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Abstract: The development of innovative technology for effective pollutant degradation is becoming
more important as a result of major environmental issues. Here, ZnO nanoparticles were synthesized
using facile and aqueous chemical growth routes. Analytical techniques such as scanning electron
micrographs (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), Zeta Seizer (ZS), and Zeta Potential were used to analyze the resultant
nanoparticles (ZP). The ZnO reveals a nanocluster texture that has a medium scale of 27 nm and
a surface charge (17 = 3 mV) with a wurtzite phase and crystalline nature. Photo catalysts have
a higher potential for the thermal disposal of chlorophenols pollutants due to their low cost and
simple synthesis procedure. The as-prepared sample underwent photocatalysis for the simultaneous
photo-degradation of PCP and TCP as a model dye under sunlight. The ZnO nanostructure exhibited
an exceptional degradation of around 85-90% for PCP and TCP in the aqua liquid, with the lowest
amount of catalyst dosage of 240250 pg individually and simultaneously, over 3 min beneath the
sun ray. The greater productivity of the ZnO nanostructure for natural deterioration during solar
irradiation indicates that the aqueous chemical growth enables the creation of effective and affordable
photocatalysts for the photodegradation of a variety of environmental contaminants.

Keywords: ZnO nanostructure; heterogeneous kinetics; aqueous chemical growth method; photocatalytic
degradation; pentachlorophenol (PCP); trichlorophenol (TCP)

1. Introduction

Currently, environmental contamination is a major concern in developed and develop-
ing nations throughout the world as a result of rapid industrialization, which has resulted
in an increasing degree of water pollution [1-4]. The presence of multiple chlorinated
organic chemicals in the environment causes water pollution. Chlorophenols (CPs), which
are widely used in the chemical, forestry, woodworking, and agricultural industries, are
the most significant environmental pollutants that causes water pollution [5,6]. They are
often used in the production of chemical intermediates, wood preservatives, herbicides,
insecticides, and fungicides. Several CPs are mostly released into the aqueous system
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without sufficient treatment, resulting in several negative environmental impacts [7]. Pen-
tachlorophenol (PCP) and trichlorophenol (TCP) are common chlorophenols utilized in a
variety of applications [8]. The majority of CPs are poisonous, mutagenic, and carcinogenic.
They have the potential to create major issues, including the death of animals as well as
plants. Hence, the TCP and PCP permissible limits in water are less than 10~* mg /L [6,9,10].
As a result, it is critical to develop novel and effective techniques to minimize the dam-
age caused by chlorinated organics such as CPs. PCP and TCP have been identified as
important toxins in wastewater by the United States Environmental Protection Agency
(US-EPA) [11,12]. As a result, there is an urgent need for the treatment of wastewater
effluents, which must be cleaned to safeguard and remediate aquatic mediums for humans
from lethal poisons [13-15].

