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ABSTRACT

Herein zinc oxide (ZnO) nanoparticles have been synthesized via a facile, environment friendly, and low-cost
green synthesis method. The prepared metal oxide was characterized using powder X-ray diffraction (PXRD), Fourier
transform infrared spectroscopy (FTIR), SEM/EDX (scanning electron microscopy/energy dispersive X-ray),
volumetric analysis, and zeta potential measurements. The photocatalyst was then employed for the degradation of
crystal violet (CV) dye under UV illumination (high-pressure Hg lamp 125 W). It was observed that phyto-fabricated
Zn0O nanoparticles exhibited high degradation efficiency towards CV dye as 95% of dye was degraded in 60 min of
irradiation. The study also implies that phyto-fabrication of ZnO nanoparticles resulted in enhanced degradation

efficiency of the photocatalyst.
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1. Introduction

The availability of safe drinking water has become an alarming
issue for the entire world in the last few decades due to rapid
industrialization, urbanization, population growth, and climate change.
Developing wastewater treatment technologies is an increasingly
important global issue due to the limited availability of fresh and
clean watert™l. A significant surface area-to-volume ratio, low
production costs, and high stability make metal oxide-based
nanomaterials ideal for water treatment!?l.

Traditionally, nanomaterials can be synthesized via two synthetic
approaches, i.e., bottom-up and top-down approaches as represented
in Figure 1. The top-down synthesis techniques were used to produce
micron-sized particles. However, the surface imperfections are one of
the main drawbacks of constructing top molecules or
clusters-by-clusters. On the other hand, the ‘bottom-up’ method
generates less waste and is therefore more economical®®. The process
involves building molecules-by-molecules, atoms-by-atoms, or
clusters-by-clusters where very small particles can be prepared and
the possibility to control the size of particles. The conventional
methods of synthesis of metal oxide nanoparticles (MONPS) are
cost-ineffective, require the use of toxic precursors, and result in poor
yield and aggregation of nanoparticles. Hydrolysis, precipitation,
sol-gel, pyrolysis, solvothermal, and hydrothermal methods are some
of the chemical techniques that have been used for the preparation of



MONPs, but they always involve usage of toxic reagents, lengthy processes, and an environmental waste
generation problem®, The conventionally synthesized nanoparticles have been found to be toxic, so are also
not suitable for clinical use.
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Figure 1. Different approaches to synthesize metal oxide nanoparticles (MONPs).

To overcome the drawbacks of traditional synthesis approaches, plant extract-mediated synthesis of
MONPs has been adopted in recent years based on the principles of green chemistry®™. Green synthesis
approaches have gained attention due to their ability to avoid use of toxic chemicals, high costs, and harsh
conditions during the stabilization and reduction processes. In order to control the growth of crystals, plant,
fruit, and vegetable extracts are used as stabilizers and reducing agents'®. In the process of making metal
oxide nanoparticles, plants utilize secondary metabolites, proteins, enzymes, and other reducing agents. The
Ficus religiosa tree, also known as the peepal tree in India, Pakistan, and Bangladesh, is holy(. In the
traditional system, leaves, roots, fruit, and bark of peepal tree were used in pharmaceuticalst®. The leaves of
Ficus religiosa contain several phytochemicals such as myricetin, kaempeferol, vitamin-K, n-octacosanol,
and quercetin, which act as stabilizing as well as a reducing agent that can be used to cap and protect metal
oxide nanoparticles during their synthesis. These metal oxide nanoparticles can be used efficiently for the
removal of toxic effluents from synthetic and real water samples via various approaches such as adsorption,
membrane filtration, photocatalysis, etc. Among all the reported methods the photocatalytic degradation of
effluents exhibits several advantages, such as no toxic by-products, energy efficiency, economic viability,
etc.

