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https://doi.org/10.18280/ijdne.20061 1 ABSTRACT

Received: 15 May 2025 The research aimed to investigate the degradation of the tetracycline antibiotic (TC)
Revised: 20 June 2025 within wastewater through the application of nanoparticle titanium dioxide (TiOz2)
Accepted: 25 June 2025 supported on glass substrates under solar irradiation. Furthermore, the enhancement of
Available online: 30 June 2025 the photocatalytic process utilizing hydrogen peroxide was also examined. Response

surface methodology has been employed to evaluate the impact of various operational
factors on the efficacy of TC removal. These parameters included the initial
concentrations of TC, initial concentrations of hydrogen peroxide, initial concentration
of titanium dioxide, contact duration, and pH levels. The results of the investigation
indicate that the degradation rate of TC is quantified at 91%, under optimal conditions
comprising 75 mg/L of TiO2, a pH of 5, 400 mg/L of H202, and an initial TC
concentration of 10 mg/L, exposed to an irradiation duration of 150 minutes. Moreover,
the predicted response outcomes generated by the model demonstrate a significant
correlation with the empirical data (R? = 0.9), thereby underscoring the effectiveness of
this methodology in producing accurate predictions. A second-order polynomial multiple
regression model to assess the performance of immobilized TiO2 in the photocatalytic
degradation of antibiotics in wastewater. The model showed a strong fit with the
experimental data, indicated by high R? values (R? = 0.9788, R?adj = 0.9575, R?pred =
0.8657). The findings highlight the promising potential of using immobilized TiO: for
effective wastewater treatment, particularly for removing antibiotic contaminants, thus
suggesting its applicability in environmental remediation efforts.
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1. INTRODUCTION 10]. Following treatment, more than 70% of TC is excreted
unchanged into the environment (Figure 1) [11, 12].
Pharmaceuticals present an environmental concern due to

their long-lasting presence in the environment, primarily CH; CH,
because they are resistant and have very low biodegradability
[1, 2]. Pharmaceuticals are commonly used to enhance animal CH. OH H N
health as well as in agriculture. Antibiotics, in particular, are 3
frequently detected in environments due to their extensive use OH
in veterinary and human medicine [3, 4].
These Pharmaceuticals are found in various water sources,
including drinking water and wastewater [5, 6]. At low levels,
they can have adverse effects on living organisms and the CONH,
environment [7]. The continuous release of pharmaceuticals OH
into ecosystems poses a threat to life, like fish, as these OH o OH o
products can accumulate in high concentrations within their
bodies [8]. Figure 1. Molecular structure of tetracycline
Amoxicillin, ciprofloxacin, and tetracycline are among the
most commonly used antibiotics to treat infections. Many traditional wastewater treatment techniques,
Tetracyclines (TCs) represent approximately 29% of the total including biological processes, flocculation, filtration,
antibiotic consumption in human and veterinary medicine [8- coagulation, and sedimentation, are often insufficient for the
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complete removal of pharmaceutical contaminants [2, 13].
Consequently, advanced oxidation processes (AOPs) such as
oxidation, ozonation, Fenton’s reagent, and semiconductor
catalytic oxidation have attracted considerable interest. These
methods are effective at degrading organic pollutants by
generating highly reactive species, like hydroxyl radicals,
within the treatment environment.

Among AOPs, heterogeneous photocatalysis utilizing
titanium dioxide (TiO2) and ZnO as photo-catalysts
demonstrates the most promising potential as a destructive
technology. Heterogeneous photocatalysis is a technique that
deals with environmental contamination because of its ability
to oxidize organic materials [3, 14].

