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ABSTRACT

Photo-catalyst nanoparticles (NPs) find applications in many diverse fields, including environmental
remediation, energy conversion, and organic synthesis. By optimizing the nanoparticle's composition, size,
morphology, and surface properties, the photo-catalytic performance can be enhanced to develop more
efficient and sustainable catalytic systems. This work aligns with this innovative approach and aims to
improve the photo-catalytic degradation of Sulfamethoxazole (SMX) through the intensification of the
photo-catalyst and the micro-reactor. ZnO-NPs were synthesized using the sol-gel method. Zinc Acetate
(Z.A) and sodium hydroxide were used as precursor materials. The resulting ZnO-NPs were characterized
for their structure and crystallinity using X-Ray Diffraction (XRD) and the photo-catalytic activity was
assessed with a micro-structured polymer reactor. The degradation of SMX through photo-catalysis
proceeds through several stages that involve coupled processes, such as the transportation of molecules and
chemical reactions. To solve the mathematical equations governing the transport and photocatalytic
reaction, COMSOL Multiphysics software was utilized. The characterization results demonstrate the
excellent crystallinity and high purity of the synthesized ZnO-NPs, enabling the estimation of the average
diameter of the NPs under different synthesis conditions. The grain growth is faster (3.5 hr) at higher
temperatures (70, 80, and 90 °C), and slower (4 hr) at lower temperatures (50 and 60°C). The photo-
catalytic degradation is significantly more efficient on 16 nm ZnO-NPs than 50 nm ZnO-NPs. At this size,
the conversion rate reaches 96%, surpassing the performance of commercial ZnO-NPs, which only
degrades 81% of SMX. The conversion rate obtained through simulation is slightly higher than that
achieved in the experiments. However, this difference remains negligible, and overall, the model fits well
with the experimental data. This validation of the chosen model confirms its reliability and accuracy.

www.etasr.com Awwad et al.: Photo-Catalytic Activity Improvement for Organic Pollutant Removal in Wastewater using ...



Engineering, Technology & Applied Science Research

Vol. 13, No. 6, 2023, 12138-12144 12139

Keywords-ZnO nanoparticles; sulfamethoxazole (SMX); sol-gel method; characterization; microreactor;

modeling; simulation

I.  INTRODUCTION

Water pollution exacerbates the degradation of natural
water quality by modifying its physical, chemical, biological,
or bacteriological characteristics [1-3]. To mitigate the rapid
escalation of pollution, stringent regulations are in place to
govern water designated for human consumption, and these
regulations adapt in tandem with technological advancements
in analysis methodologies [4, 5]. Among the most dangerous
pollutants that significantly impact water quality are antibiotics.
Antibiotics are mainly used in the prevention and treatment of
human and in the prevention and control of agricultural and
aquaculture diseases [6, 7]. Authors in [8] analyzed the trends
and drivers of antibiotic consumption from 2000 to 2015 in 76
countries and projected the total global antibiotic consumption
until 2030. The study indicated that global antibiotic
consumption increased by 65% between 2000 and 2015.
Various antibiotics have been reported in different
environmental compartments, such as wastewater from
treatment plants, river waters, sediments, and soils. This
contamination necessitates an urgent improvement in water
treatment techniques [9]. Among these water treatment
methods, Advanced Oxidation Processes (AOPs) remain highly
promising for the oxidation of organic pollutants. AOPs are
based on the in situ production of highly oxidizing and reactive
radical species that interact with organic pollutants and lead to
their fragmentation. The hydroxyl radical is a highly reactive
and relatively non-selective species that exhibits a strong
oxidizing character [10-12]. Heterogeneous photo-catalysis
involves naturally or artificially irradiating an intrinsic or
extrinsic semiconductor material, such as TiO, or ZnO, also
known as a photo-catalyst [13-14]. The semiconductor is
photo-excited by photons with energy equal to or greater than
the bandgap energy (EC-EV). An electron is liberated within
the semiconductor and undergoes an energy transition from the
Valence Band (VB) to the Conduction Band (CB). During this
transition, electron vacancies, commonly referred to as "holes"
(h+), and an excess of electrons (e-) are created within the
material. The use of nanoparticles as photo-catalysts is a highly
beneficial approach to harness the physical and optical
properties of semiconductors, as described in [14-16]. NPs
incorporated into a photo-catalyst are extremely tiny particles,
typically in the nanometer scale. These NPs play a crucial role
in enlarging the photo-catalytic activity. The reduced size of
these nanoparticles results in a significant increase in the
surface area-to-volume ratio, providing more active sites for
photo-catalytic reactions [17, 18]. This enlarged surface area
also enhances light absorption, leading to improved photo-
catalytic efficiency. Moreover, the small size of NPs facilitates
the diffusion of reactants and products, thereby enhancing the
overall reaction kinetics. By precisely controlling the size,
shape, and composition of the NPs, the photo-catalytic
performance of the material for specific applications can be
optimized [19, 20].