Titanium dioxide (TiO,), zinc oxide (ZnQ), copper oxide (CuQ), and other transition metal oxides may
be considered outstanding semiconducting materials that can disintegrate organic pollutants such as dyes
from polluted water by absorbing light photons®. In recent years, it has been found that ZnO nanoparticles
can be easily tuned by changing their morphology, resulting in unique optical and chemical properties. In the
biomedical field, in the rubber industry, and for metal surface treatment, zinc oxide has many unique
properties that make it of economic and industrial importance. There are many active sites in the
semiconductor photocatalyst ZnO™l, It also shows remarkable optical and photocatalytic properties due to
its similar band gap to TiO; (3.2 eV for anatase)™!. Surface-to-volume ratios of ZnO nanoparticles are high
and they have 3.3 eV broad bandgaps and 60 MeV binding energies. A key reason for ZnQO’s impressive
photocatalytic properties is its exciting chemical and physical stability, superoxidative capability, and low
toxicity. The recombination of holes and electrons is prevented by defects on the surface and in the core,
such as zinc, oxygen interstitials, and oxygen vacancies. As a result, superoxide and hydroxyl radicals are
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produced, which contribute to dye degradation through photocatalysis. The textile industry has extensively
utilized cationic azo dyes such as crystal violet for several years. In recent years, various metal oxide
nanoparticle-based photocatalysts have been studied for the photocatalytic degradation of CV dye. A study
by Saini et al. used Azadirachta indica bark and seed extract to synthesize ZnO nanoparticles and studied its
photocatalytic activity toward methyl orange dye. It was reported that 84.62% of dye was degraded in 180
min of light irradiation*2,

In the present study, aqueous Ficus religiosa leaf extract and zinc acetate were used as precursors to
synthesize zinc oxide nanoparticles (ZNPs). PXRD, FTIR, SEM/EDX, complexometric estimation, and zeta
potential analysis were used to confirm the structural properties of synthesized ZNPs. Photocatalytic
degradation of crystal violet dye from contaminated water was accomplished with the synthesized zinc oxide
nanoparticles. An effective dye degradation rate of 95% was achieved within 60 min at a 10 ppm
concentration of CV dye solution. The phytochemically synthesized zinc oxide acts as a more efficient
catalyst for photodegradation of CV dye in comparison to zinc oxide nanoparticles synthesized without using
plant extract.

2. Experimental procedure

2.1. Collection of plant materials

The leaves of Ficus religiosa used for synthesis of nanoparticles were collected from the science block
of Delhi Technological University, Delhi, India.

2.2. Preparation of leaf extract from Ficus religiosa

In order to make a fine powder of Ficus religiosa leaves, the leaves were first carefully cleaned with
deionized (DI) water, then shade-dried and ground to make a fine powder. 50 g of the powdered leaves were
then added to 500 mL of distilled water and kept for 72 h at room temperature. Afterward, the solution was
filtered and the plant extract was stored at a low temperature.

2.3. Preparation of zinc oxide nanoparticles using Ficus religiosa leaf extract

For synthesis of ZnO nanoparticles, first to 10 mL of zinc acetate solution (1 M), 30 mL of leaf extract
(1:3) was added dropwise. The solution was then kept on stirring for 10 min and pH 11 of the solution was
maintained using NaOH. The resultant mixture was stirred further for 30 min and sonicated for an hour
followed by stirring with heating at 60 °C for 30 min. Finally, the product obtained was filtered and
oven-dried.

Calcination: The yellow-colored powder obtained was further collected in a quartz crucible and sintered
at 350 °C in a muffle furnace for 3 h to obtain zinc oxide nanoparticles (ZNP1).

Similarly, zinc oxide nanoparticles were synthesized without using plant extract and labeled as ZNP2.
The schematic representation of synthesis of ZnO nanoparticles with and without Ficus religiosa leaf extract
is depicted in Figure 2a,b, respectively. In addition, the possible mechanism of green synthesis of ZNP1 is
presented in Figure 3.
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Figure 2. Synthesis of zinc oxide nanoparticles (a) using leaf extract of Ficus religiosa; and (b) without plant extract.
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Figure 3. Plausible mechanism of ZnO nanoparticles synthesis using Ficus religiosa leaf extract.