Photocatalysts represent a class of materials that promote
the breakdown of water and wastewater pollutants,
transforming these contaminants into innocuous compounds
such as carbon dioxide and water. A photo-catalyst is defined
as a material that can initiate a chemical reaction upon being
illuminated by light, all the while remaining chemically
unaltered. Among the most widely utilized materials for
photocatalytic processes is Titanium dioxide (TiO;) and its
derivatives, which are extensively applied in the treatment of
water and wastewater [15]. TiO; is characterized by its cost-
effectiveness and non-toxic nature, coupled with its significant
and consistent photoactivity [16]. Furthermore, TiO,
possesses positively charged holes that exhibit a relative
oxidative capability comparable to chlorine, quantified at
(2.35) [17]. A principal benefit of TiO: is its capacity to
generate electron-hole pairs in response to light exposure,
enabling the production of hydroxyl radicals through the
oxidation of water or hydroxide ions. The incorporation of
hydrogen peroxide (H202) further augments this mechanism
by facilitating the generation of additional *OH radicals
through the subsequent reactions: H.O: + e- — *OH + OH~
and H20: + h* — HO* + H*.

The two main types of photo-reactors used in heterogeneous
photo-catalysis: slurry reactors, which utilize a suspended
catalyst, and reactors with an immobilized catalyst. Slurry
reactors are noted for their efficiency in degrading pollutants
due to their larger surface area. However, they face challenges
such as catalyst aggregation, the need for separation from
effluents, and environmental risks associated with TiO;
contamination [18, 19]. The separation of the catalyst step also
makes the process economically impractical [20].

It is necessary for TiO, to be immobile on inorganic
substances that are chemically stable and are resistant to
oxidation [21]. Electrodeposition, sol-gel, Chemical spray
pyrolysis, hydrothermal synthesis, atomic layer deposition,
and chemical vapor deposition are the most commonly
employed methods for preparing immobilized catalysts [22].
The sol-gel method provides a suitable and simple way for
synthesizing advanced materials and applying them as surface
coatings. Various surfaces have been utilized by researchers to
support catalysts, including stainless steel [23], glass slides
[22], black sand [24], glass spheres, beads [25], Raschig rings
[26], ceramic spheres [27], as well as zeolites. In this study,
TiO2 was immobilized on a glass substrate. Glass was selected
due to its optical transparency, chemical inertness,
affordability, and compatibility with sol-gel coating methods.
Furthermore, glass enables uniform TiO: dispersion and
efficient light penetration, enhancing photocatalytic activity
[22].

The response surface methodology (RSM) includes a set of
statistical and mathematical techniques aimed at fitting a
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polynomial equation to experimental data, hich facilitates the
forecasting of a system's behavior while conserving time and
resources as operational conditions fluctuate [28]. The
conventional optimization approach typically entails the
incremental modification of one variable at a time, holding all
other parameters constant. However, this traditional
methodology is inadequate for capturing the intricate
interactions between variables and responses, as highlighted in
the investigation by Darvishmotevalli et al. [29].

This study aims to develop a photocatalytic reactor using
immobilized titanium dioxide (TiO2) on glass to effectively
eliminate tetracycline (TC) from wastewater under natural
sunlight. To optimize pollutant removal, the Box-Behnken
Design (BBD) is employed to create mathematical models,
facilitating a quantitative evaluation of the advanced oxidation
process (AOP). The validity and reliability of these models are
confirmed through analysis of variance (ANOVA).

2. MATERIALS AND METHODS

Tetracycline hydrochloride, a widely used antibiotic, was
obtained from Sigma-Aldrich, a reputable supplier based in
Munich, Germany. The compound is characterized by a high
purity level exceeding 99%, ensuring its suitability for various
applications. The chemical structure of tetracycline is
illustrated in Figure 1.

To support the TiO,, titanium tetra-isopropoxide (TTIP)
was employed. This particular compound contained 95%
anatase and 5% rutile, which are essential components for the
desired reaction. Additionally, Isopropanol was used as a
supporting substance for the TiO,.

In order to facilitate the chemical reactions, hydrogen
peroxide H,O; with a concentration of 50% w/w was utilized
as an oxidizing agent. This particular compound was sourced
from Merck, a trusted supplier in the field.

