
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ai
 2

02
4.

 D
ow

nl
oa

de
d 

on
 0

7.
01

.2
02

6 
17

:4
8:

38
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Microwave-assis
aDepartment of Chemistry, Nazarbayev U

E-mail: timur.atabaev@nu.edu.kz
bKaragandy Bilim Innovation Lyceum, Karag

† Electronic supplementary informa
https://doi.org/10.1039/d4ra02451f

‡ Equal contribution.

Cite this: RSC Adv., 2024, 14, 16293

Received 31st March 2024
Accepted 11th May 2024

DOI: 10.1039/d4ra02451f

rsc.li/rsc-advances

© 2024 The Author(s). Published by
ted synthesis of ZnO structures for
effective degradation of methylene blue dye under
solar light illumination†

Kuralay Rustembekkyzy, ‡a Madi Sabyr,‡b Yerkanat N. Kanafin, a

Laura Khamkhash a and Timur Sh. Atabaev *a

The presence of dyes in wastewater poses a high risk to both human health and the environment due to

their potential toxicity and ecological impacts. Zinc(II) oxide is a low-cost, non-toxic material that can

serve as a sustainable and effective solution to the global water pollution crisis. In this study, we propose

a facile one-step synthesis of various ZnO structures by microwave irradiation. The primary goal of this

study was to explore the morphology-dependent photocatalytic activity of various ZnO structures, as

well as the impact of interfering anions on the Methylene Blue (MB) photodegradation under solar light

illumination. Photocatalytic activity studies show that the sample denoted as 0.56 M-ZnO with a sheet-

like structure has remarkable catalytic activity under solar light illumination, reaching ∼96.6%

degradation of 30 mL MB solution (3 × 10−5 M) within 40 minutes. The BET specific surface area and

band gap of the optimal 0.56 M-ZnO sample were observed to be 12.42 m2 g−1 and 2.89 eV,

respectively. It was shown that the presence of anions like Cl−, NO3
−, and HCO3

− can reduce the

catalytic activity of 0.56 M-ZnO structure to some extent, although more than 70% MB degradation can

still be obtained under neutral pH conditions. The superior catalytic efficacy observed in the 0.56 M-ZnO

photocatalyst can be attributed to its improved crystallinity, large surface area, and enhanced production

of hydroxyl radicals. The low-cost synthesis, combined with high photocatalytic activity collectively

underscores the efficiency and practical usability of produced ZnO photocatalysts for dye degradation.
1. Introduction

Synthetic dyes are widely utilized in industries such as printing,
dyeing, textiles, cosmetics, and leather yet their disposal
contributes signicantly to environmental water pollution.1

This has resulted in a gradual deterioration of water quality
and, given rise to signicant environmental concerns.2 Gener-
ally, the dyes are characterized by complex aromatic molecular
congurations, which poses a challenge for water treatment
processes.2,3 Their stable structures make them resistant to
biodegradation which increases their presence in the aquatic
environment.2,3 Previous research indicates that prolonged
exposure to even minimal amounts of contaminated water
poses health risks.2 Moreover, the presence of dyes can result in
vibrant hues that impact the transparency and the solubility of
gases in water, consequently harming aquatic organisms by
diminishing sunlight penetration and impeding
niversity, Astana 010000, Kazakhstan.
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photosynthesis, ultimately leading to oxygen depletion.2 Hence,
it is imperative to devise procient methods for eliminating dye
waste to preserve ecological equilibrium and protect human
well-being.

Researchers are exploring more efficient and sustainable
water treatment methods due to increasing energy costs and
concerns about secondary pollutants.3 Various technologies,
such as membrane ltration,4 adsorption,5 occulation and
coagulation,6 and electrochemical treatment,7 have been
employed to manage dye wastewater effectively. While tradi-
tional methods for removing dyes and organic compounds
encounter challenges such as secondary pollution and
increased energy consumption, photocatalytic technology offers
a promising solution with benets like minimal secondary
pollution, simplicity, and high efficiency.8–10 Transition metals
have been widely employed as photocatalysts by numerous
researchers, exhibiting robust degradation capabilities against
organic pollutants. Metal oxide semiconductors such as ZnO,9