2.4. Characterization

The PXRD pattern of ZnO was recorded using Bruker D8 diffractometer with 0.02 step size in the 26
range of 5°~70°. The chemical composition of the synthesized ZnO was examined by FTIR-ATR Perkin
Elmer Frontier (50 Build-in Diamond ATR module). SEM with EDX analysis was performed using a Zeiss
Gemini SEM. Pananalytic Zetasizer version 7.13 was used for zeta potential measurements.



2.5. Evaluation of photocatalytic activity

An annular horizontal cylinder batch reactor was used to photocatalyze crystal violet dye. The reactor
was illuminated with a high-pressure mercury fluorescent lamp of 125 W. In the presence of a light source,
crystal violet (CV) dye solution was photodegraded by ZnO to determine its photocatalytic activity. During the
experiment, CV was dissolved in distilled water to prepare a stock solution. A 30 min magnetic stir before
irradiation was done in order to achieve adsorption-desorption equilibrium between pollutant and
photocatalyst. After that an exposure of light source was made to the dye solution in the presence of
photocatalyst under constant stirring and 3 mL samples were withdrawn after a fixed interval of time and
centrifuged for 5 min. The concentration of each was determined by using a carry 300 UV-vis
spectrophotometer at Amax Value of 588 nm. The degradation percentage (%) was calculated using Equation (1)
after degradation in a wavelength range of 200 to 800 nm.

C,—C

x 100 1)

where C is the concentration of the CV dye solution in ?eaction mixture with photocatalysts after light
irradiation for time t and C, denoted the initial concentration of CV without catalysts. Beer-Lambert’s law
was used to establish a calibration plot that relates absorbance to concentration to determine the unknown
concentration of dye.

% Degradation =

3. Result and discussion

3.1. Characterization of photocatalyst

The X-ray diffraction (XRD) results of phyto-fabricated metal oxide (ZnO) are shown in Figure 4a
where broad reflections at 26 values of 31.66, 34.35, and 36.15 correspond to hexagonal P6smc space group.
The reflection planes can be assigned the hkl values as (100), (002), and (101)1%l. The crystallite size of
synthesized zinc oxide nanoparticles was calculated using the Debye-Scherer formula given in Equation (2).

D=0.94\/p Cos 0 2
where the average crystallinity is D, the wavelength is in A, FWHM is £ (in radian) and 6 indicates the
degree of diffraction. Based on the Scherrer equation the average size of the ZNP1 and ZNP2 was calculated
to be 20.28 and 29.12 nm, respectively.

FTIR spectrum of phyto-nanofabricated zinc oxide nanoparticles was recorded in 4000-400 cm™ range
and is given in Figure 4b. The broad absorption band at 3360 cm™ corresponds to the stretching vibration of
O-H groups of water present as moisture. The bands at 876 and 844 cm™ can be attributed to the Zn-OH
stretching vibrations. The presence of metal-oxygen linkages (M-O) in the synthesized nanoparticles can be
confirmed by the presence of bands in the range of 400-600 cm™. However, the additional bands present at
1550 and 1432 cm™ can be ascribed to the presence of carbonyl groups of phytochemicals attached to
ZNPs!*2, These findings suggest that the bio-synthesized ZnO NPs are capped by phytochemicals present in
the leaf extract having various functional groups. Moreover, it can also be anticipated that the organic
contents or phytochemicals present in the plant extract are responsible for the reduction and stabilization of
synthesized ZNPs14 1],
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Figure 4. (a) PXRD pattern; and (b) FTIR spectrum of phyto-fabricated ZnO nanoparticles (ZNP1).

The SEM/EDX analysis was employed to examine the morphology, structure, and composition of zinc
oxide NPs. From the SEM micrograph, it can be deduced that ZnO NPs are less agglomerated owing to the
presence of leaf extract acting as a capping agent. Figure 5a shows EDX results confirming the presence of
zinc nanoparticles in oxide form, which indicates that phyto-synthesis can be successfully employed to
synthesize ZnO NPs. The SEM/EDX analysis of ZnO NPs before and after photodegradation was also
carried out (Figure 5a,b). It was evident from the SEM images that the photocatalyst remains stable since no
significant difference in the shape and morphology of catalyst was observed before (ZNP1) and after
photodegradation suggesting its reuse as a catalyst for dye degradation. The elemental composition of NPs
before and after photocatalysis is also presented in Table 1 showing no significant change.
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Figure 5. SEM/EDX images of ZNPs (a) before; and (b) after photodegradation.



