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Abstract: The green synthesis of nanoparticles is an emerging branch of nanotechnology in recent
times, as it has numerous advantages such as sustainability, cost-effectiveness, biocompatibility, and
eco-friendliness. In the present research work, the authors synthesized ZnO nanoparticles (ZnO
NPs) by a green and eco-friendly method. The synthesized ZnO NPs were characterized by X-ray
diffraction (XRD), field emission scanning electron microscopy (FESEM), and Fourier transform
infrared (FTIR) spectroscopic techniques. The calculated average crystallite size of ZnO NPs was
observed at 36.73 nm and FESEM images clearly showed the cylindrical shape of nanoparticles. The
absorption peak at 531 cm ™! was observed in the FTIR spectrum of the ZnO NPs sample, which also
supports the formation of the ZnO wurtzite structure. Finally, the synthesized ZnO NPs potential was
analyzed for the remediation of malachite green from an aqueous solution. The ZnO NPs showed a
desirable photocatalytic nature under LEDs irradiation.

Keywords: nanoparticles; zinc oxide; photocatalytic degradation; wastewater; green chemistry

1. Introduction

Heterogeneous photocatalysis is a sustainable and green technology used for contami-
nated water treatment and recycling [1]. It is considered a suitable technique because of
its cost-effectiveness, eco-friendliness, high efficiency, and broad applicability and offers
great potential for the overall mineralization of hazardous materials from the environment.
Almost complete degradation and mineralization of organic pollutants such as pesticides,
herbicides, phenols, antibiotics, hydrocarbons, plastics, etc., are achieved even under mild
cases of temperature and pressure [2-5]
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Numerous semiconductor materials, such as titanium dioxide (TiO,), zinc oxide (ZnO),
and silica (Si0;) [6], Cu/Cu@UiO-66 [7], are presented as promising photocatalysts. There are
several investigators who worked on TiO, and ZnO as photocatalysts owing to their unique
and extraordinary photocatalytic properties, such as a non-toxic nature, economically viability,
chemical stability, high reactivity, etc., but ZnO has the ability to show photocatalytic efficiency
in both the ultraviolet (UV) and visible light. Youiji Li et al., improved the photocatalytic
efficiency of TiO; in visible light by doping N and successfully degraded acid orange 7 dye
through visible-light-responsive N-doped mesoporous titania on carbon fibers in 2015 [8].
In the year 2017, Lin Xiao et. al. fabricated a visible-light-driven photocatalyst composed of
mesoporous TiO, (MT) doped with Ag*-coated graphene (MT-Ag/GR) and degraded methy-
lene blue dye [9]. Yufen Gu et al., in 2022, synthesized ZnSn(OH), (ZSO) by hydrothermal
method and degraded methylene blue and Hexadecyl trimethyl ammonium Bromide-ZSO
(CTAB-ZSO) [10]. Recently, Liexiao Li et al., fabricated a flower-like Bi;O,CO3 photocatalyst
and studied its photocatalytic efficiency by the reduction in Cr (VI) in the year 2022 [11].

There is always a need to synthesize a new photocatalyst to fulfil this purpose and try
to improve the catalytic efficiency of ZnO by tailoring its particle size, amount of oxygen
defects, facets, and surface area modification [12].

In the present scenario, nanosized materials have gained much more focus due to
their novel physical properties (such as structural, electronic, and thermal), which are
of high scientific interest in basic and applied scientific fields, such as catalysts, sensors,
photoelectron devices, and highly effective and working devices [13,14]. In this paper, we
synthesized nanostructured ZnO, which has a great advantage in photocatalytic reactions
due to its large surface-to-volume ratio and catalytic efficiency [15-18]. The catalytic
potential of ZnO NPs was tested by the kinetic study of malachite green (MG) dye under
eco-friendly LEDs irradiation. LEDs (p-n junction semiconductor devices) irradiations
were chosen as the source of light since they have high and stable energy efficiency, are
economically viable, provide continuous exposure of light as compared to traditional
energy sources, and are eco-friendly, since conventional light sources are made up of
mercury filament, which is hazardous for the environment [19-21].

