic degradation; Allium sativa; methylene blue

1. Introduction

Every year, a huge amount of dyes are released into the environment from the textile,
food, and other industries, which leads to harmful effects on living organisms, including
aquatic organisms [1]. Dye-contaminated water consumption may cause diseases like
skin irritation and, in prolonged cases, may lead to cancer [2]. The currently available
approaches for dye removal, for instance, coagulation–flocculation, electroplating, precipi-
tation, sedimentation, filtration (micro-, ultra-, and nanofiltration), etc., are not that effective
as some are expensive, energy intensive, generate hazardous products and residue, and
require longer periods for the remediation of dyes [3]. So, there is an immediate require-
ment for advanced techniques like nanotechnology for efficient and effective remediation
of dyes [4,5].
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The nanotechnology field is growing continuously with tremendous speed and has
contributed applications in almost every field of science [6]. Nanoparticles are prime
materials possessing a high surface area to volume ratio, small particle size ranging from
1–100 nm, and high surface energies and are thus utilized in a wide range of scientific areas,
but when they are used in a pure form, they tend to agglomerate very quickly [7]. So, this
problem could be overcome by developing a nanocomposite in which nanoparticles are
supported within the interlamellar spaces of polymer/clay or by another metal matrix
on their external surfaces [8,9]. In the domain of modern science and technology, various
nanocomposite compounds having multifunctional properties are being developed and
applied in the sectors of energy, electronics, biomedicine, biotechnology, and wastewater
treatment [10–12].

Generally, composite materials provide reinforcements to the matrix, enhancing the
thermal–electrical conductivity, ductility, hardness, tensile strength, and durability of
the nanocomposite materials [13,14]. Nanocomposites are multiphase solid materials
reinforced with NPs with either one, two, or three dimensions below 100 nm [15,16]. A
nanocomposite consists of two phases, i.e., a continuous phase called the “matrix” and
a discontinuous phase called “reinforcement” [17,18]. Further, these two phases may be
inorganic–inorganic, organic–organic, or inorganic–organic [19–21]. The development of
NC materials helps overcome the shortcomings of micron-scale reinforcements [22–24].
The physical, chemical, mechanical, and electrical properties of a material are drastically
enhanced by the addition of a small amount of NPs in the matrix [25,26]. Furthermore,
incorporating these nanoadditives in nanocomposites could enhance the properties such
as heat distortion temperature, modulus, barrier properties, and flexural strength of the
composite [27–30].

One of the most widely used non-toxic, eco-friendly matrices for developing nanocom-
posite is clay [31]. Unmodified natural clays and functionalized clays with an internal
lamellar structure, large surface area and high porosity, and great adsorption potential
have been utilized for the elimination of pollutants (organic and inorganic) from aqueous
media [32]. Kaolin is a dioctahedral 1:1 layered clay chiefly composed of mineral kaolinite
(AllSi2O5(OH)4) [33], which is extensively used as a filler in rubber, plastics, paper, and
paint industries [34]. The layered kaolin clay contains two sheets: one is a tetrahedral
sheet where atoms of silicon [35,36] are tetrahedrally coordinated with oxygen atoms, and
the second is an octahedral sheet in which atoms of aluminum metal are octahedrally
coordinated with hydroxy groups and common apical oxygens from the tetrahedral silica
sheet [37]. Adsorption by clays has become an attractive and promising wastewater treat-
ment technology because of their abundant availability and cost effectiveness. The easy
availability of clay and its non-toxic and recyclable nature are some of the basic advantages
of clay [38–41].

Consequently, the efficiency of nanocomposites formed from NC developed from a
photocatalytic material such as TiO2 or ZnO will be enhanced since the material will have
features of NPs and catalytic properties. Nanocomposite material developed from clay
and ZnONPs is one of the most promising materials for the photocatalytic disintegration
of dyes [42]. Several investigators have developed nanocomposites from clay like mont-
morillonite (MMT) [43] and halloysite (HC) [44–46]. Furthermore, a few researchers have
employed NPs of silver and zinc oxide for surface modification of clay and the subsequent
development of nanocomposites.

