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Abstract: This research provides valuable insights into the application of ZnO nanopar-
ticles in photocatalytic wastewater treatment. Process optimization was carried out by

determining the ratio of the surface area to the energy band gap (S/E) in the photocatalysis
Citation: Saidani, A.; Boudraa, R.;

Fendi, K.; Benouadah, L.; Benabbas, A.;

Djermoune, A.; Salvestrini, S.;
Bollinger, ].-C.; Alayyaf, A.A;Mouni, ~ ried out within a temperature range of 400 to 700 °C. The structural, morphological, and

rate under different sources of light (UV light, visible light, sunlight). The nanoparticles
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1. Introduction

Solar energy is one of the most important renewable energy sources, if not the most
important, in terms of availability, abundance, and affordability [1-3]. Researchers are
exploring photocatalysis as a transformative technology to address environmental chal-
lenges. Photocatalysis harnesses sunlight, a renewable energy source in water treatment,
by effectively breaking down harmful pollutants like dyes into less toxic substances, re-
ducing their environmental and health risks and minimizing their impact on ecosystems.
This eco-friendly solution contributes to cleaner air, water, and soil. It aligns with global
efforts toward greener, more energy-efficient technologies [4-7]. Moreover, photocatalysis
enables the direct transformation of solar energy into usable heat or other valuable energy
resources, sparking significant interest and applications across various sectors. Concretely,
photocatalytic technologies have found utility in sensitized solar cells [8,9], chemical pol-
lutant oxidation, and reduction [10], as well as the inactivation of microbial pathogens.
Experts claim that photocatalysis is a complex process that fundamentally depends on the
presence of a catalyst, usually a semiconductor. This process influences the kinetic rate
of the photochemical reaction involving reactive species and light, while maintaining its
fundamental thermodynamic limitations. Photons serve as the energy source, aligning
with the band gap energy of the semiconductor, to excite electrons from the valence band
to the conduction band, resulting in the generation of electron-hole pairs. Charge carriers
migrate to the photocatalyst surface, where they participate in redox reactions that generate
reactive oxygen species (ROS), including hydroxyl radicals (*OH) and superoxide anions
(Oy7), essential for pollutant degradation [11-13]. Zinc oxide (ZnO) is a widely recognized,
and highly attractive semiconductor, valued for its remarkable properties such as high
crystallinity, tunable optical and electronic properties, exceptional quantum efficiency,
low electrical conductivity, and excellent thermal stability [14,15]. These properties can
be tailored by synthesizing ZnO in various nanostructural forms, such as nanoparticles,
nanorods, nanosheets, and hierarchical architectures [16], each offering distinct advantages
for diverse applications like anti-corrosion [17], electronics and optoelectronics [18], indus-
trial applications [19], nanomedicine applications like cancer therapy [20], antioxidant [21]
and antibacterial uses [22], and environmental protection like photocatalysis for pollutant
degradation [23,24]. Zinc oxide ZnO is often considered superior to titanium dioxide TiO,
for sunlight photocatalysis [9,25,26].

Zinc oxide is classified as an n-type semiconductor owing to the presence of extra zinc
atoms and oxygen vacancies in the interatomic sites. Its crystalline structure adopts the
hexagonal wurtzite form [27,28]. It is recognized that its activity in the ultraviolet region
is attributed to its broad band gap of 3.3 eV. However, as the band gap energy decreases,
the energy threshold for electronic transitions is lowered, allowing the absorption of
lower energy photons and shifting the material’s radiation absorption towards the visible
spectrum [29,30]. This transition is essential for improving the performance of ZnO in
sunlight [31], an objective actively targeted by researchers in the field by exploring several
strategies, including doping with metal or non-metal elements, creating heterojunctions
with other materials, and modifying defect density to optimize light absorption and charge
carrier dynamics [32]. Another crucial consideration is the assessment of the suitability of
a material as a catalyst by subjecting it to specific conditions for gaining a higher specific
surface area and a larger number of active sites to achieve more efficiency with less quantity
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because we should mention that the big quantity of using ZnO pose ecological risks to
aquatic and terrestrial life, affecting their health, disrupting ecological processes, and
altering ecosystem balance. They accumulate in aquatic organisms, disrupt soil microbiota,
and pose risks to non-target organisms. Green synthesis of biocompatible ZnO NPs offers
potential for environmental remediation, but comprehensive ecotoxicological assessments
are needed for safety, as well as improved thermal and mechanical stability.