Recently, ZnONPs were successfully synthesized from the Manilkara zapota, Lipia
adoensis, and Passiflora caerulea. In this study, the investigators used the sapota plant
since the plant contains different reducing phytoconstituents, such as alkaloids, phenolic
compounds, sterols, amino acids, terpenoids, vitamins, etc., which can reduce metallic ions
into metal nanoparticles [22-25].

Sapota plant leaf extract was used to synthesize ZnO NPs. The sapota plant belongs
to the Sapotaceae family, of the Pouteria sapota (Latin name) species, and the botanical name
is Manilkara zapota. The sapota plant is cultivated between 15 °C and 38 °C temperatures in
moist tropic or subtropical areas [26].

In this mechanism, the electron of the valence band gets promoted into the conduction
band on the irradiation of the light on the nanoparticles in the aqueous medium. The
OH" ions lose their electrons on the valence band and form hydroxyl radicals, which are
responsible to oxidize dye molecules. Simultaneously, oxygen reduced by the electrons of
the conduction band form O, radicals (Figure 1) [27].

Various reaction parameters, such as the effect of change in Fenton’s reagent concen-
tration, CO,, and COD measurements, and the effect of the bubbling of N, and O, purging,
were evaluated during MG dye degradation. All the observed results are correlated and
the improved catalytic efficiency is interpreted based on the structural and morphological
findings of the prepared nanosized ZnO.

In the present study, authors first synthesized Pouteria-sapota-mediated zinc oxide
nanoparticles. Further, the confirmation of the formation of the particle and its purity was
analyzed using sophisticated instruments such as FESEM, XRD, and FTIR. The potential of
the synthesized ZnO NPs was assessed for the remediation of MG dye under light-emitting
diode conditions. The object was to develop a green route for the synthesis of zinc oxide
nanoparticles and their potential to eliminate the MG dye from the aqueous solution efficiently.
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H,0 + CO, + NO;-

Figure 1. Physical mechanism of degradation of dye by NPs.

2. Experimental Analysis
2.1. Sapota Plant Leaf Extraction

About 100 g of sapota plant (Manilkara zapota) leaves was obtained from the university
campus of the Lakshmangarh (India) area in the summer season and washed with double-
distilled water to remove the dust and dirt present on the leaves. Leaves were air-dried
and ground into fine powder in the cleaned mortar with 400 mL of double-distilled water.
The liquid was transferred into a 500 mL beaker and concentrated by heating on a hot plate
at 60 °C temperature for 1 h with continuous stirring. The suspension was cooled, filtered,
and used for the preparation of ZnO NPs [28].

2.2. Synthesis of Nanostructured ZnO

ZnO NPs was prepared by using the leaf extract of the sapota plant. Here, about
100 mL of aqueous solution zinc nitrate (0.45 mol L ~') was prepared in double-distilled
water. After that, 30 mL of leaf extract and 50 mL of zinc nitrate solution were mixed drop
by drop along with continuous stirring. Then, the beaker was covered by the aluminium
sheet for 2 h at 30 °C. The developed particles were carefully washed with double-distilled
water and kept in an oven at 60 °C. Finally, the ZnO NPs were calcinated in a muffle furnace
at 300 °C for 6 h [29].

2.3. Experimental Procedure

The photocatalytic mineralization of the MG dye solution was conducted in a specially
designed double-walled special glass vessel, which maintained constant temperature
during the experiment. During a typical photocatalytic experiment, 100 mL of MG dye
solution and nanosized ZnO were taken in a slurry-type batch reactor. After stirring for
10 min, the mixture was placed in the dark for 30 min to attain absorption-desorption
equilibrium. A slurry containing aqueous dye solution and ZnONPs was then irradiated
under the LEDs (250W). After 3 min of time interval, the absorbance of the solution was
taken after centrifugation by spectrophotometer. Variation in absorption spectra was
measured at 400-620 nm Apax on a spectrophotometer (Systronic Model No.166). A Lux-
meter (Lutron LX-101) was used to measure the intensity of visible light. The mineralization
efficiency of the process was calculated as:
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Cy —C
Co
where Cy = initial COD/absorbance of MG dye solution before the experiment, C = final

COD/absorbance of MG dye solution after the experiment.

% efficiency = x 100

2.4. Characterization of the ZnO Nanoparticle

The X-ray pattern of the prepared ZnO NPs was recorded on the PANalytical Empyrean
diffractometer and studied in the range of 20-80° (20). The average crystallite size of the
nanosized ZnO was determined with the help of the Scherrer formula.