Table 1. Elemental composition of ZnO NPs from EDX data.

Elemental composition (%6)

Elements Before photodegradation After photodegradation
Zinc 82.76 81.35
Oxygen 17.24 18.65

The surface charge of synthesized nanoparticles was also estimated using zeta potential analysis and
was found to be —26.4 mV indicating that the surface of ZNP1 is negatively charged. The negative zeta
potential indicates the presence of negatively charged ions or functional groups on the surface of zinc oxide
nanoparticles. These charged entities create an electrostatic repulsion among the nanoparticles, preventing
their agglomeration or aggregation. The higher the negative zeta potential value, the stronger the repulsion
and greater the stability of the nanoparticles in the solution.

The estimation of zinc ions in the synthesized lattice can provide detailed insights into the elemental
composition of the synthesized nanoparticles. Therefore, volumetric analysis was carried out to determine
the concentration of zinc ions in synthesized ZnO nanoparticles using complexometric titration. Standardized
ethylenediamine tetraacetic acid (EDTA), ammonia buffer, and eriochrome black T (EBT) were used to
determine the concentration of Zn metal ions, where EDTA and EBT were used as a complexing agent and
indicator while ammonia buffer was added to maintain the pH of the solution, i.e., 10 pH. The % of zinc in
the metal oxide nanoparticles was found to be 68%.

3.2. Photocatalytic studies

In this study, ZnO was used as a photocatalyst to degrade crystal violet under the influence of different
variables including contact time, pH, catalyst dosage, and initial concentration of dye, in order to develop an
integrated model for crystal violet degradation by photocatalysis.

3.2.1. Impact of irradiation time and plant extract on degradation of CV dye

In order to study the impact of irradiation time of photodegradation of dye, 0.05 g of photocatalyst
(ZNP1) was added to 100 mL of 10 mg/L solution of CV dye. The spectral changes observed during the
degradation of CV dye are presented in Figure 6a where it can be observed that 37% of dye was removed
during adsorption process and degradation efficiency enhanced up to 95% within 60 min of irradiation time.

Later, the photocatalytic ability of ZnO nanoparticles without (ZNP2) plant extract was also carried out
to compare the degradation efficiency. It was observed that within 60 min of irradiation time and similar
reaction conditions, ZNP2 degraded only 80% of CV dye. The results obtained are given in Figure 6b which
indicates that the phyto-fabricated ZnO NPs exhibited superior photocatalytic properties as compared to the
metal oxide prepared without using leaf extract.
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Figure 6. Plot of (a) absorbance vs wavelength; and (b) rate of degradation vs irradiation time for photodegradation of CV dye.
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3.2.2. Impact of pH of the solution

In the photocatalytic study, pH is an important operational variable, as it is responsible for the
degradation of various dyes and other organic pollutants. Additionally, it played a significant role in practical
wastewater treatment. From Figure 7a it can be deduced that low pH value (pH = 3) resulted in less than
70% photodegradation efficiency, however, on increasing the pH value of dye solution from 3 to 7, the
photodegradation efficiency increased from 64.9% to 97%, respectively. These results indicated that at
neutral pH conditions, there occurs an increase in number of hydroxyl radicals which leads to the enhanced
photodegradation of CV dye.

3.2.3. Impact of initial dye concentration

In this experiment, 100 mL of dye solution was mixed with 0.05 g of catalyst having variable dye
concentrations, i.e., 10, 20, and 60 mg/L under UV light irradiation, and the results obtained are presented in
Figure 7b. The crystal violet dye degradation efficiency is inversely proportional to the dye concentration, so
higher dye concentrations result in lower photodegradation efficiency. There occurs a decrease in
degradation efficiency when the initial dye concentration increases from 10-60 mg/L. When the dye
concentration is low, the available hydroxyl radicals (OH") generated by the photocatalyst effectively interact
with and degrade the dye molecules. However, as the dye concentration increases, a larger number of dye
molecules compete for the available hydroxyl radicals. In essence, the hydroxyl radicals are being
“consumed” by the dye molecules instead of efficiently degrading them.