A group of investigators led by Boushehrian developed kaolin/CuFe2O4 NC and
applied it for the remediation of cationic dyes [47]. A team led by Choudhary developed
a montmorillonite/Ag nanocomposite and utilized it for the remediation of methylene
blue dye from wastewater [48]. Gnanamoorthy and their group developed CuNiO2 and
rGO nanocomposites, which have been applied for the elimination or photocatalytic degra-
dation (PD) of methylene blue from aqueous solutions [49]. Bayomie et al., 2020 have
also removed methylene blue dye (MB) from an aqueous solution using fava bean peel
waste [50]. Massaro and their team reported the one-pot synthesis of ZnONPs supported
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on halloysite nanoclay (HNT@ZnO hybrid). The investigators further reported that the
presence of clay enhanced the UV–Vis spectral potential of the ZnONPs [51]. Mustapha
and their team developed a kaolin and ZnONP composite where ZnONPs were prepared
by the sol–gel technique, and ZnONPs were further decorated on the surface of kaolin
by applying the wet impregnation method. The surface area of the developed nanocom-
posite was 31.8 m2/g, as confirmed by Brunauer–Emmett–Teller (BET) [52]. A team led
by Mamulová developed a nanocomposite of ZnONPs and kaolin clay by varying the
ZnONPs by weight, i.e., 10 wt.%, 30 wt.%, and 50 wt.%, by applying the hydrothermal
technique. Furthermore, the investigators calcinated the nanocomposite at 600 ◦C to lead to
the kaolinite–metakaolinite phase transformation [53]. Recently, Choudhary and their team
developed a nanocomposite made up of ZnONPs loaded on halloysite nanoclay, which was
used for the elimination of MB efficiently [46]. In addition to this, the photodegradation of
MB was also investigated by Modi and their team, for instance, in one of the attempts, a
bacterial consortium along with ZnONPs [54] was used, while in another attempt, ZnONPs
and doped ZnONPs (tungsten and antimony) were used [55].

The present investigation emphasizes the development of biocompatible zinc oxide
nanoparticles using garlic peel extract. Another objective was to develop a simple technique
for the preparation of ZnONP/kaolin nanocomposite. The developed nanocomposite was
characterized by analytical instruments for detailed information. Another objective was to
evaluate the efficacy of the fabricated nanocomposite for the photocatalytic degradation of
methylene blue dye from aqueous solutions. The final objective was to assess the effect of
pH, initial concentration, and contact time on the photocatalytic degradation of methylene
blue dyes. Such a method of waste-mediated synthesis and remediation of dyes by using
non-toxic material makes the process environmentally friendly.

2. Experimental
2.1. Materials

Kaolin clay (SRL, Ahmedabad, Gujarat, India), acetic acid (Merck, Mumbai, India),
methylene blue (Molychem, Ahmedabad, Gujarat, India), zinc chloride (Merck, Mumbai,
India), sodium hydroxide pellets (Merck, Mumbai, India), Whatman filter paper no 42
(Axiva, Mumbai, India), ethanol (95% Shenzhen, China), and double distilled water (ddw)
were used.

2.2. Methods
2.2.1. Synthesis of Zinc Oxide Nanoparticles

About 50 g of garlic peel (Allium sativa) was collected from a vegetable market (Gand-
hinagar, Gujarat, India). The garlic peel was dried properly in an oven at 40C. Further,
about 10 g of dried garlic peel powder was soaked in 80% 100 mL of ethanol. The mixture
was continuously stirred for 24 h on a magnetic stirrer and heated at 60 ◦C. Further, the
extract was passed through a Whatman filter paper no 42 to obtain the filtrate while the
residue was discarded. The garlic extract was stored in a reagent bottle for future use.

Furthermore, about 200 mL of 2 mM ZnCl2 aqueous solution was taken in a beaker, to
which 30 mL of garlic extract was added dropwise. The mixture was continuously stirred
on a magnetic stirrer during the reaction. Further, the mixture changed its color within
30 min, and the reaction was stirred for 4 h. The pH was adjusted from 8.5 to 9 at this
stage using sodium hydroxide and the stirring speed at 300 rpm. Further, the mixture was
centrifuged at 6000 rpm for 7 min to obtain the residue. The obtained white precipitate was
washed 2–3 times with ddw and once with ethanol in order to eliminate impurities. Finally,
the white precipitate was dried in an oven at 80 ◦C overnight, then calcinated at 600 ◦C for
4 h by increasing the temperature by 5 ◦C/min. The detailed process was discussed earlier
by Modi and Fulekar [56].
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2.2.2. Development of Clay Nanocomposite

Kaolin clay was sieved using a 50-micron mesh and then mixed with 50 mL of 1%
acetic acid. About 2 g of sieved kaolin was weighed, mixed with 50 mL of 1% acetic acid
solution, and stirred for 30 min. At the same time, 2 g of ZnONPs was also weighed and
dispersed in 50 mL of 1% acetic acid solution under stirring conditions for 30 min. Both the
solutions were then mixed, and stirring was continued for another 30 min. Afterward, the
mixed solution was subjected to sonication for 60 min at 60 ◦C. Sonication was followed
by a continuous stirring of 8 h at 400 rpm. In later stages, the solution was centrifuged at
6000 rpm for 15 min, and the obtained solid pellet was washed with Milli-Q water five
times. The washing step was followed by drying the pellet at 60 ◦C overnight. In this
manner, ZnO NC was obtained.