Authors in [21] investigated the degradation of
sulfamethoxazole (SMX) using a synthesized ZnO-NPs
catalyst and UVA irradiation. ZnO-NPs were synthesized

through a simple hydrothermal-assisted method. The research
examined the influence of various factors, including ZnO
heating time and synthesis reaction, pH, catalyst loading, and
initial SMX concentration, on the efficiency of the degradation
process. Morphological changes in the ZnO were observed
after the photo-catalytic treatment. The study confirmed that
SMX degradation occurred through the action of hydroxyl
radicals. In the same context, authors in [22] showed that the
photo-catalytic performance of SMX degradation is enhanced
with cobalt doping, and the hetero-structure doped with 3% Co
demonstrates the highest degradation efficiency. Authors in
[23] indicate that an acidic medium is more favorable for the
degradation of SMX, with the optimum pH values for UV/TiO,
and UV/WO; being 4 and 3, respectively. The determined
optimal dosage of TiO, and WO; was 500 mg/L and 750 mg/L,
resulting in removal efficiencies of 61.28% and 43.3%,
respectively. Despite the significant number of research studies
on the application of photo-catalysis for the degradation of
SMX, only a few studies have focused on the effect of reducing
the size of ZnO-NPs on the degradation of this pollutant. It is
within this context that this work aims to contribute to the
characterization of ZnO-NPS and the study of the impact of
experimental synthesis conditions of nanoparticles on the
improvement of photo-catalytic degradation. In addition, a
numerical modeling of coupled transport and reaction
phenomena will be presented.

II.  EXPERIMENTAL

A. Organic Pollutant

The pollutant chosen is Sulfamethoxazole (SMX). A
Thermo Scientific Evolution_300 spectrophotometer was used
to identify SMX from its absorption spectrum. The spectral
range of the spectrometer is from 190 to 1100 nm. The
precision is + 1 nm, the reproducibility is 0.1 nm, and the
scanning speed is 240 nm/min. The residual concentrations
were obtained by interpolation using the calibration curves or
spectra A = f(L). SMX absorbs in the UV-Visible at the
wavelength of 258 nm as shown in Figure 1.
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Fig. 1. UV-visible absorption spectrum of SMX.

B. ZnO Synthesis Protocol

The sol-gel method was utilized to synthesize ZnO
nanoparticles. Zinc acetate (Z.A) and sodium hydroxide
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(NaOH) were used as precursors, and the mixture in mol/L
([Zn]/[NaOH]=0.5/0.5) was prepared in a solvent composed of
distilled water and ethanol. In order to achieve homogeneous
solution, both solutions, the Z.A solution (A) and the NaOH
solution (B) were thoroughly mixed with the solvent while
stirring at a speed of 600 rpm for a period of 15 min. Then, 160
ml of solution (B) were gradually added to 80 ml of solution
(A) with magnetic stirring (600 rpm) in a water bath at a
specific temperature (°C) under reflux conditions. At the end of
this step, a white gel was formed. The obtained product
underwent centrifugation at 3000 rpm for 5 min, followed by
filtration and thorough rinsing with acetone solution and
distilled water to eliminate any residues. Finally, the product
was dried in an oven at 80°C for 24 hr and then calcined at
500°C for 4 hr to remove any remaining organic chains, water
vapors, and trapped solvents. The experimental protocol
flowchart is shown in Figure 2.
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Fig. 2. ZnO-NP synthesis flow chart using the sol-gel method.