Nanomaterials have recently received a lot of interest because they have good surface
area—volume ratios and multiple uses in various industries, as sensors, catalysts, medicine,
biotechnology, nanofertilizers, and energy storage, and are efficiently employed in drug
administration. Various forms of nanomaterial shapes, such as nanorods, nanowires,
nanoflakes, nanoneedles, and nanotubes, are used in photocatalytic applications [16,17].
The improved surface area—volume ratios and susceptibility are primarily responsible for
the innovative and remarkable characteristics [18]. The attainment of precision, variety,
durability, and restoration occur on the nanoscale. The combining of the dual advantages of
binary and ternary catalysis and nanomaterials has found widespread usage in the catalytic
sector. The tremendous capability of semiconductor-based photocatalysis for resolving
environmental pollution challenges has been extensively acknowledged during the last few
decades [19]. Among the different heterogeneous photocatalyst nanomaterials, due to their
low price, zinc oxides also draw the attention of researchers, given their harmless nature
and similar small band energy gap (3.37 eV) [20]. Due to its catalysis, electrical, photonic,
and photon emission properties, it has a wide variety of uses. ZnO nanostructures offer
a considerable advantage in catalysis reaction processes due to their large surface area
and great reaction conditions [21]. Zinc oxide nanoparticles have unique strong catalyst
qualities, making them an attractive choice for use, while being efficient photocatalysts for
the removal of organic pollutants from the environment [22,23]. ZnO nanowires generated
by the aqueous chemical growth (ACG) technique exhibit good characteristics. ACG tech-
niques are thought to offer several benefits over others in large-scale production, including
cost-efficiency, low environmental impact, and substrate compatibility. By fine-tuning
the reaction and the development process, it is easy to control crucial features, including
location, density, and anisotropic crystallographic orientation [24,25]. In the ACG process,
ZnO is used via several approaches, including adsorption, electrochemical oxidation, cat-
alytic wet reduction, and nanofiltration, which have been used to remove poisons from the
environments [26,27]. A. Zyoud et al. [28] used a ZnO/Clay composite in the photodegra-
dation of aqueous 2-chlorophenols (2-CP) with direct solar radiation. Without suffering a
considerable decrease in efficiency, the ZnO/Clay can be efficiently used to remove CPs.
After a certain time, it has been determined that the 2-CP will have fully mineralized
(2 h). Nonetheless, due to the presence of chlorine and the presence of a stable aromatic
ring, most conventional methods, such as innovative redox reactions, ultrafiltration, clot-
ting cascade, electrochemical treatment, radiation treatment, electromagnetic dynamics,
and photocatalytic degradation, are not suitable for the remediation of both chlorinated
compounds from the environment [16,29]. Furthermore, these conventional technologies
are time-consuming, require sample preparation, and are quite expensive. Among the
alternatives, nanomaterial-based photocatalysis is more dependable, cost-effective, simple,
reusable, and adaptable to new technologies [30-32].

In this study, a simple synthetic technique is used to create ZnO nanostructures using
an aqueous chemical growth profile. To help, ZnO nanostructures are being used for the
first time to degrade harmful PCP and TCP from aquatic environments simultaneously
and individually. The new approach is extremely cost-effective, safe for the environment,
and has outstanding anti-chlorinated phenolic compound capabilities. The nanostructure
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demonstrated here is more useful and practical than the previously disclosed techniques,
which offer a potential commercial standard.

2. Experimental Section
2.1. Chemical and Reagents

All of the materials and solutions used in the experimental investigation were analyt-
ical grade and pure. The precursor salt, zinc acetate, was obtained from Sigma-Aldrich
Germany; NaOH (99%) was applied as a reducing agent; sodium borohydride (CAS #16940-
66-2) from Sigma-Aldrich Germany was used as a proton source. From Merck Germany,
Pentachloro phenol and Trichloro phenol were purchased. The entire glassware used in
the experiment was completely cleaned with distilled water, then rinsed with deionized
water to get the pollution off. The glassware was soaked overnight in a solution of 10%
nitric acid to eliminate the residual contaminants and washed with purified water before
being used in the experiment. The glassware was placed for 20 min in an oven to make
it moisture-free.

2.2. Fabrication of Zinc Oxide Nanostructures

NaOH served as an alkaline solution throughout the aqueous chemical growth process
used to create the zinc oxide nanostructures. In the standard procedure, a 200 mL beaker
of deionized water was used to create a 0.1 M mixture of the catalyst salt zinc acetate.
Similarly, a 200 mL beaker of 0.1 M NaOH solution was made in deionized water and
introduced to the beaker holding the zinc acetate solution. The solution was thoroughly
homogenized after the appropriate mixing and swirled for 1 h at ambient temperature.
For at least 240 min, the solution was placed in an oven set at 194 °F with aluminum foil
covering it. To get rid of the contaminants, the precipitates were rinsed numerous times
with deionized water. The finished ZnO nanostructures were next cleaned, dried in the
oven, and then annealed for four hours at 500 °C. In conclusion, the white ZnO precipitates
that were produced were saved for further characterization and used to accelerate the
deterioration of chlorophenols.