It is important to recognize that the performance of the material can be tuned by
adjusting its particle size and morphology [33]. The surface characteristics of metal oxides,
including oxygen vacancies and surface defects, are essential in improving photocatalytic
activity by offering active sites for reactions. As the calcination temperature rises, particle
aggregation diminishes the surface area and defect density, resulting in a reduction of
active sites. This process enhances crystallinity while marginally increasing the band gap,
resulting in a shift of light absorption towards the UV region and restricting the utilization
of visible light. Optimizing photocatalytic performance necessitates a balance among sur-
face area, defect density, and band gap energy [34-37]. It is important to find a compromise
between band gap energy and surface area where a catalyst exhibits its optimal photocat-
alytic performance. Therefore, achieving an efficient photocatalyst requires implementing
two contradictory conditions while controlling the thermal treatment. Extensive research
has been conducted on the effects of thermal treatments on ZnO on properties such as
optical properties [34,36], structural morphology [38,39], and photonic efficiency [33,40].
However, there is a void in the understanding of the inverse relationship between band
gap, area, and photonic energy. This study provides a unique perspective. By evaluating
how this ratio affects photonic efficiency across different light sources, the work bridges
the gap between material characterization and performance optimization. The focus of
our study is a comprehensive comparison of the effect of calcination temperature on the
photonic performance of ZnO nanoparticles under different light sources UV, visible, and
solar radiation. This approach allows us to determine the optimal calcination conditions for
specific light sources. This research is based on the fabrication of ZnO nanostructures using
the deposition method with the calcination temperature varying from 400 °C to 700 °C.
Zinc oxide (ZnO) nanoparticles can be synthesized using various methods, including
sol-gel [41], hydrothermal [42], chemical vapor deposition [43], microwave-assisted [44],
solution combustion [45], and co-precipitation [38]. Each method offers unique advantages
and applications, with the choice depending on the specific application requirements and
desired properties. Precipitation is considered one of the most efficient processes for pro-
ducing ZnO nanoparticles. The preference for this method stems from its straightforward
synthesis, low formation temperature, high level of sample homogeneity, and the ability
to precisely control the chemical composition [46,47]. The primary goal is to achieve the
optimal calcination temperature, ensuring the highest possible photocurrent yield under
UV, visible light, and sunlight. The secondary goal is to determine a favorable ratio between
small band gap energy and large specific surface area, resulting in high efficiency in the
degradation of the organic pollutant [44]. After determining the optimal light source and
calcination temperature, the catalytic process is optimized by adjusting both the ZnO mass
and the pollutant concentration, along with pH adjustments. A complementary inves-
tigation is also conducted on the effect of adding H,O, to the photocatalytic system to
achieve maximum efficiency. Rhodamine B was chosen as a model pollutant of choice to
evaluate the photocatalytic performance of the synthesized samples. This dye is often used
in various industrial applications and has been observed to pose potential environmental
hazards. Trace experiments have indicated its potential ecotoxicity towards freshwater
aquatic organisms [48,49]. Lethal doses of this substance have the potential to cause toxicity,
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and its introduction into the natural ecosystem may pose risks to aquatic organisms, as
well as carcinogenic effects on both humans and animals [50].

2. Materials and Methods

The materials used in this study included zinc chloride (anhydrous) (ZnCly, >97%,
MW = 81.89 g/mol, Sigma-Aldrich, Germany), sodium hydroxide (NaOH, 99%, Merck,
Germany), and Rhodamine B dye (RhB) (Ca3H31CIN, O3, purity 95%, Biochem, France). All
materials were used without any additional purification steps. Deionized water (DI) was
obtained from local sources and used in the experimental procedures.

2.1. Synthesis of ZnO Nanopowders

ZnO was prepared by precipitation with a key modification in the addition of a
saturated NaOH solution all at once rapidly instead of gradual addition [51] involving the
following steps. At room temperature (26 °C), 30 g of zinc chloride (ZnCl,) was dissolved
in 100 mL of deionized water (DI) to form a solution. The solution underwent continuous
agitation using a stirrer plate at room temperature, and upon achieving homogeneity, 15 mL
of a sodium hydroxide-saturated solution (NaOH) was added at once. The mixture was
vigorously stirred for 15 min at room temperature, resulting in the formation of a white
precipitate. This precipitate was filtered by filter paper with a pore size equal to 0.45 pm
and meticulously rinsed with DI to eliminate all salt and chloride residues. The obtained
zinc hydroxide was then dried at 100 °C and divided into five parts. Each part was then
treated in air at a specific temperature in the range of 400 °C to 700 °C for 2 h starting
from room temperature with a heating rate of 5 °C/min. The synthesized samples were
designated as follows: ZnO-400, ZnO-500, ZnO-600, and ZnO-700, corresponding to the
calcination temperature.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns were recorded in the range of 20-80° (26) in
the scan mode (0.028 step size, 2 s counting time) using an Empyrean Panalytical (Germany)
powder diffractometer employing CuK« radiation operating at 40 kV and 40 mA. The
unit cell parameters were refined within the hexagonal system through the measured peak
positions of the XRD pattern, with a least squares method and employing the CELREF pro-
gram. For the determination of peak characteristics, the peak profiles were fitted with the
WINPLOTR program. The crystallite sizes and microstrain contributions were estimated
from analyses of Williamson—Hall plots [52]. For morphological studies, a scanning electron
microscope (SEM) of the Thermo Scientific Quattro S (USA) field emission type was uti-
lized. The functional groups in samples were identified using a Fourier-transform infrared
spectrometer (FT-IR), specifically the Thermo Scientific Nicolet IS50 FT-IR spectrometer
(USA), covering the wavenumber range of 400-4000 cm ~!. Raman spectroscopy was per-
formed using an Avantes (AvaSpec-HSC-TEC spectrometer, Apeldoorn, The Netherlands),
ensuring precise detection of Raman signals over the spectral range of 200-4000 cm~!. Ad-
ditionally, optical absorbance in the range of 200-800 nm was measured using an Evolution
220 (Thermo Scientifi, Waltham, MA, USA) UV-visible spectrophotometer. Surface area
measurements were conducted at 77 K using an Autosorb iQ Station Analyzer (Quan-
tachrome, Boynton Beach, FL, USA), providing detailed insights into the surface properties
of the samples.