3.2.4. Impact of dosage variation

In 100 mL of 10 mg/L dye solution, the amount of catalyst was varied from 0.025 g to 0.1 g to examine
the efficacy of photodegradation of crystal violet with different catalyst loading doses. It is evident from
Figure 7c that there has been an increase in photodegradation efficiency of photocatalysts from 65% to 97%.
As a result of increased catalyst loading, the catalyst surface exhibits more active sites, which subsequently
generate more holes and hydroxyl radicals. Thus, resulting in increased photodegradation efficiency of the
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Figure 7. Plot of effect of (a) pH; (b) concentration of dye; and (c) amount of photocatalyst on % degradation of dye.

3.2.5. Degradation mechanism

By irradiating ZnO with light, electrons were excited from its valence band into the conduction band,
resulting in electron-hole pair formation. Photocatalytic degradation occurs when electrons and holes are
generated by oxidation, it releases highly reactive radical species, such as superoxide and hydroxyl radicals
for non-hazardous degradation of dye molecules. As the electrons in the conduction band react with
atmospheric oxygen, they form superoxide radical anions (Figure 8). As a result of the reaction between
crystal violet dye and the superoxide radical anion, a variety of degradation products are produced*¢. The
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photodegradation of CV dye occurs as follows:
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Figure 8. Mechanism of photocatalytic degradation.

3.2.6. Comparison with other ZnO-based photocatalysts

A comparison between some of the ZnO-based photocatalysts reported in the literature for the
degradation of CV dye is presented in Table 2. The results indicate that the photocatalyst used in the present
work showed high degradation efficiency within a short period of UV light irradiation. Additionally, no toxic
precursors or extreme reaction conditions were employed for the synthesis of ZnO NPs in the present study.
Therefore, the synthesized material could be considered as an efficient photocatalyst for CV dye degradation.

Table 2. Comparison of degradation efficiencies of different ZnO-based photocatalysts for CV dye degradation.

Zn0O-based photocatalysts Method of synthesis Degradation Time (min)  Light source  References
efficiency (%0)

ZnO nanonails Thermal evaporation method ~95 70 uv [17]

ZnO nanorods 82 70

ZnO thin film Spray pyrolysis technique 86 210 uv [18]

ZnO-flowers Precipitation method ~96 80 uv [19]

Zn0O Precipitation method 88.84 24 h uv [20]

ZnO nanoparticles Plant extract-mediated synthesis 86 90 Visible [21]

ZnO nanoparticles Plant extract-mediated synthesis 95 60 uv Present study

3.2.7. Reusability of synthesized photocatalyst

One of the key factors of photocatalytic reactions is the recyclability of the catalyst, which represents
the stability and activity of the catalyst. The reusability profile of photocatalyst is shown in Figure 9. The
photocatalyst was washed with water and dried in oven then later used for the next photocatalytic cycle. It
can be observed that the catalytic performance of the material decreased from 95% to 86% after 4th
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regeneration cycle. Thus, suggesting that the material can act as an efficient catalyst for degradation of CV
dye up to four cycles.
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Figure 9. Reusability profile of ZnO nanoparticles.

4. Conclusion

In this study, a green, eco-friendly, and cost-effective approach was used to synthesize ZnO
nanoparticles using leaf extract of Ficus religiosa. XRD, FTIR, SEM/EDX techniques as well as zeta
potential measurements were used to characterize the synthesized sample. The percentage of metal content in
the synthesized lattice was estimated using complexometric titration. Under light illumination, the
photocatalytic performance of newly designed nanoparticles on CV dye degradation was investigated
showing degradation of 95% of dye within 60 min of illumination. The catalytic efficiency of ZnO was
found to be dependent on several factors, i.e., pH of dye solution, catalyst dosage, and initial dye
concentration.
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