2.3. Preparation of Methylene Blue Dye Aqueous Solution and Dye Removal

The photodegradation of MB was determined in a simple reactor under exposure
to solar light. About 30 mg of synthesized and developed ZnONP/kaolin clay NC was
added to a 250 mL glass vessel having around 100 mL of MB solution with different
concentrations (10 ppm, 25 ppm, 50 ppm). This solution was kept in sunlight under stirring
conditions (~400 rpm). Every 15 min, 5 mL of the sample was pipetted out for up to
120 min. The acquired samples were then analyzed to determine the absorption spectrum
at 665 nm and wavelength scan (200–700 nm). A dye removal study was also carried out
based on the pH and dosage of the nanocomposites. The sample was also examined by a
gas chromatography–mass spectroscopy investigation (GC-MS) to find the degradation
pathway at each step.

3. Characterization of Nanoparticles and Nanocomposites

The synthesized nanocomposites were characterized by an electron microscope (field
emission scanning and transmission), UV–Vis spectroscopy, Fourier-transform infrared
(FTIR), and X-ray diffraction (XRD). About 1 mg nanocomposite was taken in 10 mL
of ddw, and sonication was performed by a Sonar-made (40 kHz) ultrasonicator (Sonar,
40 kHz, Vadodara, India). Further, the finely dispersed developed nanocomposite was
used for the UV–Vis analysis and TEM. The UV–Vis analysis was performed by a UV–Vis
spectrophotometer (Halo DB-20, Double-beam, Dynamics) in the 200–800 nm range. Finely
dispersed nanocomposite in ddw was poured over carbon-coated Cu grids by the drop-
casting technique for visualization of micrographs by TEM. The detailed morphological
features were revealed using FEI, Technai G2-Twin (New York, NY, USA). By using a solid
KBr pellet technique, the FTIR investigation was carried out using a Perkin Elmer Model SP-
65 (Markham, ON, Canada) instrument in the IR regions of 400–4000 cm−1 at a resolution
of 1 nm. For the surface morphological features, FESEM analysis was carried out where
a pinch of sample was placed on carbon tape, which in turn was kept on an aluminum
stub. The sample was kept in the sample holder, and imaging was carried out using a
NOVO Nanosem, 450 (FEI, USA) at different resolutions. The elemental constituents of
the samples were identified by using an electron diffraction spectroscope (Oxford make)
fitted with the FESEM. The phase identification of the samples was carried out by XRD.
The powder samples were analyzed by using a D8 Advance (Bruker, Mannheim, Germany)
in the 2θ of 10–80◦, step size = 0.02, time = 5 s/step, voltage = 40 kV, and current = 30 mA.

4. Results and Discussion
4.1. Chemical Composition of Garlic Peel Extracts

From the various pieces of literature, it has been found that garlic peel extract has
various bioactive compounds, for instance, total phenolic compounds (3910.98 ± 140.64 to
14,657.42 ± 557.48 mg gallic acid equivalent/100 g), total flavonoids (0.3768 ± 0.0269 to
0.9063 ± 0.0204 (mg/100 mL), total tannins (434.33 ± 7.52 to 1688.94 ± 4.68 mg tannic acid
equivalent/g), and total anthocyanins (0.2885± 0.0386 to 1.3204± 0.0655 (mg/100 mL). The
extracts from the garlic peel have shown compounds like garlic organosulfur compounds,
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which are mainly divided into two parts, i.e., non-volatile precursors and volatile precursors.
Further, the non-volatile precursors were mainly gamma-glutamyl-S-allyl-L-cysteine and S-
allyl-L-cysteine sulfoxide (alliin). Meanwhile, thiosulfinates (allicin), volatile organosulfur
compounds (methyl allyl disulfide, methyl allyl trisulfide), and water-soluble organosulfur
compounds are the main volatile precursors [57–59].

4.2. Mechanism of Formation of ZnONP/Kaolin Composite

Mustafa and their team proposed a schematic method (Figure 1) for the development
of the ZnONP/kaolin composite by using a sol–gel method followed by a wet impregnation
method. First, the zinc acetate and NaOH formed a gel, which was later impregnated on
the surface of kaolin [52].
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Figure 1. A sche/matic representation of the preparation of kaolin/ZnO nanocomposites adapted
from [52].