2.3. Photocatalytic Experiments

Rhodamine B (RhB) served as the model dye to evaluate the photocatalytic perfor-
mance of the various samples of ZnO. The photodegradation tests were conducted under
distinct irradiation sources, including solar (1800 Lux), visible (using 150 W LED lamps),
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and UV light (365 nm, rated at 15 W). The tests were performed in beakers containing
50 mg of photocatalyst and 100 mL of an aqueous solution of RhB dye (5 mg/L). Prior to
the photocatalytic process, the solutions underwent magnetic stirring for 120 min in the
dark to assess the absorbance yield of sample even the adsorption equilibrium was reached
within 30 min. Subsequently, the mixture was exposed to different light irradiation sources
to evaluate the impact of heat treatment conditions on the photocatalytic efficiency.

The influence of pH on photocatalytic degradation was examined by modifying the
pH of a 5 mg/L Rhodamine B solution with 0.1 M NaOH and 0.1 M HCl, measuring pH
values (2, 7, 10) using a calibrated pH meter. For H,O,, 100, 300, and 500 microliters were
added to the reaction mixture while keeping the catalyst dosage and reaction volume
constant. Kinetic studies were conducted by collecting samples at 30-min intervals for those
irradiated by visible and UV light, and at 15-min intervals for samples exposed to sunlight.
For the effects of HyO, and pH, the interval was 5 min. The samples were centrifuged to
remove the catalyst, and the supernatant was analyzed using UV-Vis spectrophotometry.

The photodegradation yield (D (%)) was estimated using:

D(%) = (C_Cict) % 100 (1)
where C and C; represent the RhB concentration after adsorption equilibrium on the semi-
conductor before irradiation and at a given time, respectively. The photodegradation kinet-
ics of RhB were evaluated using the Langmuir-Hinshelwood equation [53] (Equation (2))

_dC_ bKG
dt  1+KGC

r =

(2)

In photocatalysis experiments, the concentrations used are generally low, so the
integrated Langmuir-Hinshelwood equation can be simplified as follows:

Ci=Cxe X 3)

where b (mg-min~!.L~1), K (L-mg~!), and k (= bx K, min~!) are the photocatalytic con-
stant, the adsorption constant and the first-order reaction rate constant, respectively.

3. Results

3.1. Material Characterization
3.1.1. X-Ray Powder Diffraction

The X-ray diffraction patterns are shown in Figure 1. ZnO is shown as a single pure
phase. Refinement of the lattice parameters for this phase as a function of the calcination
temperature shows no important differences (Table 1); the observed values are in accor-
dance with those of JCPDS reference. Their very slight decrease upon rising calcination
temperature is associated with the increase of crystal sizes. In this respect, analysis by
means of Williamson-Hall method of the evolution of crystallite size and microstrain
confirms this tendency. As expected, the crystallite size D and microstrain & (Ad/d%) are
found to vary in opposite directions vs. calcination temperature (Table 2). Both results
reveal the decrease in the number of defects and the enhancement of crystallinity while
calcination temperature increases, as corroborated by other research. This observation will
have a profound impact on the optical properties. It is important to note that the grain sizes
in a polycrystalline sample is independent of the crystallite sizes [54], although in some
cases these two quantities are correlated. The former is deduced from electron microscope
observations while the latter are estimated from X-ray diffraction peak profiles.
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Figure 1. XRD spectra of ZnO calcined at 400 °C, 500 °C, 600 °C, and 700 °C.

Table 1. Lattice parameters, crystallite size D, and microstrain € of ZnO phase in the four samples.

Calcination Crystallite Crystal Parameters Microostrain
Temperature Size (A) £ (%)
O D (nm) A C
Zn0-400 63 3.2502(1) 5.2068(2) 0.0335
Zn0-500 66 3.2498(1) 5.2062(3) 0.0177
Zn0-600 67 3.2497(1) 5.2056(2) 0.0139
Zn0O-700 72 3.2498(1) 5.2058(2) 0.0061

Table 2. BET analysis results of synthesized ZnO samples.