2.3. Heterogeneous Catalytic Measurements

The ZnO nanostructure’s heterogeneous catalytic activity was tested in PCP and TCP
solutions as modal pollutants. To achieve chemical equilibrium in this experiment, <15 mL
of chlorinated phenol compounds with a 0.01 molar solution and 0.005 mol/L of NaBH4
were added to a glass vial and stirred for 120 s. The nanocatalyst, PCP, and TCP were
then synthesized along with the nanocatalyst. While this was going on, <5 mL of the
precursor solution was used, and the UV-Vis absorption spectra for CP were noted at the
wavelength 200-230 nm. Additionally, comparable processes were applied to the other
parameters, including the sunlight effect, catalyst dosage, and the effect of the volume of the
agent. The change in PCP and TCP absorption profiles (@220 nm) during the experimental
investigation was used to calculate the percentage decrease.

X

% Degradation = Xj — X % 100 1)

i
whereas X; and X; are the initial and final absorbances of contaminants, respectively.

2.4. Characterization Techniques

The efficacious fabrication of ZnO nanostructure was confirmed by subjecting the
prepared material to various characterization tactics. An FI-IR (Thermo Nicolet 5700) study
was exploited to examine the functionality of the synthesized material using a deuterated
triglycine sulfate detector in the range of 4000-500 cm ! at 4 cm ! resolution. The crys-
talline nature and phase purity of ZnO nanostructures were investigated using an X-ray
diffraction model (XRD-7000 Shimadzu). The elemental composition and topography of the
ZnO nanostructure were examined using advanced tools such as a scanning electron micro-
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scope coupled EDS model (SEM ] SM 7800F). Moreover, surface potential and nanometric
size distribution were explored with the help of the Zeta Seizer (Ver. 7.11 MALVAREN).

3. Results and Discussion
3.1. Characterization of Prepared Zinc Oxide Nanostructures
3.1.1. Crystalline Nature, Size, and Phase Purity Analysis ZnO Nanostructures

ZnO nanoparticles’ structural consideration, elemental composition, and phase pu-
rification as prepared were examined via the X-ray diffractometric technique. The X-ray
crystallographic features of synthesized zinc oxide nanostructures are displayed in Figure 1.
All the characteristic diffraction patterns describe the crystallographic planes at (100) and
(002), while the other supported patterns at (101), (102), (110), (103), (200), (201), (112), (004)
and (202) represent the pure phase and high crystallinity of the ZnO nanostructures [33,34].
Furthermore, Figure 1 shows that the ZnO diffraction patterns were hexagonal (wurtzite),
which is identical to the reported structure (JCPDS No. 36-1451). The positions and
strengths of the diffraction peaks match between them. As a result, the synthesis of ZnO in
a hexagonal wurtzite form was confirmed [35]. Additionally, all these patterns are referred
to as ZnO nanostructures with no indication of other impurities. Using the Debye—Sherer
Equation (2), the average size distribution of ZnO nanostructures was determined.
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Figure 1. XRD spectra of ZnO nanostructured particles synthesized using the aqueous chemical

growth method.

Equation (2) is referred as Bragg’s angle, where D is the crystallite’s dimensions in
nanometers, k is the Scherer constant (0.9) relating to the crystallite shape, (3 is the whole
diameter at higher angles of the absorption edge, and is the frequency of the radiation.
It was demonstrated beyond a reasonable doubt that the ZnO nanoparticles produced
are crystalline in nature. This is also supported by the functional peaks in the XRD data.
Furthermore, the crystalline sizes of 18 nm are calculated for the synthesized particles,
and the result is in perfect agreement with the (101) peak. This peak has a size range of
less than 60 nm as determined by the FWHM. The ACG has better crystallinity than those
synthesized through the low-temperature hydrothermal method. It has been demonstrated
that the ZnO crystallite size grows with higher annealing temperatures, and that annealing
induces stress and enhanced crystallinity, while lowering lattice strain and dislocation
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density through the ACG process [36,37]. The excellent crystallinity and outstanding purity
of the ZnO nanostructures may provide strong catalytic activity [38].