The synthesized and developed ZnONPs and ZnO/clay NC were characterized using
standard methods. The obtained results are represented below.

4.3. UV–Visible Spectroscopy

A typical UV–Vis spectrum of the developed nanocomposite dispersed in ddw prior
to analysis is shown in Figure 2. The absorption bands of photocatalysts were 379 nm and
423 nm, respectively, for ZnONPs and ZnO/clay NC. From the analysis, it is assumed that
the absorption edge and intensity shifted with the incorporation of composite material
within ZnONPs due to quantum confinement effects [60]. Since UV is a surface plasmon
resonance phenomenon, the surface and interface of the developed NC contribute an
important role in light absorption. On the surface of nanomaterials, there are electron
(e-) clouds, capable of oscillating and absorbing electromagnetic radiation at a particular
energy [61]. Khan and Fulekar also obtained a similar result for chemically synthesized
ZnONPs [62].

4.4. FTIR Analysis of ZnONPs and ZnO/Clay NC

The infrared spectra for ZnONPs exhibited bands corresponding to the chemical bonds
present in the ZnONPs. In Figure 3, both ZnONPs and the developed NC exhibit clear
bands around 3700–3400 cm−1, assigned to the v(-OH) stretching. The υ(-OH) stretching
band in ZnONPs is broad, which starts at 3200 and ends at 3600 cm−1, while this band
became sharper in the NC, centered at 3673 cm−1.

A broad band in the NC at 1100 cm−1 is assigned to the Si-O-Si/Si-O-Al present in the
clay samples [63,64]. The band at 748 and 570 in the ZnONPs is due to the Zn-O. The band
at 540 and 827 cm−1 in the NC is due to the Zn-O bond. This band is also due to the Al-O
and Si-O bond in the NC, indicating the presence of aluminates and silicates coming from
clay [65,66]. The bands at 1627 and 1875 cm−1 in ZnONPs and the NC are assigned to the
OH group available in the materials.

The previous results obtained by Mamulová and their team were close to the current
investigation for the developed clay NC. For the synthesized ZnONPs, bands were obtained
at ~420 cm−1 (Zn-O stretching). The bands of raw kaolin were obtained near 3600 cm−1,
corresponding to the inner octahedral structure of Al OH bonds. The bands at 1135, 787,
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643, and 456 cm−1 were attributed to Si-O, while the bands at 999, 749, 679, and 522 cm−1

were attributed to Si O Al and the bands at 936 and 911 cm−1 were attributed to Al OH.
The band at 1024 cm−1 corresponds to Si-O-Si. The band of Zn-O at 420 cm−1 was not
observed in the clay NC as it was overlapped by the kaolin [53].
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Mustapha and their team also obtained bands for the ZnONP/kaolin composite
developed at different pHs, followed by calcination at 450 ◦C for 3 h. The characteristic
bands for the developed composite were obtained at 3626–3696 cm−1 and attributed to the
OH vibration, that at 1034 cm−1 was attributed to the Si-O-Si stretching vibration, those at
1114 cm−1, 797, 787, 757, and 607 cm−1 were attributed to the Si–O bonds, that at 914 cm−1

was attributed to Ti–O–Si, and those at 775 and 522 cm−1 were attributed to Si–O–Al.
The band at 513 cm−1 confirms the presence of Zn-O in the developed nanocomposite
sample [52].

4.5. Phase Identification of ZnONPs, Kaolin, and Clay NC by XRD

Figure 4 is the XRD pattern of ZnONPs, kaolin clay, and ZnO and clay NC. The
characteristic diffraction lines of ZnONPs are seen at 33, 35, 37, 46, and 56◦. The phase of
the ZnONPs was reported to be in good agreement with previous studies, for instance,
Mustapha et al. [67], Modi et al. [55,68], and Mamulová et al. [53].

Water 2023, 15, x FOR PEER REVIEW  8  of  20 
 

 

 
Figure 4. XRD pattern of ZnONPs, kaolin, and clay NC. 

Mustapha and their team obtained low‐intensity diffraction lines for the ZnONPs at 

31.79°, 34.42°, 36.25°, and 56.60° corresponding to (100), (002), (101), (102), and (110) crystal 

planes. This further confirmed the presence of ZnONPs in the kaolin samples [52].   

4.6. Morphological Analysis of NC by TEM 

TEM images of the developed NC are exhibited in Figure 5a–d. The images reveal 

that the particles are rod‐shaped with a width of 60–100 nm and a length of 200–800 nm. 