TiO2,11 a-Fe2O3,12 and SnO2
13 have been widely employed for

their ability to degrade organic contaminants under visible light
illumination. In this process, light excites the photocatalyst,
causing electron and hole pairs to form. The generation of
hydroxyl radicals (cOH) is carried out by the reaction of the holes
with water or hydroxyl anions, and the formation of superoxide
RSC Adv., 2024, 14, 16293–16299 | 16293
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radicals (O2c
−) is from electrons reacting with dissolved

oxygen.9,10 These reactive species initiate a series of attacks on
the targeted pollutant molecules, breaking them down step-by-
step into smaller chemical compounds, eventually ending up
with less harmful compounds.9,10

In recent times, metal and metal oxide nanoparticles have
garnered increased interest for their utilization across various
technological domains.14 Zinc oxide, among the plethora of
metal oxide structures, has emerged as a focal point due to its
distinctive physical and chemical properties.15 It has high
photosensitivity and conductivity, making it appealing for
applications in transparent electronics, piezoelectric devices,
catalytic reactions, and notably, biomedical elds.15,16 Zinc
oxide stands out as a distinctive n-type semiconductor;
although, the quick recombination rate of photogenerated
electron–hole pairs, as well as its wide bandgap of 3.3 eV17,
hinder its extensive application as a photocatalyst. To date,
extensive research has been conducted on various methodolo-
gies for the synthesis of various ZnO structures, including
microwave-solvothermal,18 hydrothermal,19 precipitation,20

biogenic,21 sol–gel,22 and electrodeposition23 methods.
Although many of these techniques have not been extensively
employed on a large scale, the microwave-assisted synthesis of
ZnO may gain widespread popularity due to its simplicity and
cost-effectiveness.17,24 In general, microwave-assisted reduction
methods provide homogeneous volumetric heating and signif-
icantly accelerate reaction rates compared to other physical and
chemical techniques.17,24

The objective of this work is to employ microwave-assisted
one-step approach to create various ZnO structures by
changing the molar concentration of Zn precursor. To the best
of our knowledge, there are no studies exploring the different
ZnO morphologies caused by precursor concentration using
microwave-assisted preparation. Subsequently, a range of
characterizations including scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray diffrac-
tion (XRD) and optical spectroscopy were conducted to examine
the microstructure, morphology, and optical properties of the
synthesized materials. The photocatalytic performances of the
resulting ZnO structures were assessed by their ability to
degrade MB dye under simulated solar light irradiation.
2. Materials and methods
2.1 Materials

High purity reagents including zinc acetate dihydrate, sodium
hydroxide, methylene blue, hydrogen peroxide solution (34.5–
36.5%), Na2CO3, NaNO3, KCl, and NaHCO3 were purchased
from Merck and used as received.
2.2 Photocatalyst preparation

In a typical synthesis, aqueous solution of zinc acetate dihydrate
(10 mL) with certain molarity was mixed with an equal volume
of 0.9 M NaOH solution. The mixture was subsequently exposed
to irradiation in a microwave reactor (CEM Corporation, USA)
for 20 minutes at a constant temperature of 80 °C with
16294 | RSC Adv., 2024, 14, 16293–16299
a maximum permissible power of 100 W. During the synthesis
process, 0.035 M, 0.07 M, 0.14 M, 0.28 M, and 0.56 M solutions
of zinc acetate dihydrate were employed, and samples derived
from these solutions were denoted as 0.035-ZnO, 0.07-ZnO,
0.14-ZnO, 0.28-ZnO, and 0.56-ZnO, correlating to their respec-
tive Zn precursor molar concentrations. Higher molar concen-
trations were not studied here due to solubility limit
restrictions. The formed milky-white suspensions were centri-
fuged at 5000 rpm for 2 minutes, washed several times, and
then dried at 60 °C for 24 h.