In terms of the supporting material for the TiO,, the glass
was selected due to its numerous advantageous properties,
such as local availability and low cost. Furthermore, it
possesses chemical inertness, mechanical resistance, and is
abundant in various particle sizes, making it an ideal choice
for supporting the TiO».

2.1 Experimental work and analysis

The implementation of the sol-gel dip-coating methodology
was utilized for the direct immobilization of TiO, onto glass
substrates (TiO»/glass) within the framework of the
experimental investigation. To facilitate this process, the glass
substrates underwent an extensive cleaning procedure
involving the use of tap water, which was subsequently
followed by rinsing with distilled water, and then dried at a
temperature of 120°C for a period of 2 hours. Upon completion
of the drying phase, the glass substrates were subjected to
sieving to attain grain sizes within the range of 150 to 180
microns, thereby ensuring size uniformity. To establish the
requisite molar ratios of TTIP: isopropanol: water (1:25:10,
2:25:10, 3:25:10, 5:25:10), the corresponding components
were meticulously combined utilizing a magnetic stirrer. In
order to regulate the hydrolysis rate of TTIP and to avert the
occurrence of rapid precipitation, the precursor was
incrementally introduced into the isopropanol-water solution
at a controlled rate of approximately one drop per second
while maintaining continuous stirring. This approach



facilitated gradual hydrolysis and promoted the formation of a
homogeneous sol formation.

Afterwards, the glass substrate into a composite mixture to
achieve a suitable coating. To improve the coating's integrity,
the glass was thermally dried in a muffle furnace at 120°C for
two hours. Following this, the temperature was increased to
500°C for an additional hour, after which the glass underwent
a controlled cooling phase. This method aimed to enhance the
quality and durability of the coating on the glass substrate. The
calcination procedure is performed in a muffle furnace, where
a sample is heated at a controlled rate of 5°C per minute until
reaching a target temperature of 500°C. This temperature is
held constant for one hour to ensure proper calcination, after
which the sample is allowed to cool down gradually to room
temperature within the furnace. The process of immobilizing
TiO, on glass involved a secondary coating phase that
increased the thickness of the TiO; film, leading to improved
stability and resilience. Following this, any loose TiO»
particles were removed by rinsing the coated glass with
distilled water. This careful procedure ensured that the glass
was adequately prepared for subsequent applications [30]. The
role of silanol (Si—OH) groups on glass surfaces in the sol-gel
dip-coating process. These groups facilitate the effective
anchoring and dispersion of TiO2 nanoparticles, which helps
to minimize aggregation. As a result, the photocatalytic
activity of the coated glass is significantly enhanced,
showcasing the importance of surface chemistry in optimizing
nanomaterial applications.

2.2 Procedure and analysis

The specifications and design considerations of a batch-
mode reactor intended for photocatalytic degradation
experiments under solar irradiation (refer to Figure 2).
Constructed from Pyrex glass, the reactor features a cylindrical
shape with a diameter of 12 cm and a height of 10 cm, allowing
for a total volume capacity of 1 liter. The photocatalytic
degradation experiments were conducted in a batch-mode
reactor designed for solar irradiation. This particular
geometric configuration was deliberately selected to optimize
light penetration and mitigate shadowing effects, thereby
ensuring uniform exposure of the TiO:-coated glass surfaces
to solar radiation. The reactor was treated with silver nitrate to
establish a highly reflective surface for solar energy absorption
and incorporated a mirror at the base to enhance reflection.