The  layered structure of  the clay could be clearly observed by TEM. Figure 5d clearly 

shows a single particle of NC, which is layered. Figure 5e exhibits the SAED pattern of the 

developed NC, indicating the less crystalline nature of NC. The SAED pattern does not 

show diffraction peaks, and the pattern of the concentric ring indicates that the ZnONPs 

are heterogeneously dispersed on the surface of kaolin. Figure 5f exhibits the particle size 

distribution (PSD) of NC, which indicates an average size of 50.0 ± 0.58 nm.   

Earlier, a team led by Mamulová reported the presence of ZnONPs on the surface of 

kaolin, where  the morphology and density of ZnONPs varied with  the  temperature of 

calcination used. The further investigator concluded that ZnONPs are developed by the 

aggregates of crystallites having the form of larger or smaller slices. The TEM investiga‐

tion showed the presence of spherical ZnONPs on the long rod‐shaped kaolin [53]. A team 

led by Mustapha reported stacked hexagonal and plate‐like structures that were less ag‐

glomerated [52]. Similar results were also obtained by Choudhary and Fulekar, where the 

investigators used ZnONPs on halloysite clay to develop NC [46]. 

Figure 4. XRD pattern of ZnONPs, kaolin, and clay NC.

A broad diffraction line is shown from 20–25◦, and a sharp diffraction line from 26–28◦,
attributed to the quartz and mullite phase in the clay. The diffraction line at 34◦ and 37◦

indicates the iron oxide phase, i.e., hematite [69] and magnetite [70].
The NC shows XRD diffraction lines from 20–22◦, 27–29◦, and at 41 and 42, while

33–38◦ is due to ZnONPs. Besides this, ZnO diffraction lines are also at 48◦ and 57◦ in the
NC. A low-intensity diffraction line at 17◦ and a high-intensity peak at 29◦ suggest the
presence of kaolinite in the developed clay NC, which was also suggested by Mustapha
and their team, who obtained a low-intensity diffraction line at 12◦ and high-intensity
diffraction lines at 26.8◦ [52].

Previously, Mamulová and their team also obtained ZnONP diffraction lines at 37.3◦

(100), 40.5◦ (002), and 42.5◦ (101), which are in close agreement with the current result. The
major XRD diffraction lines for kaolinite in the kaolin were obtained at 13◦ and 29◦ while
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we obtained diffraction lines at 17◦ and 29◦ along with a few small diffraction lines at 35◦,
37◦, and 65 ◦. The diffraction lines for both ZnONPs and kaolinite, along with quartz, were
present in the developed clay NC [53].

Mustapha and their team obtained low-intensity diffraction lines for the ZnONPs at
31.79◦, 34.42◦, 36.25◦, and 56.60◦ corresponding to (100), (002), (101), (102), and (110) crystal
planes. This further confirmed the presence of ZnONPs in the kaolin samples [52].

4.6. Morphological Analysis of NC by TEM

TEM images of the developed NC are exhibited in Figure 5a–d. The images reveal
that the particles are rod-shaped with a width of 60–100 nm and a length of 200–800 nm.
The layered structure of the clay could be clearly observed by TEM. Figure 5d clearly
shows a single particle of NC, which is layered. Figure 5e exhibits the SAED pattern of the
developed NC, indicating the less crystalline nature of NC. The SAED pattern does not
show diffraction peaks, and the pattern of the concentric ring indicates that the ZnONPs
are heterogeneously dispersed on the surface of kaolin. Figure 5f exhibits the particle size
distribution (PSD) of NC, which indicates an average size of 50.0 ± 0.58 nm.
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Earlier, a team led by Mamulová reported the presence of ZnONPs on the surface
of kaolin, where the morphology and density of ZnONPs varied with the temperature of
calcination used. The further investigator concluded that ZnONPs are developed by the
aggregates of crystallites having the form of larger or smaller slices. The TEM investigation
showed the presence of spherical ZnONPs on the long rod-shaped kaolin [53]. A team
led by Mustapha reported stacked hexagonal and plate-like structures that were less
agglomerated [52]. Similar results were also obtained by Choudhary and Fulekar, where
the investigators used ZnONPs on halloysite clay to develop NC [46].