3.1.2. Surface Morphology and Elemental Analysis of ZnO Nanostructures

The surface morphology of the ZnO nanostructure was examined using the ad-
vanced characterization tool scanning electron microscope (SEM), as indicated in Figure 2A
(10,000 x resolution) and Figure 2B (12,000 x resolution). According to the latest research,
ZnO NPs are rod forms and conglomerations of nanocrystallites. The SEM was exploited to
measure the morphology and roughness of engineered nanostructures. Figure 2A,B clearly
show elongated particles with rod-like nanostructure and highly porous surfaces, which
makes them a suitable candidate for catalytic reactions [39]. Moreover, to examine the
elemental compositions and high purities of the engineered material, SEM coupled with
EDX analysis was employed as displayed in Figure 2C. The EDX spectra provide evidence
that zinc and oxygen atoms are present in high elemental percentages, respectively. No
other element impurity is present in the EDX spectrum, which reveals the high purity of
the as-prepared material [40].

100 -

80

60

40 -

20

wt.% wt.% at.% %
Zn Ka ( | ) [a ] (%)
Oxygen K-series 14.76 17.01 45.58 1.8
zZinc K-series 85.24 82.99 54.42 2.4
O Ka Total: 100.00 100.00 100.00

Element Series unn. C norm. C Atom. C Error

Figure 2. SEM micrographs and EDS spectra of ZnO nanoparticles, (A) SEM image of ZnO particles
at 10,000 x resolution, (B) SEM image at 12,000 x resolution, and (C) indicates EDS spectra and the
inset demonstrates the EDS results.

3.1.3. Functional Group Analysis of ZnO Nanostructures

FT-IR research was performed on the synthesis of zinc nanoparticles to discover the
numerous distinctive functional groups associated with the generated nanoparticles (shown
in Figure 3). The peaks represent the functional groups contained in the produced zinc
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oxide nanoparticles. The main absorption peaks were found in the lower wavenumber
range. The O-H stretching mode of hydroxyl groups is represented by the broadband at
3400 cm ™. In the protein amide links, the highest intensity at 1634 cm~! revealed amine
(-NH) vibration stretching. Alcohols, phenolic groups, and C-N stretching vibrations of
aromatic amines in biomolecules were reflected by the strong bands found at 1385 cm 1.
The Zn-O stretching bond is represented by a distinct band at 830 cm~! [41]. The FTIR
spectra confirm effective biomolecule capping on the NP surface, ensuring ZnO-NP stability
and dispersion in aqueous conditions [42].
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Figure 3. Fourier transform infrared spectrum of prepared ZnO nanostructured particles.

3.1.4. Surface Charge, Stability, and Nanometric Size Measurement of Prepared
ZnO Nanostructures

The nanoparticles may by efficiently generated for photocatalysis, and we can effec-
tively modify their characteristics at the nanoscale [43]. Substances have improved textures
at the nanoscale, which may be large enough for the processes required. Zeta seizer analy-
sis was carried out in this instance to assess the conductivity, durability, and nanometric
dimensions. The reliability of the nanoparticle was estimated using zeta potential analysis
utilizing the surface charge of the produced nanomaterials. The durability of nanomaterials
in the solution is inversely correlated with the zeta potential. Figure 4B clearly illustrates
the surface charge of a nanomaterial, which is around 17 mV and serves as a wonderful
indicator of the photocatalysts” improved efficacy in the destruction of various pollutants.
Interface energy, though, could also be used to determine the durability of nanomaterials.
The particles at about 30 mV are thought to be quite stable. The created zinc oxide nano-
materials are resistant to coagulation, since 17 mv is sufficient to prevent coalescence [26].
Additionally, Figure 4 shows the produced substance’s dimension A. The given image may
be used to calculate the average nanometric size, which was found to be 27 nm, as shown in
Figure 4A, illustrating the non-uniformity of ZnO nanoparticles produced. In comparison
to particles with a wider size range, smaller particles have a larger surface area, which
leads to optimum therapy delivery [44]. The exceptional performance of nanomaterials
was overall proof of their small size and high surface potential [38].
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Figure 4. (A) Size of ZnO nanostructures around 27 nm. (B) Potential of ZnO nanostructures with
about 17 +£ 3 mV.