C. Characterization of ZnO-NPs

The produced ZnO-NPs were examined for structure and
crystallinity with the XRD method. Analysis was carried out
using a D8 Advance Bruker diffractometer with Cu-K radiation
(=0.15406 nm) and an accelerating voltage ranging from 20 to
80°C at roughly 40 kV. The width of the diffraction peak varies
with the size of the crystallites in the sample. The broadening
of the diffraction peak occurs for very small crystals. The
measurement of the Full Width at Half Maximum (FWHM) of

the most intense peaks allows to estimate the average grain size
"D" using the Debye-Scherrer equation [24]:

_ KA
- B cos 6

ey

D. Photocatalytic Tests

The photocatalytic activity of SMX was evaluated using a
microstructured polymer reactor with 150 mm length, 2 mm
width, and 1 mm depth. A solution containing synthesized
ZnO-NPs at a concentration of 100 mg/L was deposited in the
microchannel. A quantity of 10 mg/L of the stock solution was
introduced into the microchannel via a syringe pump. The
photocatalytic test consisted of two stages. In the first stage, the
SMX solution was circulated through the microchannel in the
absence of light to allow the adsorption of SMX onto the
surface of the photocatalyst. The second stage involved the
irradiation of the photocatalyst (I=1.5 mW/cm®) in the presence
of dissolved oxygen to ensure the photocatalytic degradation
process. Figure 3 illustrates the experimental device for the
photo-catalytic tests.
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Fig. 3. Experimental device for the photo-catalytic tests.

The concentration of SMX was measured at the outlet of
the reactor every 5 min using a Thermo Scientific Evolution
300 UV-Visible spectrophotometer. The mesurment steps
include sample preparation, spectrophotometer calibration, and
absorbance measurement at the specific wavelength of 257 nm,
concentration calculation via the Beer-Lambert Law, and
subsequent validation and interpretation of the measured
concentration. Finally, the degradation efficiency (DE) of the
nanoparticles was estimated by:

C
DE = (1-22) +100% 2)
13
where C; and C, represent the concentrations at the inlet and
outlet of the microchannel, respectively.

E. Modeling and Simulation

The degradation of SMX through photo-catalysis proceeds
through several stages that involve coupled processes, such as
the transportation of molecules and chemical reactions [25, 26].
To solve the mathematical equations governing the transport
and photocatalytic reaction, COMSOL Multiphysics simulation
software was utilized. This software enables the integration of
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flow phenomena, pollutant transport via convection and
diffusion, and chemical reactions. The equations for conserving
mass and momentum were obtained by global and partial
balances within the microreactors. The following assumptions
were considered: Gravity forces have no effect on the flow
within the microreactors, the flow regime is characterized as
laminar, and the fluid is both Newtonian and incompressible.
Consequently, the photocatalytic degradation of SMX can be
formulated as follows [26]:

kKC
1+KC

2—f+\7.]+u.|76= 3)
where ¢ represents the concentration of SMX
(sulfamethoxazole), J is the mass transfer flux of SMX towards
the catalytic surface, u refers to the flow velocity of the
solution containing the pollutant, k represents the kinetic rate
constant of the reaction, and K gives the adsorption constant of
SMX onto the photocatalyst surface.

III. RESULTS AND DISCUSSION

A. Characterization Results

The X-ray diffractometer displays various peaks that
correspond to the crystal lattices of the material. The positions
and intensities of these peaks can be used to identify the
crystalline structure, and estimate particle size. The diffraction
diagram for ZnO-NPs is shown in Figure 4.
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Fig. 4. X-ray diffraction diagram of ZnO NPs synthesized by sol-gel
CAZ/CNaOH =0.5/0.5, T = 60°C, tm=3 hr.