4.7. Morphological Analysis of NC by FESEM

FESEM images of NC are shown in Figure 6a,b. Figure 6a shows NC at 200 nm, where
the particles are layered floral shapes of size 100–800 nm. Figure 6b shows the image at 100
nm, where NC particles appear as layered structures with floral shapes. A similar structure
was also reported by several investigators for kaolin particles. For instance, a team led by
Mamulová reported that only a small number of ZnONPs are present in the different types
of kaolin and ZnO nanocomposites where the matrix of kaolinite was quite empty [53]. The
shape of the developed clay NC appeared to be crystals of gypsum/desert rose. Further,
with the increasing concentration of ZnONPs (10–30%), there was an increase in the size of
the ZnONPs. Moreover, in all the types of calcinated composite, the kaolinite was covered
by a continuous layer of ZnONPs [53].
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The EDS spectra and the elemental table are shown in Figure 6c, which shows peaks
for carbon, O, Al, silicon, and Zn. A normal kaolin particle will have O, C, Al, and Si
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along with H, but here, H could not be detected by the EDS analyzer. So, the presence of
Zn suggests the doping of ZnONPs on the surface of the clay to form NC. Among all the
elements, O is the most common, i.e., 36.81%, followed by Zn, i.e., 25.92%, and Si and C,
i.e., 18.98% and 17.25%, respectively. It also has Al, which was about 1.06%. Besides this,
no other elements were present in the samples, confirming the sample’s purity.

The EDS spectra of Mamulová and their team showed the presence of C, O, Zn, and
Si [53], while Mustapha and their team obtained peaks for O (26.3%), Na (4.92%), Zn
(50.65%), Al (6.67%), Si (10.22%), and Fe (1.23%) [52].

4.8. Photocatalytic Degradation of Dye
4.8.1. Optimization of Variables in Photocatalytic Degradation

During the study, the effects of various parameters, for instance, the dosage of the
photocatalyst [71], dye concentration (initial), and pH’s effect on the PD of MB were studied
using a ZnO nanocatalyst.

4.8.2. Effect of Catalyst Dose

In the PD analysis of dyes, the dosage of the nanophotocatalyst contributes a significant
role due to the availability and cost of photocatalysts used for the efficient photodegra-
dation of MB dye [72]. If a lesser amount of nanophotocatalyst is used, then there will
be a reduction in the photocatalytic degradation of the respective dyes [73]. So, prior to
performing dye degradation, optimization of their dosage is very economical when this
is applied for degradation at a larger scale with minimal resources. Different dosages of
ZnO/clay NC catalysts at varying concentrations from 100 to 600 ppm were collected into
beakers containing 100 mL MB dye solution with a concentration of 10 ppm and pH 7.4.
This sample was kept under solar light irradiation for a duration of 120 min, with a UV
lamp, and the sample was stirred by a magnetic stirrer (400 rpm) while conducting the
investigation. A graph of the percentage (%) degradation of MB dye for various catalyst
dosages vs. time was plotted. It was observed that with the increase in photocatalyst
dosage, the % degradation of MB dye increased, and the optimum value of catalyst dosage
(300 ppm) at which the % degradation of MB dye was maximum (95.84%) for the duration
of 120 min was reached. After that, a decrease in the optimum catalyst dose and % degrada-
tion was noticed, which could be explained by the presence of a large number of active sites
on the catalyst surface and the penetration of light into the sample suspension. With the
increase in the catalyst dosage, the number of active sites and surface area of nanocatalyst
particles also increases. Consequently, there is an increase in the turbidity of the MB dye
solution, which will decrease the light penetration into the solution due to the increased
effect of scattering.