2.3 Characterization

The surface morphology of the ZnO stuctures was analyzed
using an Auriga Crossbeam 540 SEM (Carl Zeiss, Germany) and
detailed structural characterization was performed using a TEM
(JEM2010F, JEOL Ltd, Japan). Energy-dispersive X-ray spectros-
copy (EDX) analysis has been conducted using SEM (JEOL JSM-
IT200, JEOL Ltd, Japan). The crystallographic structure and
phase purity of the ZnO stuctures were determined using
a SmartLab X-ray Diffractometer (Rigaku Corp., Japan) with
a Cu Ka radiation source. The surface area and pore size
distribution were analyzed by Autosorb iQ nitrogen porosimeter
(Quantachrome Instruments, USA). The absorbance of the ZnO
stuctures was tested using an absolute quantum yield spec-
trometer (C9920-02, Hamamatsu Photonics, Japan) equipped
with an integrating sphere.

2.4 Photocatalytic experiments

For photocatalytic activity assessment, 2 mg of the synthesized
ZnO structures were dispersed in 30 mL of a MB solution (3 ×

10−5 M). The suspension was stirred in the dark for 60 minutes
to reach adsorption–desorption equilibrium. Next, 5 mL of 35%
H2O2 was introduced to the suspension and the mixture was
immediately exposed to light from an LCS-100 solar simulator
(100 W, AM 1.5G lter, Newport-Spectra Physics GmbH, Ger-
many). The light output was adjusted to 1 sun intensity using
a commercial silicon reference cell. Aer a certain period, the
solution was immediately cleared from ZnO stuctures and the
absorbance of the MB solution was quantitatively analyzed at
554 nm using a Genesys 50 UV-Vis spectrophotometer (Thermo
Fisher Scientic Inc., USA). Each experiment was conducted 3
times to ensure reproducibility and mean values were plotted
for graphical representation of the results.

3. Results and discussion

The morphological evolution of ZnO structures with different
zinc precursor concentrations was studied systematically using
SEM and TEM imaging techniques, as shown in Fig. 1. The
ndings show a transition from basic rod-like structures to
sheet-like forms as the concentration of Zn precursor increases.

At the lowest precursor concentration (0.035 M), the ZnO
structures predominantly take the form of elongated rods or
needles. These structures crisscross at multiple angles, sug-
gesting initial stages of nucleation and growth without signi-
cant steric hindrance or competition for space. The elongated
© 2024 The Author(s). Published by the Royal Society of Chemistry
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shape indicates an anisotropic growth mechanism favored
along certain crystallographic directions, likely inuenced by
the minimization of total surface energy during crystalliza-
tion.25 As the zinc acetate concentration is doubled to 0.07 M,
there is a marked morphological shi towards ower-like
structures. This change suggests an increase in the number of
nucleation sites and a subsequent alteration in growth kinetics.
The outward projections forming the ‘petals’ of these ‘owers’
may be a result of secondary nucleation events on the primary
rods, as described by Guzmán-Carrillo et al.25 Further increase
of zinc acetate concentration to 0.14 M and 0.28 M leads to even
denser and more intricate petal-like structures. This complexity
can be attributed to the greater availability of zinc ions,
promoting the preferential attachment of growth units on
specic crystal facets, as described in recent study.19 At the
highest studied concentration of 0.56 M, a transition from rods
and owers to sheet-like structures was observed. This
morphology indicates a dominance of lateral growth processes,
possibly due to the saturation of the solution with zinc ions.
Such an environment might lead to a diffusion-limited growth
regime, where the formation of new nuclei is suppressed in
favor of the expansion of existing structures, thus promoting
the development of sheet-like formations.25,26 Another expla-
nation for the change in morphology is the relative concentra-
tion of OH− as compared to Zn2+, as larger OH− concentration
cause anisotropic growth in the (0001) direction, leading to rod
morphology.15
Fig. 1 TEM and SEM images of (a and b) 0.035-ZnO, (c and d) 0.07-ZnO, (

Table 1 Average crystallite size, lattice strain, dislocation density, and
bandgap values of prepared ZnO structures

Sample
Crystallite
size, nm

d × 10 −3

(nm−2) 3 × 10 −3 Bandgap, eV

0.035 M-ZnO 47.7 0.46 1.81 2.84
0.07 M-ZnO 22.4 2.36 3.86 2.98
0.14 M-ZnO 29.3 1.30 3.05 2.89
0.28 M-ZnO 30.4 1.30 2.93 2.87
0.56 M-ZnO 48.4 0.44 1.79 2.89

© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. S1 (ESI)† shows the EDX analysis results of as-prepared
ZnO samples. The Zn-to-O ratio is roughly equivalent to 1 : 1,
with slight variances due to the semi-quantitative nature of EDX
analysis. Fig. 2 presents the XRD patterns of as-synthesized ZnO
structures. All of the observed diffraction peaks can be indexed
to the hexagonal phase of zinc oxide, which corresponds to the
wurtzite structure with the space group P63mc (JCPDS No. 00-
036-1451). The absence of other peaks associated with impuri-
ties in the diffraction pattern indicates the formation of pure
ZnO structures. Notably, the diffraction peaks corresponding to
the 0.56 M ZnO structure are more sharp and intense than those
at other concentrations. The mean crystallite size, the lattice
strain, and dislocation density of the prepared ZnO structures
have been calculated using XRD data and presented in Table 1.
The bandgap of all ZnO structures was also estimated using the
Tauc equation as shown in Fig. S2 (ESI)† and estimated
bandgap values were also tabulated in Table 1. It is well-known
that bandgap values and crystallite sizes are highly dependent
on the precursor type, concentration and synthesis conditions.27
e and f) 0.14-ZnO, (g and h) 0.28-ZnO and (i and j) 0.56-ZnO structures.

Fig. 2 XRD patterns of as-prepared ZnO particles.

RSC Adv., 2024, 14, 16293–16299 | 16295
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While the bandgap energy of prepared ZnO structures remains
relatively constant, variations in Zn precursor concentration can
still inuence its photocatalytic behavior. Other factors such as
crystallinity and surface area can further contribute to
improving photocatalytic performance. Rod-shaped particles
typically exhibit more uniform strain distribution and fewer
surface defects, which might explain the relatively lower dislo-
cation density and moderate strain in this sample. The ower-
shaped morphology has a higher surface area and more irreg-
ularities, leading to a signicant increase in dislocation density
and strain. Smaller crystallite sizes can also increase lattice
imperfections, contributing to higher strain and dislocation
densities. 0.14-ZnO and 0.28-ZnO having densely packed
structures, show intermediate values of dislocation density and
strain. The packing might help in somewhat stabilizing the
structure compared to loosely packed structures, but still higher
than rods due to more complex surfaces. Sheets, being at and
extended, tend to have lower dislocation densities similar to
rods but with slightly different strain characteristics due to their
two-dimensional nature, which might allow for more uniform
stress distribution across the plane.

The photocatalytic activity of all samples was initially
investigated under identical conditions (2 mg of photocatalyst,
30 mL of MB solution with amolar concentration of 3× 10−5 M)
under simulated solar light conditions for comparison
purposes. The experiments were conducted under neutral pH
conditions to ensure the stability of ZnO, which is known to
degrade at lower or higher pH values. Fig. 3 shows the corre-
sponding degradation of MB by various ZnO structures within
40 min of solar light illumination. The MB degradation showed
a positive correlation with the molar concentration of zinc
precursor, with a marked increase in efficiency at higher Zn
precursor concentrations. Notably, the 0.56 M ZnO photo-
catalyst demonstrated exceptional degradation efficiency,
reaching 96.6%. Photocatalytic activity exhibited by the higher
molar concentration of zinc precursor can be attributed to the
increased crystallite size of the catalyst, as demonstrated by
Fig. 3 MB dye photodegradation by various ZnO structures.

16296 | RSC Adv., 2024, 14, 16293–16299
XRD analysis. For photocatalytic applications, the size of the
crystallites can impact the material's properties, including the
surface area and the number of active sites available for the
catalytic reaction.18 One can notice that MB degradation
increased with the increase in crystallite size. For example,
a similar trend have been reported earlier,28 where 500 nm ZnO
particles with the surface area of 3.7 m2 g−1 demonstrated
better phenol photodegradation as compared to 50 nm ZnO
nanoparticles with a surface area of 12.4 m2 g−1. This can be
attributed to the signicant impact of the synthesis parameters
on the surface morphology and internal structure of ZnO.29

Overall, while smaller crystallite sizes oen correlate with
higher surface area and better charge carrier dynamics, larger
crystallites can still exhibit better photocatalytic activity due to
factors such as surface defects, charge transfer mechanisms,
and crystal facet effects. Consequently, 0.56 M-ZnO photo-
catalyst with high photocatalytic activity has been selected
further for a detailed analysis.