BJH Adsorption BJH Desorption

BET Surface Langmuir Surface Pore Volume
Samples Area (m%/g) Area (m2/g) Average Pore Average Pore (cm®/)
& 8 Diameter (nm) Diameter (nm) &
Zn0O-400 2.793 12.556 27.238 26.453 0.0048
Zn0O-500 2.640 10.733 32.039 25.904 0.0054
Zn0O-600 2.518 9.126 32.268 22.965 0.0036
ZnO-700 2.201 8.445 15.467 9.518 0.0026

3.1.2. Scanning Electron Microscopy (SEM)

In this investigation, we consequently explored the impact of diverse calcination tem-
peratures, ranging from 400 °C to 700 °C, on the morphology and size of zinc oxide (ZnO)
nanoparticles (Figure 2). At 400 °C, the nanoparticles homogeneously exhibited roughly
spherical shapes. At intermediate calcination temperatures, an evolution towards larger
agglomerations and well-faced crystals is evident, reflecting enhanced sintering and crystal
growth from 0.112 to 0.506 um. Parallelly, the spread of the particle size distribution is more
extended. At 700 °C, these tendencies are more pronounced. These results correspond
to those presented in a similar study [55]. This comprehensive approach allowed us to
discern nuanced changes in morphology and particle size at different temperature regimes,
providing valuable insights for tailoring the synthesis of ZnO nanoparticles to specific
applications, whether requiring finer particles at lower temperatures or larger, faceted
structures at higher temperatures. Additionally, our findings shed light on how these tem-
perature variations impact the optical properties and crystal structure of ZnO, enriching
our understanding of the multifaceted implications for various applications in catalysis and
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3.1.3. Fourier Transform Infrared (FTIR)

Figure 3 shows the FTIR spectra of the samples synthesized under different heat treat-
ment conditions for ZnO nanoparticles. In the spectral range between 1600 and 1700 cm ™!,
the zinc oxide peak became sharper and smoother, indicating increased crystallinity as the
calcination temperature increased. A slight peak shift was observed, specifically between
435.06 and 459.16 cm~!. Furthermore, in the calcined samples above 400 °C, the disap-
pearance of the OH band at 3492.70 cm~! suggests the achievement of the transformation
from Zn(OH); to ZnO [56]. During the first step of preparation, the presence of excess
OH™ ions led to the formation of Zn(OH),, which further transformed into ZnO during
the calcination process. These findings support the results obtained from XRD analysis
confirming the transformation of Zn(OH), into ZnO and enhancing the overall reliability
of the experimental observations. The examination of the FTIR and XRD results shows that

chemical changes in the ZnO nanoparticles occur during calcination.

Zn0O-700
459.16
Zn0-600
S y
— | zno-s500

Zn0O-400

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 3. FTIR spectra of ZnO nanoparticles calcined at 400 °C, 500 °C, 600 °C, and 700 °C.

3.1.4. BET Surface Area

The BET analysis of the four ZnO samples, subjected to different calcination tem-
peratures (400 °C, 500 °C, 600 °C, 700 °C), revealed distinctive patterns in their surface
properties. Figure 4 shows the N, adsorption—-desorption isotherms for both the ZnO
precursor and the samples treated at different temperatures. The observations indicated a
continuous decrease in the specific surface area from 12.556 to 8.445 m? /g with the increase
in calcination temperature from 400 °C to 700 °C, as detailed in Table 2. This decrease indi-
cates a reduction in the available surface area, resulting from the fusion and agglomeration
of particles at high temperatures, as clearly shown by scanning electron microscope images
that highlight the increase in the size of crystalline particles.

When analyzing the pore size distribution, it was observed that the samples exposed
to high calcination temperatures showed a significant shift towards larger pores, reflecting
a relative increase in larger pores at the expense of smaller ones. However, the analysis
showed a decrease in the total pore volume with increasing calcination temperature, due to
particle coalescence and the shrinkage of small pores.
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Figure 4. Nitrogen adsorption-desorption isotherms for synthesized ZnO samples calcined at
(a) 400 °C, (b) 500 °C, (c) 600 °C, and (d) at 700 °C.

Similar to the current results, another study indicated similar effects on different
materials. For example, a study showed a significant decrease in surface area from 25.4
to 8.8 m?/g and pore volume from 0.35 to 0.03 cm®/g with an increase in temperature
up to 600 degrees Celsius [57]. Furthermore, a study on zirconia gel showed a significant
decrease in surface area from 142 to 93 m? /g when calcined up to 500 degrees Celsius,
with the complete elimination of micropores at 700 degrees Celsius [58]. This indicates a
reduction in the smaller pores, along with a significant increase in crystallization.

3.1.5. Raman Spectroscopy

The Raman spectrum of ZnO nanoparticles calcined at 400 °C, 500 °C, 600 °C, and
700 °C demonstrates the progression of crystal quality, defect concentration, and structural
characteristics as the temperature rises. The notable E; (high) mode (~437 cm™ 1), illustrated
in Figure 5, is indicative of the wurtzite ZnO lattice structure [59], which sharpens and in-
tensifies at 600 °C, indicating improved crystallinity and well-ordered lattice vibrations. At
lower temperatures (400 °C, 500 °C), broader peaks, and higher defect-related signals [60],
the A;(LO) mode, approximately at 600 cm ™!, is detected, indicating reduced crystallite
dimensions and the existence of oxygen vacancies, along with lattice imperfections. At
700 °C, the high level of crystallinity is maintained; however, the minor reduction in peak
intensity indicates that grain growth is occurring alongside a decrease in surface scatter-
ing effects, potentially leading to a weaker Raman signal. These trends underscore the
interaction among defect annealing, grain size, and lattice ordering [61].
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Figure 5. Raman spectrum of ZnO nanoparticles calcined at 400 °C, 500 °C, 600 °C, and 700 °C.