4.8.3. Effect of Initial Concentration of Dye

To analyze the effect of the initial concentration (IC) of dye on the PD process, various
concentrations of MB dye were used during the study. The experiment was conducted
with a fixed photocatalyst dose of 30 mg/100 mL at different ICs of MB dye of 10, 25, and
50 ppm (mg/L) prepared from a stock solution of 100 ppm. Data obtained during the
experiment were plotted as the % degradation versus time in Figure 7. From the graph, it is
obvious that the concentration of MB continuously decreased with the duration of contact
time in all three concentrations of MB dye solution. In the case of the 10-ppm solution,
the MB dye was degraded by almost 96% in 120 min, while when the concentration of
MB in the solution was 25 and 50 ppm, the % degradation of dye was about 58% and
23%, respectively. Yadav et al., 2022 also removed MB from liquid media by using surface-
modified ferrospheres recovered from coal fly ash [74]. Gnanamoorthy et al. also performed
photocatalytic degradation of MB by using CuNiO2 and their rGO nanocomposite and
obtained efficient results [49]. Choudhary et al., 2021 developed a nanocomposite material
from montmorillonite and silver NPs and applied them for the elimination of MB from
liquid solutions. The investigators also used four variable concentrations of MB (25, 50,
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100, and 200 ppm) and obtained a removal percentage of about 81–99%. The investigators
have also obtained the highest removal percentage of MB with low ppm, i.e., 25, which
was about 99.9%, and the lowest was with the highest ppm, i.e., 200 ppm, about 81.4% [48].
Tsade et al., 2021 efficiently removed MB from wastewater by using periodate-modified
nanocellulose [75]. Massaro and their team photocatalytically removed methyl orange and
rhodamine B from aqueous solution by using ZnONPs (avg size 3.9 ± 0.8 nm) decorated on
halloysite nanotubes. The MO dye was completely photocatalytically degraded within 3 min
with all the doses of photocatalyst, while the RhB dye was photocatalytically degraded after
30 min [51]. Mamulová and their team utilized the composite developed from kaolin and
ZnONPs where the conc. of ZnO varied from 10–30%, and the calcination temperature of
kaolin varied from 100–1200 ◦C. Further, the investigators used these clay NCs to eliminate
acridine orange 7 from wastewater under photocatalytic conditions. About 60% of acridine
orange 7 (AO7) was photodegraded from the solution within 30 min and 95% after 60 min
by using the developed clay NC [53]. Mustapha and their group utilized a kaolin/ZnONP
composite for the remediation of biological oxygen demand, chemical oxygen demand, and
removal of Cr and Fe ions at different pH, dosages, etc. [52].
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From the results, the percentage degradation of MB dye decreases as the IC of the dye
increases. It can be stated that as the concentration of dye increases, more reactants and
reaction intermediates are adsorbed on the surface of photocatalysts, and this develops a
layer on the surface; hence, it will minimize the production of hydroxyl radicals (OH). Apart
from this, a high concentration of dye also increases the turbidity of the solution, which will
block the photons from activating the photocatalyst. Furthermore, as the strength of the MB
increases, the photons are intercepted before they can reach the surface of the nanocatalyst,
and the length of the path of a photon entering into the MB solution is decreased [76].
Gnanamoorthy et al., 2022 have also proposed a similar hypothesis for MB remediation in
aqueous solutions using nanocomposite material [49].

4.8.4. Effect of pH

To control the photodegradation process, pH is one of the crucial factors. During the
study, the effect of pH on the PD efficiency of the dye samples was investigated at pH
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3, 5, 7, 9, and 11 with 100 mL of 10 ppm IC of MB and a dose of 30 mg/L of ZnO/clay
photocatalyst. The pH of the MB solution was adjusted by using 0.1 M HCl and 0.1 M
NaOH before the investigations and results are shown in Figure 8. From the graph, it is
clear that the dye was removed continuously at all pH levels for 120 min. The degradation
percentage of MB at various pH levels was almost the same, i.e., 86–96%, but at 5 pH,
degradation was marginally higher. The lowest degradation of MB was observed at 3 pH,
i.e., 82, which could be due to the formation of H+ ions in acidic conditions, which may
lead to the desorption of MB from the catalyst surface. Badeenezhad et al., 2019 also
reported MB dye removal from wastewater by using natural clinoptilolite and clinoptilolite
functionalized by IONPs [77]. Bayomie et al., 2020 also reported efficient results of MB
elimination from aqueous solutions using banana peel waste [50]. Table 1 shows the PD of
MB by several investigators using nanocomposite under UV light.
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Table 1. PD of MB by several investigators using nanocomposite and biosorbent under UV and
visible light.

Nanocomposite/Nanomaterials Size (nm) Removal
Percentage

Concentration
of Dye (ppm)

Time
(Minutes) References

MMT/Ag 1–2 microns 99.9% 25 30 [48]

Halloysite/ZnONPs 40–200 (diameter) 97.5 25 15 [46]

ZnONPs 7 82.01 10 -

[55]W-doped ZnONPs 18 88.21 10 -

Sb-doped ZnONPs 9.55 90.06 10 120

ZnONPs 40–100 100 300 60 [78]

NaOH-activated incense
sticks, ash 69.74 200 60 [79]

Fe3O4@SiO2/TiO2@WO3 92.77 60 [9]

Na periodate-modified
nanocellulose (NaIO4 NC) from

Eichhornia crassipes
Several microns 90.91 mg·g−1

78.1%
30 60 [80]
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Table 1. Cont.