Fig. 4 depicts a nitrogen adsorption–desorption isotherm for
0.56 M-ZnO photocatalyst, indicating a type IV isotherm with
H3 hysteresis loop and wedge-shaped pores. The surface area
determined by the Brunauer–Emmett–Teller (BET) method was
∼12.42 m2 g−1. The Barrett–Joyner–Halenda (BJH) method was
additionally employed to analyze the pore size distribution, as
shown in the inset of Fig. 4. The ndings from this study
revealed a mesoporous structure with pore diameters in the
range of ∼3–8 nm, accompanied by meso- and macropores with
diameters ranging from ∼14 to 80 nm. Hence, the high pho-
tocatalytic activity of 0.56 M-ZnO photocatalyst can be attrib-
uted to high surface area and porosity of the photocatalyst,
which facilitates the mass transport of the reactants and prod-
ucts in pores during the degradation process.30

Fig. 5A shows MB degradation under solar irradiation by
comparing the performance of MB self-degradation, MB with
H2O2, and MB with H2O2 and 0.56 M-ZnO–H2O2 photocatalyst.
One can notice that MB alone exhibits a negligible self-
Fig. 4 Nitrogen adsorption–desorption isotherms and BJH pore size
distribution (inset) of 0.56 M-ZnO photocatalyst.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 MB dye photodegradation (a) and linear fitting (b) of ln(Co/C) as a function of time.
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degradation, with only 10% degradation aer 40 minutes of
exposure to solar light. The introduction of H2O2 results in
a threefold increase of degradation, reaching ∼32%. On the
other hand, the combination of 0.56 M-ZnO photocatalyst with
H2O2 signicantly amplies the degradation rate, achieving
a remarkable 96.6% MB degradation within the same time
period. The kinetic analysis further substantiates the enhanced
performance of the ZnO–H2O2 system. The photodegradation
rates derived from the kinetic plots (Fig. 5b) yielded average rate
constants of ∼0.0025 min−1 for MB self-degradation,
∼0.0097 min−1 for the H2O2-assisted process, and a markedly
higher value of 0.1131 min−1 for the MB degradation in the
presence of 0.56 M-ZnO. This corresponds to a 45-fold acceler-
ation in the degradation rate as compared to bare MB self-
degradation process. Fig. S3 (ESI)† shows the impact of
various 0.56 M-ZnO concentrations on the photocatalytic
degradation of MB. The results demonstrate that 92.8%
degradation of MB is possible at a catalyst dosage of 33.3 mg L−1

aer 40 minutes, emphasizing the efficiency and practicality of
this material in photocatalytic dye degradation. Employing
larger concentrations of 0.56 M-ZnO did not result in appre-
ciable higher MB degrading efficiency. Furthermore, XRD
analysis of 0.56 M-ZnO aer MB degradation have been con-
ducted and presented in Fig. S4 (ESI).† According to the XRD
results, no changes in structure of ZnO were observed which
conrms the structural stability of the catalyst.
Table 2 Comparison of ZnO-based photocatalytic systems for MB degr

Catalyst
Catalyst dosage
(mg L−1)

H2O2,
(mL L−1)

MB,
(mg L

ZnO/montmorillonite 200 Not specied 10
Mn–ZnO 100 Not specied 30
Co–ZnO 154 1538 10
RGO-Ag/ZnO 500 5000 10
ZnO multi-pods 5 400 1.2
ZnO sheets 66.7 167 9.6

© 2024 The Author(s). Published by the Royal Society of Chemistry
A photocatalytic activity of as-prepared 0.56 M-ZnO was
found to be higher compared to other doped- or surface-
modied ZnO structures reported to date.31,32 Comparison
with other ZnO-based photocatalysts for MB degradation only
was also performed, and the results are presented in Table 2.
Data analysis clearly shows that the majority of the works
employed substantially higher H2O2 concentrations and
catalyst dosages. Moreover, the photocatalytic degradation
experiments lasted from 45 to 180 minutes, which is longer
than that reported in the current work. Hence, prepared 0.56
M-ZnO sample can be employed as efficient and low-cost
photocatalyst for degradation of organic pollutants in water.
It should be mentioned that we restricted our photocatalytic
activity tests to neutral pH only due to the amphoteric nature
of zinc oxide, which can react with both alkalis and acids to
form salt and water. However, slightly acidic or basic effluent
can be easily rectied to a neutral pH prior to photocatalyst
introduction.