3.1.6. Optical Properties

The optical absorption characteristics of ZnO nanoparticles were explored using UV-
Vis spectroscopy within the wavelength range of 200 to 800 nm (Figure 6). Evidently, ZnO,
being a high band gap semiconductor, showcases distinctive properties in the visible and
near-ultraviolet spectra. The determination of the optical band gap of the nanoparticles was
calculated using the Tauc formula which analyzes the linear portion of the graph between
the square of the absorption coefficient (ehv) and photon energy (hv) [62]:

(ohv)" = B(hv — Eg) 4)

where « is the absorption coefficient, hv is the photon energy, Eg is the optical band
gap energy in eV, B is a proportionality constant, n is the exponent depending on the
electronic transition type, n = 1/2 n for directly allowed transitions, and n = 2 for indirectly
allowed transitions [63]. The optical band gap of the ZnO nanoparticles was found to
be temperature-dependent, exhibiting a decrease in band gap energy as the calcination
temperature increased. The absorption maxima of the nanoparticles, calcined at various
temperatures (400 °C, 500 °C, 600 °C, and 700 °C), shifted towards lower wavelengths,
specifically at 371, 373, 375, and 376 nm Figure 7, respectively. Correspondingly, the band
gaps were measured as 3.153, 3.139, 3.128, and 3.125 eV, respectively, as presented in
Table 3 and Figure 6. These findings are consistent with various similar studies [33,63].
The observed blue shift in the band edge absorption wavelength of ZnO nanopowders
produced at high temperatures is generally attributed to the presence of shallow levels
within the band gap, which can be linked to impurity atoms or disruptions in the ZnO
lattice [37,64,65]. However, it is suggested that this red shift is mainly due to the decrease in
band gap resulting from an increase in particle size at higher calcination temperatures. This
increase in particle size leads to a reduction in specific surface area, causing an increase
in the coordination between surface atoms and a decrease in the coordination between
surface atoms and underlying atoms. This, in turn, contributes to the observed blue shift
phenomenon, attributed to the reduction in interatomic distance in the surface.
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Figure 6. The optical properties and Tauc plots for determining the band gap energy of the photocata-

lyst calcined at 400 °C, 500 °C, 600 °C, and 700 °C.
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Figure 7. UV-visible absorption spectra of ZnO nanoparticles calcined at 400 °C, 500 °C, 600 °C, and

700 °C.

The surface-to-band gap energy ratio (S/E) was calculated to determine the optimal
ratio for achieving the maximum rate of RhB breakdown, as outlined in Table 3. This
strategic analysis recognizes the critical interplay between surface properties and band gap
energy in influencing the effectiveness of the degradation process.
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Table 3. Optical properties of the synthetized materials.
Calcination Wavelength of Light Band Gap .
Temperature Required for V) S/E Ratio
Photoactivation (nm)
Zn0O-400 371 3.153 3.982
Zn0O-500 372 3.139 3.419
Zn0O-600 375 3.128 2917
Zn0O-700 376 3.125 2.699

3.2. Adsorption Test

The interaction between ZnO nanoparticle samples and Rhodamine B was examined
in the absence of light, and the results are illustrated in Figure 8. The adsorption capacity of
ZnO nanoparticles decreases with an increase in calcination temperature. This decrease can
be attributed to various factors, including heightened agglomeration (as evident in SEM
data), reduced specific surface area (confirmed in Figure 2), and diminished dispersion.
Moreover, the structural transformation of ZnO nanoparticles during calcination led to
a reduction in surface defects [8,37], oxygen vacancies, and surface hydroxyl groups.
These defects and functional groups play a fundamental role in the adsorption process,
emphasizing that the control of calcination temperature enables the tailoring of ZnO
materials with specific and customized adsorption capabilities.

—— RhB
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S Zn0-700
@
o
c
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< 44 2
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24 1.3%
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Calcination temperature (<)
Figure 8. Adsorption capacity of ZnO calcined at different temperature for Rhodamine B at different
calcination temperatures (pH = 6, S/L = 50 mg/100 mL, Cy = 5 mg/L, time = 60 min).
3.3. Photocatalysis Tests