Nanocomposite/Nanomaterials Size (nm) Removal
Percentage

Concentration
of Dye (ppm)

Time
(Minutes) References

Self-assembled cylindrical
graphene–CNTs

Width: 20–40 nm
Length: several

microns

81.97 mg/g
97% 10 [81]

CdSe-TiO2 NPs TiO2: 20 ± 1 nm
CdSe: 3.0 ± 0.2 nm 67% 10 60 [82]

Chitosan/Fe3O4/graphene
oxide (CS/Fe3O4/GO) NC IONPs: 30–40 nm

30.10 mg/g (by
Langmuir)
90–100%

10–40 [83]

Boron nitride nanosheets @
polyvinylidene fluoride

142.86 mg/g
100% 10 [84]

NZVI-impregnated nanoclay 72.4 nm ~100 40 120 [85]

Clinoptilolite modified by iron
oxide NPs Microns 98% 200 45 (optimum) [77]

CuO/ZnO nanophotocatalysts 10–55 nm 97% 85 [86]

Hydrotalcite-supported NZVI 90 nm to several
microns

81 mg/g
99.6% 40 30 [87]

ZnONP loaded on
bacterial consortium 95.46% 10 4320 [54]

Zeolite imidazolate frameworks
(ZIF-67) @ co-layered

double hydroxide

1 µm diameter,
thickness ~40 nm

57.24 mg/g
79.9% 25 100 [88]

Mn-doped ZnO
nanocomposites 50 nm 70% 0.1 mM 60 [89]

Yb3+-Zn2+ substituted
M-type hexaferrites

16–17 nm 96.1 % 90 [90]

ZnONPs@cellulose
nanocrystals NC 59.51 88.62% 10 120 [68]

X-CuTiAP (en, trien, ETA, and
DMA) nanospheres Below 100 33–73 1 mM in 100 mL 50–60 [91]

4.8.5. Photocatalytic Activity and Mechanism

Solar radiation has the crucial advantage of being an inexhaustible free energy source
without any toxic effects on our environment. ZnO photocatalysts absorb a small percentage
of the total sunlight for their photocatalytic activation [92]. The photocatalytic activity of
ZnO nanomaterials come about due to the generation of electron–hole pairs by absorbing
an amount of energy that is either greater than or equal to the energy gap. The e- being
generated is transported to the conduction band (CB), and the hole remains in the valence
band (VB). Thus generated, an electron–hole pair may relink some energy to reach a
metastable state (MtS). Mir et al., 2017 also degraded MB photocatalytically but with CdSe-
TiO2 NPs [82]. The electron, resent in an MtS, interacts with O2 vacancies to produce
superoxide ions, while the hole in an MtS interacts with water or hydroxide ions to produce
highly reactive hydroxyl radicals at the catalyst–water interface [82]. Figure 9 shows a
possible MB dye degradation mechanism by clay NC.

4.8.6. Chromophoric Group Degradation: First Degradation Pathway

Sulfhydryl is converted to sulfoxide, and the central aromatic heterocycle opens
during electronic reorganization. The intermediate products of MB degradation included
2-amino-5-(N-methyl formamide) benzene sulfonic acid (m/z = 230), 2-amino-5-(methyl
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amino)-hydroxybenzene sulfonic acid (m/z = 218), benzene sulfonic acid (m/z = 158), and
phenol (m/z = 94).
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4.8.7. Auxochrome Group Degradation: Second Degradation Pathway

The investigators have identified various intermediate products during further mass
spectroscopy analysis. Different intermediate compounds, including azure A (m/z = 270),
azure B (m/z = 256), azure C (m/z = 242), and thionine (m/z = 228), that were produced
during the PD due to demethylation cleavage, were identified [93]. The conjugation
system between the two-dimethylamine-substituted aromatic rings through the S and N
is responsible for the absorbance at 668 nm, while the small shoulder at 615 nm has been
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reported to be due to the absorbance of dye dimer, whereas the substituted benzene rings
have their absorbance peak in the UV region. The absorption peak at 668 nm diminished
very fast. This indicated a rapid photocatalytic degradation of MB.

5. Conclusions

The synthesis of ZnONPs from vegetable waste suggests an economical and eco-
friendly method. The development of ZnONPs and kaolin clay composite for the pho-
tocatalytic degradation of methylene blue provided an economical and eco-friendly ap-
proach. The developed clay nanocomposite was found to be rod-shaped and decorated
with spherical ZnONPs, as revealed by FESEM and TEM. The average particle size of
the nanocomposite was 54.24 + 0.55 nm. The FTIR showed the presence of ZnO and Al-
O, Si-O-Si groups in the nanocomposite. XRD has shown the diffraction peaks for both
ZnONPs and kaolin, where the ZnONP peaks were from 33–44◦ and for kaolin at 17 and
29◦. The effect of various parameters on the photocatalytic degradation of MB dye shows
efficient photocatalytic degradation. The photocatalyst efficiently degraded about 60–96%
of MB dye in the aqueous solutions within a short period. The anchoring of ZnONPs in the
kaolin matrix restricts the leaching of Zn into the environment without suppressing the
photocatalytic potential of the ZnONPs.
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