D= KL
Bcosb

The surface morphology and mean particle size of the sample were analyzed by a field
scanning electron microscope (FESEM). The presence of functional groups in the sample
was identified by Fourier transform infrared spectroscopy (FTIR) by using Bruker model
ALPHA FTIR.

3. Results and Discussions
3.1. Structural Studies of ZnO Nanoparticle

The intense and narrow peaks from the XRD suggest that the product has good
crystalline morphology (Figure 2). The diffraction of the peaks around 31.46°, 34.41°, 36.57°,
47.66°, 56.72°, 62.70°, and 67.95° were indexed to (100), (002), (101), (102), (110), (103), and
(112) planes, respectively, which confirmed the synthesis of ZnO NPs as wurtzite-type
(hexagonal structure). The d-values and lattice parameters of ZnO NPs were determined
[a=b=3.256 A° and C =5.220 A° (calculated values) and a =b = 3.250 A° and 5.207 A°]
according to JCPDS 36-1451, which are favored to the JCPDS data file for ZnO powder.
The calculated average crystallite size of ZnO nanoparticles was observed at 36.73 nm
with the help of the Debye-Scherrer formula [30-32]. Similar results were also obtained by
Hawwary et al., 2021 and Degefa et al., 2021, where the peaks were also obtained at 31.77,
34.43, 36.36, 47.55, 56.60, and 62.87 [33-35]. The major peak was at 36.6°. The above result
shows the crystalline form of the wurtzite type.

The FESEM images (Figure 3) show the general surface morphology of nanosized ZnO.
It indicated that the particles are cylindrical in shape and have an average particle size in
the range of 20-30 diameter and 150 nm length. Degefa et 2021 also obtained similar type
of ZnO NPs by using extracts of onion [34]. Modi et al., 2022 also reported the synthesis of
ZnO NPs by using onion peel extracts with similar morphology [32]. Spoiala et al., 2021
also obtained ZnO NPs of similar morphology [36].

Figure 4 shows a typical FTIR spectrum of ZnO NPs. The characteristic band at
531 cm~! and 589 cm ™! is assigned to the stretching vibrations of the Zn-O bond. This
confirms the formation of ZnO NPs. A few investigators have also obtained bands in the
region of 400-500 cm !, but here we performed analysis from 500 onwards. Spoiala et al.,
2021, also obtained bands in the region of 419 to 469 cm~— !, which were assigned to the
Zn-O bond [36].

A small band at 1510 cm~! could be due to the precursor material used for the
synthesis of ZnO NPs, i.e., zinc nitrate. So, the COOH group and OH are present in the
region of 1500 to 1650 cm ™. This precursor might have failed to take part in the reaction
and could not transform into ZnO NPs [37,38]. The formation of the ZnO wurtzite structure
(Figure 4) in the sample was also supported by the XRD and FESEM [39,40].
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Figure 2. XRD pattern of ZnO NPs.
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Figure 3. FESEM micrographs of ZnO NPs (a—d).
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Figure 4. FTIR spectrum of ZnO NPs.

3.2. Photocatalytic Experiments

In this study, the photocatalytic efficiency of the nanosized ZnO NPs was observed by
the degradation of MG dye. The degradation rate was very low when only visible light
was given to the dye solution. In the absence of ZnO NPs and without LEDs irradiation, no
degradation was observed. Both LEDs light and ZnO NPs were essential for the mineral-
ization of the MG dye solution. For the confirmation of the photocatalytic mineralization
process, we studied different parameters by optimization of the reaction conditions.

3.2.1. Effect of Change in Fenton’s Reagent Concentration

A mixture of ferrous ions and H,O, known as Fenton’s reagent was used as a powerful
oxidant for organic pollutants. Among advanced oxidation processes, catalytic oxidation
using Fenton’s reagent and similar reagents is a prominent procedure for effective dye
degradation due to its low cost and lack of toxicity. The efficiency of Fe** /H,O, has been
investigated for the mineralization of MG dye by ZnO NPs and visible light. Firstly, we
tested the photodegradation of MG dye under different molar ratios. Upon irradiation
of the Fe** /H,0,/ZnO/MG method in the presence of LEDs irradiations, we found
improved degradation of the MG dye, as compared to the dye solution without ZnO NPs
(Figure 5) [41-43].