3.1.5. Analytical Performance of ZnO Nanostructures

The general properties of substances are significantly influenced by the sizes of the
nanomaterials. As a result, semiconducting nanomaterials’ size growth becomes crucial for
examining the properties of the materials. It is common practice to use a UV-visible spec-
trometer to examine the absorption properties of nanocrystals [45,46]. For the continuous
destruction of organic contaminants [47], namely, pentachlorophenol and trichlorophenol,
the photocatalytic activity of a freshly synthesized ZnO nanoclump was examined. Some
important processes, such as the use of sodium borohydride as a charged particle source,
UV irradiation, and the dosage of the photocatalyst for the best percentage degradation,
were tuned to manage the effectiveness of the nanocatalyst. Using a UV-visible spectropho-
tometer, the deterioration was seen. The strength of the absorption gradually decreased up
to 90% during the degradation phase.

By using sodium borohydride (NaBH4) as an instantaneous charged particle source
as well as other supporting conditions, the predicted nanocatalyst’s effectiveness was
initially assessed to validate its relevance. The suggested nanocatalyst’s capacity to degrade
materials is considerably aided by sodium borohydride, an essential component [48]. The
causes of the neutron derived from NaBH4 and its supporting characteristics were looked
into to analyze the effectiveness of the suggested nanocatalyst. The first step was to
investigate the effects of variations in NaBH4 concentration on the degradation, and it was
discovered that there were substantial differences in peak intensities and the trend was
declining. Reported declines of roughly 28% and 23% for PCP and TCP, respectively, were
noted. This degradation rate is almost equal for both cases. The possible reason could be
their response to UV light in the presence of NaBH4. Figure 5A-C illustrate the absorption
spectra of PCP, TCP, and the mixture of PCP and TCP, whereas Figure 5C demonstrates the
mechanism of pollutant degradation that was calculated from Figure 5A—C. The absoroption
spectra show a continuous declining pattern, which was between 20 and 28. Figure 5D
shows the percentage of deterioration, even though there was only a slight deterioration
recorded after adding additional NaBH4, and no significant drop in absorption coefficient
was noticed. Additionally, it was noted that an extensive dosage of NaBH4 was unable to
offer a suitable solution due to the particular restrictions that may have resulted from the
lack of any assistance in the collection or adsorption of hydride ions [49,50]. Later, this issue
was overcome by the inclusion of a surface-enhanced ZnO nanostructure, which served as
a firm foundation for the extraordinary hydride ion adsorption that significantly decreased
the PCP and TCP molecules.
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Figure 5. Absorption spectra of PCP and TCP individually (A,B) and simultaneously (C) with inset
showing % degradation graph (D) in the absence of a catalyst using 25-125 uL. NaBH4 (0.005 M).

In addition to sodium borohydride (proton source) optimization, the sunlight effect
appeared both separately and concurrently. For PCP and TCP, a discernible fluctuation in
peak intensity was found during the usual period. As a result, 125 L of sodium borohydride
was collected in quartz cells, and interacted for 1 h outside before spectra were eventually
recorded. According to Figure 6A-C, there were deteriorations of about 34.45%, 32.33%,
and 29.12%, respectively. However, no appreciable change was noticed when the solution
was exposed to more sunshine radiation; just 1-2% was analyzed. Figure 6D shows the
percentage of deterioration more clearly. Furthermore, it was unable to offer better results
with a prolonged time of exposure because it was devoid of any means of capturing hydride
ions. The issue was then resolved by the addition of ZnO nanostructures, which proved
successful and offered sturdy support for the impressive adsorption of hydride ions that
greatly reduced PCP and TCP [50]. Applying a reducing agent will increase deterioration
and shorten the time it takes to complete the task, making it more effective and adequate.
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Figure 6. Absorption spectra of PCP and TCP individually and simultaneously (A-C) with inset
showing % reduction graph (D) in the absence of a catalyst using 125 uL. NaBH4 (0.005 M) and
exposure to sunlight for 10-60 min.