A noticeable enhancement in photocatalytic activity of ZnO
structures when used in conjunction with H2O2 could be
ascribed to the advanced oxidation processes (AOPs), where
H2O2 produces signicant amount of hydroxyl radicals (cOH).
These radicals are known for their high reactivity and their
ability to non-selectively oxidize and decompose complex
organic structures, which makes them highly efficient for
water treatment processes. The overall process of MB
adation under solar light

−1)
MB degradation,
(%) Time, min k, min−1 Ref.

97 150 — 33
95 180 0.0165 34
99.6 45 0.082 35
99 90 — 36
97 120 0.034 37
96.6 40 0.1131 This work

RSC Adv., 2024, 14, 16293–16299 | 16297
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Fig. 6 Schematic representation of MB degradation in the presence of
ZnO photocatalyst.
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photodegradation in the presence of ZnO and H2O2 are rep-
resented by reactions (1)–(6) and schematically shown in
Fig. 6.

hv + ZnO / ZnO* (hVB
+ + eCB

−) (1)

OH− + hVB
+ / cOH (2)

eCB
− + O2 / O2c

− (3)

O2c
− + H2O2 / OH− + cOH + O2 (4)

eCB
− + H2O2 / OH− + cOH (5)

cOH + O2c
− + MB / Degradation products (6)

The presence of common CO3
2−, NO3

−, Cl−and HCO3
−

anions had dual effects on the degradation of MB over ZnO
structures. For example, chloride, nitrate, and bicarbonate ions
resulted in a certain degree of MB degradation efficiency
reduction as shown in Fig. 7. On the other hand, MB degrada-
tion was enhanced in the presence of carbonate anions. In
Fig. 7 Effects of various anions presence on MB photodegradation by
0.56 M-ZnO photocatalyst.

16298 | RSC Adv., 2024, 14, 16293–16299
general, carbonate ions can react with the photogenerated holes
or with hydroxyl radicals to form carbonate radicals, which are
less reactive, but possess selectivity towards some organic
substances. In other words, these carbonate radicals can
introduce a secondary pathway for the degradation of organic
compounds, which could be more effective for certain
compounds, thereby improving the overall degradation effi-
ciency.38 It should be noted that these anions are taken close to
natural conditions or in excess; therefore it is projected that the
photocatalytic activity of the 0.56 M-ZnO structure will remain
at more than 70% efficiency upon contact with wastewater
containing these anions.

4. Conclusion

In this study, we explored the morphological evolution of ZnO
from rod-like to sheet-like structures by changing the Zn
precursor concentration. The photocatalytic activity of produced
ZnO structures was assessed by MB dye degradation under
simulated solar light illumination. We found that a sample with
a sheet-like structure denoted as 0.56 M-ZnO photocatalyst,
demonstrated the highest photocatalytic activity under solar light
illumination. Combining H2O2 with 0.56 M-ZnO photocatalyst
accelerates the MB degradation rate by 45-fold (0.1131 min−1) as
compared to self-degradation of MB (0.0025 min−1), resulting in
decolorization of concentrated MB solution just in 40 minutes.
We additionally demonstrated that more than 70% ofMB dye can
still be degraded in water containing NO3

−, Cl− and HCO3
−

anions, suggesting that the 0.56 M-ZnO photocatalyst is suitable
for practical wastewater treatment at neutral pH conditions. The
remarkable catalytic activity of 0.56 M-ZnO photocatalyst was
attributed to its highly crystalline structure, a large surface area,
and increased production of hydroxyl radicals from H2O2 under
solar light irradiation. The proposed methodology for synthe-
sizing ZnO photocatalysts shows promise for real-time applica-
tions in wastewater treatment, and further research and
development are needed to address scalability, long-term
stability, and potential challenges associated with real-world
wastewater matrices and scale-up costs.
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