3.2.2. Measurement of Chemical Oxygen Demand (COD) and CO,

The COD test has commonly been used to measure the presence of organic waste
and permits the measurement of O, necessary for the mineralization of the organic dye
into CO;, and H,O, The COD of the MG-containing solution was determined by pre- and
post-treatment of the MG dye solution. The mineralization and decolorization of dye are
indicated by a considerable reduction in COD value. The decrease in the COD (chemical
oxygen demand) values from 270 mg/L and enhancement in CO; values in 115 min in the
presence of LEDs irradiation confirmed the complete oxidation as well as mineralization of
the treated dye solution [44,45]. The results are shown in Figure 6a,b.
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3.2.3. Effect of Bubbling of N, and O, Purging

For this test, pure nitrogen and oxygen were purged into the photo-reactor in order
to study their effect on the photocatalytic mineralization of MG dye. Oxygen is another
important oxidizing agent and not only helps in the degradation of dye but reduces
electron-hole recombination as well [46]. The graph showed that the degradation of MG
was tremendously retarded by the bubbling of pure N, but increased rapidly on bubbling
O, through the dye solution. The results are shown in Figure 7.

3.2.4. Effect of Other Photocatalysts

Different photocatalysts were tested, and it was found that ZnO NPs are more suitable
to degrade MG dye, as compared to other photocatalysts. The rate constant values for
the ZnO NPs were 3.4 x 10~% s~1. The order of efficiency of the tested photocatalysts is:
ZnO > TiO, > BiOCl > BaCrO,4 > CdS, as shown in Table 1.
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Table 1. Effects of other photocatalysts.
Photocatalyst Bandgap (eV) k x 107451

ZnO 3.2 3.4

BiOCl 3.6 3.0

TiO, 3.1 3.1

BaCrOy4 2.6 2.6

Cds 2.1 2.0

3.2.5. Mechanism of Malachite Green Dye Degradation

Previous studies based on the degradation of organic pollutants revealed that hydroxyl
radical (OH) is an important oxidizing agent and plays a crucial role in the mineralization
of organic pollutants in the aqueous medium. The electron-hole pairs are produced when
aqueous ZnO suspension is irradiated. The generated electron-hole pairs can interact with
the dye separately. These VB holes oxidize OH™ or H,O into active *OH radicals, while
CB electrons form superoxide radicals (O,*~) by a reduction in O, [47,48]. The overall

mechanism can be summarized as:

ZnO + hvyigipe — nanosized ZnO (h*{,B +VB+eg)

ZnO (hip)+HO  — ZnO +H* + OH®
ZnO (h{y)+OH  — ZnO + OH®
ZnO (e'cg) + O2 — ZnO + 03~

O} + H' — H,0°

H,O* +H" + ZnO (e cz) — HyO2 + ZnO

H,O; + ZnO (ecz) — OH®+ OH™ +ZnO
MG+ OH*  — CO,+ H,0, +NO;

)

@
®)
4)
©)
(6)
@)
®)
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The resulting *OH produced is a very strong oxidizing agent and can oxidize MG dye
into CO,, H,O, and mineral acids in LEDs irradiation.

4. Conclusions

This investigation reports the preparation of nanostructured ZnO by a green, cost-
effective technique, used effectively in the mineralization of malachite green dye by using
LEDs irradiation as a source of visible light. As prepared, ZnO NPs showed better pho-
tocatalytic activities for the mineralization of malachite green dye compared to other
photocatalysts (TiO,, BiOCl, BaCrOy4, CdS), due to the suitable surface morphology and
high efficiency. A significant enhancement of photocatalytic degradation was observed
in the system using a combination of Fenton’s reagent (Fe3* + H,0O,) and photocatalyst
in the presence of visible light. A remarkable decrease in COD and increase in CO, was
noticed during the reaction, whereas a tremendous decrease in degradation occurred when
pure Nj purged and increased rapidly on the bubbling of O, through the dye suspension.
Characterization studies confirmed the external morphology, average particle size, and
wurtzite structure of ZnO NPs. This nanostructured-ZnO-assisted photocatalysis promises
to be a versatile, inexpensive, eco-friendly, and efficient method for the treatment of textile
effluents in general.
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