After adjusting the sodium borohydride and sunlight, the catalytic dosage coupled
with the immediate proton must be maximized to determine the catalytic efficacy of the
manufactured nanocatalyst. A test tube containing the appropriate amounts of PCP and
TCP, and 125 L of NaBH4 was used to assess this stage. After 3 min in the sunshine, spectra
were collected. For all individual and concurrent studies, the catalytic readings were kept
within a target band of 250 g. It was discovered that the peak intensities of PCP and
TCP were significantly effective. Figure 7A-C illustrate the estimated 90%, 86%, and 85%
deteriorations that were experienced, and Figure 7D also displays a more precise degree
of deterioration [51]. The development of sodium borohydride protons (H+), which are
typically attached to the surfaces of nanomaterials, may be the reason for the increase in
PCP and TCP degradation, thus enhancing the nanocatalyst activity. The catalytic regions
on the zinc oxide surface expanded as the dose increased, speeding up the chemical reaction
towards degradation [50,52].
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Figure 7. Absorption spectra of PCP and TCP separately and together (A-C) using 250 g of each
substance, with an inset displaying a graph of the percentage of decrease (D) in the presence of
125 uL of NaBH4 (0.005 M) and sunlight for 180 s.

3.1.6. Degradation Mechanism

As ZnO nanoparticles interact with solar light to form a mechanical effect, a void is
continuously created in the photogenerated surface and a particle is excited to the bandgap
from the conductive band (shown in Figure 8). It is possible to recombine or interact
independently with these solar-produced holes’ pairs of electrons. While oxygen deposited
on the surface of the catalyst helps with building oxidant reactive protons, the holes it
produces can interact and form OH radicals. In the end, an oxidized product was produced
by subjecting the expected impurity to hydroxyl radical treatment (a strong oxidizing
agent) [45]. Below is a summary of the entire sequential mechanism:

ZnO+hv —h* +e” 3)
h* + e~ — heat 4)

h* + Hb,O — *OH + H* (5)
e +0,— O (6)
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Figure 8. PCP and TCP degradation mechanism by zinc oxide nanostructures in the presence
of sunlight.

4. Conclusions

In this research, ZnO nanoparticles were synthesized through the aqueous chemical
growth method. Advanced characterization techniques such as SEM, XRD, EDS, FTIR, ZS,
and ZP were used to characterize the ZnO nanostructures. When the materials were exam-
ined using XRD, the hexagonal wurtzite phase of ZnO was discovered. The photocatalytic
degradation of chlorophenols chemicals in the environment shows that ZnO has a lot of po-
tential, as it effectively played a key role in the degradation of chlorophenols. In the present
study, well-organized ZnO nanostructures were used to degrade PCP and TCP in aqueous
conditions. ZnO nanoparticles exposed to sunlight and sodium borohydride were effective
in removing toxicity from chlorophenol-polluted water. The ZnO nanostructure was highly
accountable for the exceptional photocatalytic degradation of PCP and TCP, displaying
85-90% in the presence of sunlight for 3 min in combination with a NaBH4 nanocatalyst.
The proposed nanocatalyst exhibited intense recyclability with an insignificant degradation
efficiency. This work is very much suitable for industries that generate enormous amounts
of polluted water, especially textile industries. This method of pollutant degradation is
very much suited to this, as the degradation time is very short i.e., 3 min. The industries
can re-use the water for various purposes, and can not only save their investments, but
energy as well.
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