All characteristic peaks of ZnO are located within the range
of 20° < 20 < 80°, further confirming the presence of the metal
oxide (ZnO). The high intensity and narrow peak width
indicate the good crystallinity of the ZnO NPs. There are no
additional peaks in the XRD patterns, indicating the high purity
of the synthesized ZnO NPs. The determination of NP size was
estimated by XRD using (1), allowing studying the influence of
temperature and stirring time on the NP formation process, as
shown in Figure 5. Figure 5 illustrates the variation in NP size
obtained by the Scherrer method as a function of temperature.
The average size of the NPs slightly decreases, initially, for
both temperatures (50 and 60°C), but for the other
temperatures, the decrease is approximately 4 nm. The grain
growth is faster at higher temperatures (70, 80, and 90°C) after
3.5 hr, while at lower temperatures (50 and 60°C), this occurs
after 4 hr. This phenomenon can be explained by the significant

impact of temperature on the nucleation and aggregation of
ZnO NPs. In general, higher temperatures can accelerate the
rate of formation and growth of NPs, while lower temperatures
can slow down these rates. However, the specific effects of
temperature on the formation and aggregation can vary
depending on different factors such as reaction conditions, NP
morphology, precursor concentration, and solvent properties.
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Fig. 5. Influence of temperature and stirring time on NPs.

Additionally, at higher temperatures, the reaction rate of
precursor molecules may increase, leading to faster formation
and growth of ZnO NPs. This can promote the formation of
larger NPs and increase the probability of aggregation, where
particles stick together to form larger clusters. On the other
hand, at lower temperatures, the reaction rate may decrease,
resulting in slower formation and growth of NPs. This can lead
to the formation of smaller NPs and reduce the probability of
aggregation [27, 28]. The best result obtained (the smallest NP
size of ZnO) corresponds to a temperature of T = 50°C and a
mixing duration of 4 hr.

B. Photo-Catalytic Test Results

The photo-catalytic degradation experiments were
performed using two different photo-catalysts of ZnO-NPs: one
commercially available and the other synthesized through the
sol-gel method. The particle sizes of these photo-catalysts were
50 nm and 16 nm, respectively. Figure 6 combines the results
of SMX adsorption on the photo-catalyst, SMX photolysis, and
photo-catalytic degradation.
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Fig. 6. SMX adsorption, photolysis, and photo-catalytic degradation.
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Figure 6 shows that in the absence of UV irradiation
(between 0 and 30 min), SMX molecules adsorb onto the ZnO-
NPS photo-catalyst and the conversion rate reaches 10% at 15
min. Subsequently, there is a slight decrease in the conversion
rate (DE=8%), reaching adsorption —desorption equilibrium at
30 min. On the other hand, in the presence of irradiation, two
phenomena can be distinguished. In the absence of a photo-
catalyst, the photolysis phenomenon causes a slight degradation
of SMX on the order of 6%. In the presence of UV irradiation
and a photo-catalyst, the photo-catalytic degradation is more
pronounced on the ZnO —NPs with a size of 16 nm. With this
size, the conversion rate reaches 96%, while commercial ZnO-
NPs only degrade 81% of SMX. Reducing the size of NPs
enhances the efficiency of photo-catalytic degradation for
several reasons. Firstly, smaller ZnO-NPs have a larger surface
area per unit mass, providing more active sites for pollutant
adsorption and reaction. Additionally, their smaller size allows
more efficient light absorption, as they exhibit higher light
absorption efficiency due to the quantum confinement effects.
This leads to increased generation of electron-hole pairs, which
are crucial for the photo-catalytic process. Moreover, the
shorter diffusion paths in smaller NPs facilitate faster mass
transport and reaction kinetics, the higher surface-to-volume
ratio of smaller NPs reduces electron-hole recombination, as
more surface sites are available for charge separation [29-31].
In summary, reducing the size of ZnO NPs optimizes surface
area, light absorption, diffusion, and charge separation,
ultimately improving the efficiency of the photo-catalytic
degradation.

C. Modeling and Simulation

COMSOL Multiphysics simulation software was employed
to solve the mathematical equations governing the transport
and photo-catalytic reaction involved in the degradation of
SMX. This process occurs in multiple stages and involves
coupled processes, including molecule transportation and
chemical reactions. The geometry of the micro-reactor is
presented in Figure 7.
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Fig. 7. Geometry of the micro-reactor.