To evaluate the effect of calcination temperature and light source on the optical perfor-
mance of ZnO, the photoactivity includes the study of the photolysis of different sources of
light of Rhodamine beta. As shown in (Figure 9), the study revealed that under different
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light sources (sunlight, UV, and visible light), the photoactivity of ZnO changed differently
with the increase of calcination temperature from 400 °C to 700 °C from one type of light
source to another. Under UV light, the photoactivity of ZnO samples showed a significant
decrease with the increase of calcination temperature from (92%) at 400 °C to (27%) at
700 °C (Figure 9b). The significant decrease is related to the decrease in the area effect ratio
compared to the gap effect (5/E) with the increase in calcination temperature. At 400 °C,
the high S/E ratio results in a high surface area with a large availability of active sites,
making ZnO very efficient under UV light due to both the ideal band gap and area. As the
calcination temperature increases to 700 °C, the particle size increases as confirmed in XDR
and SEM, which greatly reduces the surface area ratio and results in fewer active sites [36]
for UV-driven photocatalysis, while also narrowing the band gap. The narrowing of the
band gap at high temperatures is not beneficial for UV-driven photocatalysis, in contrast to
visible light [66], where we observe that the low S/E ratios of ZnO-600 and ZnO-700 have
efficiencies similar to those observed at higher ratios at 400 °C for visible light activity of
(24%) at 700 °C to (16%) at 400 °C (Figure 9a), which is explained by the narrowing of the
band gap allowing ZnO nanoparticles to partially utilize visible light for photocatalytic
reactions, facilitated by localized defect states [67], where even minor absorption in the
visible spectrum results in measurable photocatalytic activity [68,69]. However, the overall
efficiency remains low due to the limited area. In contrast, sunlight includes all wavelengths
of UV and visible light [70], allowing both S and E to influence performance simultaneously,
thus mitigating the large decrease in photocatalytic efficiency observed with UV alone. The
moderate decrease in the slope from 91% at 400 °C to 61% at 700 °C (Figure 9c¢, Table 4)
indicates a compensatory effect between S and E. The slight narrowing of the band gap at
higher temperatures enhances visible light absorption, resulting in stable sunlight efficiency
despite reduced active sites. In addition to utilizing a wide range of wavelengths provided
by natural sunlight [28], the photocatalytic charging efficiency is significantly improved,
several critical factors also contribute to this phenomenon. One such factor is the presence
of an aerobic environment, where oxygen acts as a redox mediator and an efficient electron
acceptor [71], which resulted in the double performance in sunlight compared to other
sources, where samples were exposed to UV radiation for two hours to achieve similar
results like under sunlight, which was within one hour (the case of the sample calcined at
400 °C). The S-to-E ratio (S/E) is a key criterion for evaluating photocatalytic performance,
integrating the effects of surface area and band gap energy.

Table 4. Kinetics parameters for the degradation of RhB dye under UV, visible, and sunlight irradiation.

Samples k (min—1) R? D (%)
Under visible light

Zn0-400 0.0045 0.909 24

Zn0-500 0.0018 0.933 20

Zn0-600 0.0017 0.965 18

Zn0O-700 0.0017 0.844 16
Under sunlight

Zn0O-400 0.01492 0.984 91

Zn0-500 0.00964 0.975 78

Zn0O-600 0.00781 0.980 73

Zn0-700 0.00218 0.862 61
Under UV light

Zn0-400 0.0231 0.885 92

Zn0-500 0.0331 0.978 70

Zn0O-600 0.0245 0.990 63

Zn0O-700 0.0153 0.870 27
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Figure 9. Degradation of RhB under visible (a), UV (b), and sunlight (c) irradiation (pH = 6,
S/L =50mg/100 mL, Cy =5 mg/L, time = 60 min).

The following reactions (Equations (5)—(11)) and Figure 10 are suggested for the
photodegradation of RhB by ZnO:

ZnO + hv — ZnO (h*yg + e cp) ®)
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Figure 10. Degradation mechanism of RhB by ZnO.

The electrons and holes formed during the reaction in Equation (5) migrate to the
surface and can react with H,O and O, to selectively produce OHe radicals:

h*yg + H,O — OH™ + H* 6)
e cg+0p — 00Oy (7)
¢O,” + HY — HOye 8)

HOje + HOye — Hy,O, + Oy 9)
e g +H,O; — OHe + OH™ (10)

The OHe radicals further react with Rhodamine B:

OHe + RhB — Degradation products — CO; + H,O (11)

3.4. Optimization

The ZnO sample calcined at 400 °C was selected for optimization experiments as
it exhibited the best combination of surface area and band gap energy, making it highly
effective for photocatalytic activity. Sunlight was chosen as the light source for these experi-
ments due to its superior performance compared to other sources. Its broad wavelength
spectrum, encompassing both UV and visible light, enhances photocatalytic efficiency, and
its availability as a natural, sustainable energy source makes it an ideal choice.

To further optimize the performance of this sample, additional experiments were
conducted by varying parameters such as catalyst mass, pH, and the concentration of
H,0,. These optimization steps aim to maximize the degradation efficiency of Rhodamine
B under sunlight, ensuring the ZnO photocatalyst performs at its full potential.

3.4.1. Effect of ZnO Amount

The data show a correlation between ZnO amount and RhB degradation efficiency.
Degradation rates increase from 56% (solid-to-liquid ratio (S/L) = 10 mg/100 mL) to
84% (S/L =50 mg/100 mL), stabilizing at around 85% when the weight reaches 100 mg
in 100 mL of Rhodamine B solution, as shown in (Figure 11a). This observed pattern
suggests that increasing the mass of ZnO results in a more pronounced enhancement in
photocatalytic degradation, likely attributed to the availability of more active sites for
photocatalytic activity. However, the incremental rise from 50 mg to 100 mg indicates
that the degradation rate has reached a limit value, light penetration limitations, particle
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agglomeration, competing reactions, and diffusion limitations [72], indicating that 50 mg
of ZnO is the most effective dosage for achieving the highest level of degrading efficiency.
This result carries practical implications, underscoring the importance of optimizing the
Zn0 loading for both cost-effectiveness and efficient removal of pollutants.
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Figure 11. (a) Mass effect of ZnO degradation of RhB (pH = 6, Cy = 5 mg/L), (b) effect of initial
concentration of RhB on degradation rate (pH = 6, S/L = 50 mg/100 mL), (c) pH Effect for the
degradation of RhB by ZnO under sunlight (5/L= 50 mg/100 mL, Cy = 6 mg/L), and (d) HyO, effect
on the degradation of RhB (pH =7.4,S/L = 50 mg/100 mL, Cy = 6 mg/L).