A systematic approach to preparing various concentrations
of tetracycline (TC) solutions, specifically 10, 30, 50, 80, and
100 mg/L, with precise pH adjustments made using diluted
HCI or NaOH. The solutions were maintained at ambient
temperature before adding TiO/glass at concentrations of 50,
75, and 100 mg/L. The mixture was then stirred magnetically
at 200 rpm for 150 minutes to ensure thorough mixing.. To
establish the primary adsorption equilibrium, a time interval of
30 minutes was allocated for the interaction between TC and
TiO»/glass in the absence of light, followed by the introduction
of H>0; (200, 400, and 600 mg/L) prior to the activation of the
lamp to commence the reaction. Following the reaction phase,
a 10 ml sample was extracted at predetermined intervals for
catalyst separation and centrifuged at 200 rpm for 15 minutes.
The concentration of TC in each sample was quantified at a
wavelength of 278 nm utilizing a Perkin—Elmer UV-Vis
Spectrophotometer, model 55 OSE. The results were
subsequently calculated employing the following equation:
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Co—Ce

Removal percentage = x 100

(1)

Co

where, C, and C. represent the primary and equilibrium drug
concentration (mg/L), respectively.
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Figure 2. Schematic diagram of the batch reactor
2.3 Response surface design

The systematic correlation of TC elimination percentages in
an adsorption system with various influencing variables is
examined. The study employs advanced mathematical
statistical methodologies, specifically response surface
methodology (RSM), to analyze and model these relationships.
By utilizing RSM, the research aims to optimize the adsorption
process and enhance the understanding of the factors affecting
TC removal efficiency.

The determinants affecting the removal of TC from
wastewater were rigorously examined and tracked employing
a four-factor, three-level Box—Behnken Design (BBD). The
process parameters examined included initial tetracycline
concentrations, initial titanium dioxide concentrations, pH
levels, contact durations, and initial concentrations of
hydrogen peroxide. The response function under consideration
was the TC removal ratio, denoted as r1 %.

Table 1. Experimental range and levels of independent
process parameters for BBD

Parameters Units Symbols Coded Factor Levels
-1 0 1
pH A 3 5 7
TC mg/L B 10 50 100
TiO2 mg/L C 50 75 100
H>O» mg/L D 200 400 600

The process parameters were standardized into a coding
system that represented high levels (1), midpoint levels (0),
and low levels (—1). The selected process parameters, along
with their respective levels, are detailed in Table 1.



3. RESULTS AND DISCUSSION

3.1 Response surface and contour plots for the solar
photocatalytic TC removal

3.1.1 Initial value of pH

The influence of diverse initial pH levels (specifically, pH
levels of 3, 5, and 7) on the efficacy of tetracycline (TC)
removal was rigorously examined while ensuring the
constancy of all other experimental parameters. These
parameters encompassed the concentration of TC (10 mg/L),
the concentration of H,O, (400 mg/L), and the concentration
of TiO, (75 mg/L). The empirical data acquired from this study
were subsequently and systematically charted and visually
represented in Figure 3.

R1 (%)

70

60 —|

B: TC (mg/l)

50 —

40

30—

A: pH

3D Surface

R1 (%)

70

B: TC (mg/l)

Figure 3. 2D and 3D plots of pH on removal efficiency

Upon conducting a thorough analysis of the aforementioned
Figure, it becomes apparent that the efficacy of TC removal
diminishes when the pH level is excessively low or high. This
reduction can be ascribed to the varying ionization states of
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both the catalyst and the substrate. More specifically, it is
significant to highlight that TC possesses a positive charge in
acidic conditions, whereas it exhibits a negative charge in
alkaline conditions. In contrast, the surface charge of TiO-
shifts from positive to negative. It is pertinent to note that the
point of zero charge for TiO; is documented as 6.8. This
information has been sourced from the literature [31].
Moreover, it is imperative to recognize that pH exerts a
substantial influence on the electrostatic characteristics of the
TiO, surface during photocatalytic processes. Furthermore,
evidence suggests that TiO, particles are prone to aggregate in
aqueous environments, a phenomenon that is modulated by
both pH and ionic strength. Specifically, the agglomeration of
TiO; particles is less likely to transpire under acidic conditions
in comparison to alkaline conditions.