The decision to conduct the micro-reactor simulation in 2D
is based on the objective of reducing computational time while
still capturing the essential physical aspects of the system. By
simulating the micro-reactor in two dimensions instead of
three, the complexity of the calculations is significantly
reduced, leading to faster simulation times. A study of the
meshing reveals that the physical results, such as flow velocity,
remain unchanged when the mesh size was below 10 pum as
shown in Figure 8. It is observed that the mesh is finer near the
boundary zones (micro-reactor walls) where the flow velocity
is assumed to be zero.
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Fig. 8. Meshing of the micro-reactor geometry.

The numerical solving of (2) enabled the plotting of
velocity and concentration profiles within the micro-channel
containing the photo-catalyst as shown in Figure 9.
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Fig. 9. Velocity and concentration profiles within the micro-channel.

www.etasr.com

Awwad et al.: Photo-Catalytic Activity Improvement for Organic Pollutant Removal in Wastewater using ...



Engineering, Technology & Applied Science Research

Vol. 13, No. 6, 2023, 12138-12144 12143

The flow velocity profile in the micro-channel shows a
homogeneous distribution, with maximum velocity at the
center and zero velocity near the walls. It is important to
mention that the fluid undergoes rapid changes in direction
when passing through the bends, leading to localized stagnant
zones within the velocity profile. On the other hand, the
concentration of SMX decreases along the entire micro-
channel, reaching a value of 2.5 mg/L at the outlet,
corresponding to a conversion rate of 97.5%. It is interesting to
note that in stagnant fluid zones, the concentration of SMX is
zero. This can be explained by the prolonged residence time of
SMX molecules on the photo-catalyst surface, leading to their
complete degradation.

The simulation of photo-catalytic degradation allowed for a
comparative analysis between the experimental results and the
simulation data. Two distinct simulations were performed as
shown in Figure 10. The first focused on the adsorption of
SMX from the photo-catalyst surface, utilizing the Langmuir-
Hinshelwood model. The kinetic and adsorption constants used
in the simulation were experimentally determined. The second
simulation involved the photo-catalytic degradation process,
considering an apparent kinetic constant that varied with the
light intensity (k,,, = ko X I). By conducting these simulations, a
comprehensive  understanding of the photo-catalytic
degradation process was obtained, facilitating the comparison
between the experimental and the simulated results.
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Fig. 10.
results.

Comparison between the experimental and the simulated

Figure 10 illustrates that the conversion rate obtained
through simulation is slightly higher than that achieved during
the experiments. This difference, which amounts to
approximately 2%, can be attributed to the perfectly
homogeneous dispersion of the photo-catalyst in the
simulation, whereas in the experimental setup, there may be
some variations in the dispersion. However, this difference
remains negligible, and overall, the model fits well with the
experimental data. This validation of the chosen model
confirms its reliability and accuracy.

IV. CONCLUSION

A successful synthesis of ZnO-NPs was carried out under
different time and mixing conditions. The XRD
characterization revealed good crystallinity of the produced
NPs and high purity. Particle size determination under various

conditions showed a slight decrease in the average size of the
NPs at 50°C and 60°C. However, for the other temperatures,
the decrease is approximately 4 nm. The grain growth is faster
(3.5 hr) at higher temperatures (70, 80, and 90°C), and slower
(4 hr) at lower temperatures (50 and 60°C). This can be
explained by the significant impact of temperature on the
nucleation and aggregation of ZnO NPs. The photo-catalytic
degradation experiments were performed using two different
photo-catalysts of ZnO-NPs. The photo-catalytic degradation is
more efficient on the ZnO —NPs with a size of 16 nm. With this
size, the conversion rate reaches 96%, while commercial ZnO-
NPs only degrade 81% of SMX. Smaller ZnO-NPs have a
larger surface area per unit mass, providing more active sites
for pollutant adsorption and reaction. Additionally, their
smaller size allows more efficient light absorption, as they
exhibit higher light absorption efficiencies due to the quantum
confinement effects. The coupled model simulating the
transport and photo-catalytic degradation of SMX fits well with
the experimental data. This validation of the chosen model
confirms its reliability and accuracy.
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