3.4.2. Effect of the Rhodamine B Concentration

Figure 11b show the effect of varying the initial concentration of RhB on the pho-
todegradation yield. The data reveal a relationship between the concentration of RhB and
its degradation efficiency by ZnO. As the concentration increases from 1 ppm to 5 ppm and
further to 10 ppm, a significant variation in the degradation yield is observed, decreasing
from 54% to 32% at the maximum concentration (Figure 11b). This would suggest that
higher initial concentrations of RhB caused a reduction in the efficiency of ZnO-mediated
degradation. Upon closer examination of the yield at 1 ppm and 5 ppm, a slight difference
becomes apparent, with yields of 54% and 57%, respectively. Although the yield is similar,
the slightly elevated degradation yield at 5 ppm implies that this concentration would
be somewhat more efficient than 1 ppm under the provided circumstances because, at
5 ppm, RhB molecules provide an optimal balance of reactants, allowing more species for
interaction with ZnO catalysts. Efficiency in photocatalysis depends on reactant availability
and active sites on the catalyst surface. Lower concentrations may lead to underutilization
of the catalyst capacity; in contrast, higher concentrations of pollutant molecules at higher
densities might result in a light-blocking phenomenon, reducing the entry of light into the
solution and affecting the photocatalytic activity. The marginal disparity in degradation
rates among these concentrations suggests that ZnO may effectively decompose RhB even
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at lower concentrations, though a slight increase to 5 ppm seems to enhance the degra-
dation process. This finding emphasizes the importance of precisely adjusting the initial
concentration to achieve the possible results in studies using ZnO-mediated degradation.

3.4.3. pH Effect

The pH in the reaction environment plays a crucial role in determining the degradation
of Rhodamine B through ZnO photocatalysis, because the electrostatic interactions between
ZnO nanoparticles and Rhodamine B molecules are closely linked to their charges, where
the pH of the solution can play a double role in the electrostatic interactions between the
solid and the dye: on the one hand, the charges on the surface of the solid change at the
point of zero charge (pHzpc) and, on the other hand, the dye itself takes on different forms
depending on the pH relative to its pK, [73]. We found pHzpe = 7 for ZnO (Figure S1),
in accordance with the literature [74]. Additionally, we have a positively charged species
RhB* with, for pH < 3.22 (with =NEt,*) and a zwitterion RhB* (with =NEt,* and COO™)
for pH > 3.22 [72]. At pH values higher than pH;p, the surface of ZnO tends to acquire a
negative charge, enhancing its ability to attract and bond with Rhodamine B molecules,
which are positively charged. This phenomenon occurs during the adsorption process,
similar to what happens at a lower pH of 7 (Figure 11c). However, it is important to note
that excessively elevated pH levels, reaching pH 10, reduce the photocatalytic effectiveness
of the ZnO surface. Excessive pH conditions might lead to an abundance of hydroxide
ions (OH™) in the system, resulting in an environment with a large negative charge that
can interact with and potentially capture the positively charged holes (h*) [6], causing the
electron-hole couples to become unstable. The literature emphasizes that pH 7 is the ideal
acidity level for achieving an efficient breakdown of RhB [75,76]. Even in this experimental
research, the optimal efficiency of ZnO photocatalysis for degrading RhB is achieved by
the careful balance of surface charges, photocatalytic activity, and reactive oxygen species
(ROS) dynamics at pH = 7. At this specific pH level, the interactions between ZnO and
Rhodamine B are optimized, resulting in a robust adsorption process and concurrently
facilitating the production of OHe radicals.

4. Effect of HO, Dose

The interaction of HO, with ZnO leads to complex formation, increasing the surface
area of ZnO nanoparticles and offering additional active sites for photocatalytic reactions.
The enhanced surface area, resulting from the complex structure [77], facilitates a greater
likelihood of interactions, leading to effective photocatalysis. The process requires an
optimal concentration of HyO, (Figure 11), as evidenced by studies indicating that 100 pL
of Hy,O, markedly improves photocatalytic activity in the degradation of Rhodamine B
(RhB). Higher concentrations, specifically 300 uL and 500 pL, do not lead to a propor-
tional increase in reactive oxygen species (ROS) generation, suggesting the existence of a
saturation point where competition for active sites restricts further advantages [6]. This
equilibrium indicates an optimal balance that enhances the efficiency of ROS generation
while preventing excess HyO, from hindering the reaction.