Moving forward, the increase in the rate of degradation
experienced when the pH rises from 3 to 5 can be attributed to
two primary factors. Firstly, higher pH levels facilitate the
production of hydroxyl radicals to a greater extent, thereby
intensifying the degradation process. Secondly, the hydrolysis
of the antibiotic TC is also accelerated under such conditions.
It is worth mentioning that both TC and TiO» possess the same
charge (specifically, a negative charge) in an alkaline
environment as they do in an acidic environment.
Consequently, the adsorption process is hindered once again.

Furthermore, the protonation state of TC molecules
significantly influences the degradation pathway. At low pH
values, TC tends to exist in a fully protonated form, which
increases its solubility but may hinder its adsorption on the
TiO:2 surface due to charge repulsion. At higher pH values, TC
exists predominantly in deprotonated (anionic) forms, which
may reduce its affinity to the negatively charged TiO- surface
and also alter its susceptibility to hydroxyl radical attack,
ultimately affecting degradation efficiency.

These observations are corroborated by the investigation
conducted by Tio [31]. Consequently, it can be inferred that
the optimal pH level for maximizing TC removal is pH 5.
These deductions are in agreement with the results
documented by studies [3, 32].

3.1.2 Initial concentration of TC

The research concentrated on investigating the influence of
the initial concentration of TC on the efficacy of the
photocatalytic process. To thoroughly evaluate this
phenomenon, a spectrum of concentrations ranging from 10 to
100 mg/L of TC was examined. The immobilization of TiO»
was held constant at 75 mg/L, while the concentration of
hydrogen peroxide was established at 400 mg/L, and the pH
was maintained at a consistent level of 5. The results derived
from these experimental parameters were subsequently
illustrated in Figure 4, offering significant insights into the
correlation between the initial concentration of TC and the
efficiency of its degradation via photocatalysis. The graph
unequivocally indicates a progressive reduction in the
efficiency of TC degradation as the initial concentration of TC
is elevated from 10 to 100 mg/L. This decrease can be ascribed
to the augmented quantity of the antibiotic adsorbed onto the
photocatalyst's surface, which arises from the heightened
concentration of the antibiotic. As a result, the photoactive
sites available on the catalyst surface are diminished,
culminating in a reduction in the rate of antibiotic degradation.
Furthermore, it was noted that the concentrations of the
generated radicals remained stable across all tested samples.
Notably, it was observed that samples with lower



concentrations of TC, while possessing an equivalent quantity
of hydroxyl radicals, exhibited a greater propensity for
removal compared to those samples with a higher
concentration of the antibiotic [33, 34].
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Figure 4. 2D and 3D plots of TC concentration on removal
efficiency

3.1.3 Effect of the amount of TiO/glass

The investigation was primarily focused on examining the
impact of varying concentrations of TiO/glass (50, 75, and
100 mg/L) on the removal of TC, while all other experimental
parameters were held constant (with TC concentration fixed at
10 mg/L, H,O, concentration at 400 mg/L, and a pH value of
5). The results, depicted in Figure 5, indicated that the
degradation of TC improved with increasing concentrations of
TiO,, peaking at 75 mg/L before showing no further
enhancement. Beyond this concentration, the degradation
exhibited a decline until reaching 100 mg/L. Nevertheless, the
enhancement in antibiotic degradation was not statistically
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significant when TiO» concentrations exceeded 100 mg/L.
This observed phenomenon may be attributed to reduced light
penetration, increased light scattering, or the agglomeration of
TiO»/glass [33]. The results suggest that the optimal
concentration of TiO»/glass for the degradation of TC in an
aqueous environment is 75 mg/L. The observed decline in the
mineralization rate at elevated concentrations of TiO»/glass
can be attributed to the agglomeration of TiO, nanoparticles,
resulting in a diminished number of active surface sites.
Furthermore, this agglomeration leads to enhanced opacity
and light scattering of the TiO, nanoparticles at increased
concentrations. As a result, there is a decrease in the quantity
of irradiation capable of penetrating the sample [33]. This
behavior indicates a strong correlation between the increased
film thickness of immobilized TiO; and the reduction in light
penetration depth. As the film becomes thicker, the upper
layers of TiO, can absorb or scatter most of the incoming light,
preventing it from reaching the deeper layers where
photocatalytic activity is still needed. Such self-shadowing
effects diminish the efficiency of the catalyst, even if more
TiO, is present. This qualitative relationship between film
thickness and light attenuation was observed experimentally,
though it was not quantitatively measured in this study.