The generation of hydroxyl radicals (-OH) from H,O; is fundamental to this enhanced
degradation process and can be expressed by the reaction:

H>O; + hv — 2 -OH

In this context, hv denotes photons possessing adequate energy to activate the ZnO
photocatalyst, thereby commencing the reaction. When exposed to UV or sunlight, ZnO
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absorbs photons with energy at or above its band gap, resulting in the excitation of electrons
(e™) from the valence band to the conduction band, thereby generating holes (h*):

ZnO +hv — e CB+h"VB
The conduction band electrons interact with HyO; to produce hydroxyl radicals:
H,O, +e CB — -OH + OH™

Simultaneously, the valence band holes oxidize water (H,O) or hydroxide ions (OH™)
to generate additional hydroxyl radicals [78]:

H,O +h*VB — -OH + H*

OH™ +h*VB — -OH

These hydroxyl radicals are highly reactive and attack the chromophore structure of
RhB, initiating its breakdown into intermediate products, which are further degraded into
C02 and HgO:

-OH + RhB — Intermediates — CO, + H,O

The combined mechanism elucidates the high efficiency noted in the H,O, + ZnO
system, resulting in complete degradation within 25 min of sunlight exposure.

5. Scavenger Effect

This part of our work examines the impact of scavenger species, namely methanol and
benzoquinone, on the effectiveness of ZnO photocatalysis in breaking down RhB (Figure 9).
This study seeks to clarify the precise processes involved in pollutant degradation and
provide insights for enhancing photocatalytic systems for environmental remediation appli-
cations by understanding the influence of these scavengers on the photocatalytic process.

The exceptional efficacy of ZnO photocatalysis in breaking down RhB under the stated
circumstances is highlighted by the total destruction of the compound in the absence of
scavengers. Nevertheless, the recorded decrease of 30% in degradation when methanol
is present indicates that methanol behaves as an electron scavenger, hence exerting a
detrimental influence on the photocatalytic process by constraining the accessibility of
electrons. Furthermore, it is well recognized that methanol effectively scavenges «OH
radicals, whereas benzoquinone effectively scavenges O,°~ [79]. The histogram presented
in Figure 12 indicates that the #OH radicals demonstrate the highest level of significance.
The incorporation of benzoquinone results in a slightly increased degradation rate of 55%,
indicating that, although it acts as a scavenger, its effect is relatively less significant than that
of methanol. Benzoquinone selectively eliminates or accumulates holes, thereby promoting
segregation between electrons and holes, which ultimately leads to the generation of
reactive oxygen species (ROS) [80].

In order to evaluate the degradation efficiency of the ZnO synthesized in this study,
we compared it to that of ZnO reported in the literature. Table 5 provides a comparison of
the key findings from our study with those reported in the literature.
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Figure 12. Scavenger effect on photodegradation of RhB by ZnO under sunlight, pH = 6,
S/L =50 mg/100 mL, Cy = 3 mg/L and [Scavenger] =1 x 107> M.
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6. Conclusions

Renewable natural sunlight is a more effective and ecologically sustainable energy
source for photocharging applications compared to standard artificial light sources such
as visible and UV light. Our results are based on a thorough investigation highlighting
the higher photocatalytic performance of zinc oxide (ZnO) nanoparticles under natural
sunlight conditions; this stresses the benefits of using solar energy and showcases the
impressive capability of ZnO to use various sunshine wavelengths. The work improves the
capability for removing pollutants and creates a more realistic testing setting for measuring
photocatalytic effectiveness by using natural sunshine conditions. The study provides
interesting information on the ideal circumstances for ZnO nanoparticle efficiency. Zinc
oxide samples heated to 400 °C provide the best results. This temperature enhances crystal
formation, improves surface area, and promotes the effective creation and usage of electron—
hole pairs under light, while it is important to recognize that higher temperatures result in
decreasing reactivity, emphasizing the intricate relationship among calcination temperature,
surface properties, and photocatalytic effectiveness in ZnO nanoparticles. Where the study
found peak decomposition efficiency correlates with the highest surface area to gap energy
ratio, emphasizing surface optimization’s importance

For applications that rely on UV or sunlight, maintaining a high S/E ratio is critical.
Low calcination temperatures can preserve surface area and active sites, thereby maxi-
mizing photocatalytic efficiency. Conversely, visible light applications are enhanced by
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methods that lower the band gap energy, including doping or the formation of hybrid
structures. These methods improve performance despite a reduced S/E effect, facilitating
the creation of specialized ZnO materials designed for photonic applications.

Comprehending and enhancing these elements are crucial for creating very effective
photocatalytic devices for practical use in environmental cleanup and sustainable energy
generation. In addition, in this work, the effect of hydrogen peroxide (H,O;) on the degra-
dation of RhB was studied. It was shown that H,O, was a very good oxidant for improving
the degradation of RhB under sunlight. ZnO has great promise for tackling environmen-
tal issues and promoting green technology by using the plentiful and clean energy from
sunshine. Continuing study in this area might result in the creation of more effective
and expandable photocatalytic devices, which would help create a more sustainable and
environmentally friendly future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w17010032/s1. Table S1: Effect of HyO, addition on the kinetic
parameters for the degradation of RhB dye under sunlight. Table S2: Effect of solution pH on
the kinetic parameters for the degradation of RhB dye under sun light. Figure S1: PZC of ZnO
Nanoparticles Determined by pH Titration.
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