It is worth noting that the activation of TiO, by UV light
follows a specific sequence of steps, as outlined by Elmolla
and Chaudhuri [3]:

TiO; + hv — TiOx(e- + ht) )

h*+ H,O — H" + *OH 3)

h*+ OH — *OH 4

Organics + *OH — Degradation Products (5)
e +0;— *Oy (6)

H,0, + e — *OH + OH" (7

3.1.4 H,0, concentrations

The investigation was conducted to examine the impact of
various concentrations of H,O, (200, 400, and 600 mg/L) on
the removal of TC while keeping other parameters constant.
The outcomes of this experiment were graphically represented
in Figure 6. The data presented in this figure clearly
demonstrate that the efficiency of TC removal witnessed a
remarkable increase from 80.96% to 90% when the H,O»
concentration was raised from 200 to 400 mg/L, respectively.
However, it is noteworthy to mention that as the concentration
of HO, further increased, the degradation -efficiency
experienced a decline. The irregular fluctuations observed in
this trend can potentially be attributed to the scavenging action
of H>O,, a well-known phenomenon associated with H»>O,
involving advanced oxidation processes (AOPs). It is believed
that the local excess of H,O; in the system led to the creation
of HOy" (hydroxyperoxyl) radicals, which possess an
exceedingly low oxidation potential. This finding is consistent
with the equations below, as reported by studies [35-37],
respectively:

TiO2(e-) + H,O, — TiO, + OH™ + 'OH (8)
02+ H,0, — OH + OH + O, )
H,0, + hv — 20H (10)



H,0, + 'OH — HO»+ H,O (1)
HO-, +-OH — H,0 + O, (12)
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Figure 5. 2D and 3D plots of TiO; levels on removal
efficiency

3.2 Variance analysis (ANOVA)

The findings derived from the analysis of variance
(ANOVA), a statistical method used to compare means, are
summarized in Table 2. The analysis of tetracycline (TC)
removal  demonstrated  significant  coefficients  of
determination: R? = 0.9788, adjusted R? (R?adj) = 0.9575, and
predicted R? (R?pred) = 0.8657. These values indicate that the
independent variables effectively explain the variance in the
dependent variable within the regression model. The close

alignment of these coefficients suggests a robust relationship
between the variables, highlighting the model's effectiveness
in capturing their interrelations.
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3D Surface
90
80
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8
prs

D: H202 (mg/l) = =
B: TC (mg/l)

Figure 6. 2D and 3D plots of H,O» concentration on removal
efficiency

To evaluate the significance of the model parameters, both
the P-value and F-value were scrutinized. The F-value
signifies the ratio of variance between groups to variance
within groups, where an elevated value denotes a more
substantial association. Conversely, the P-value indicates the
likelihood of encountering such an F-value by random chance,
with diminished values signifying heightened statistical
significance. In the context of this study, the P-value was
remarkably low (0.0001), corroborating the substantial
significance of the model parameters.
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Table 2. ANOVA of the response quadratic model for the removal of TC

Source Sum of Squares df Mean square F-value P-value
Model 3540.18 14 252.87 46.1 <0.0001
A-pH 3.13 1 3.13 0.5698 0.4629
B-TC 212.3 1 212.3 38.71 <0.0001
C-TiO2 0.0833 1 0.0833 0.0152 0.9037
D-H202 33.33 1 33.33 6.08 0.0272
AB 30.63 1 30.63 5.58 0.0331
AC 6.25 1 6.25 1.14 0.3038
AD 0 1 0 0 1
BC 132.25 1 132.25 24.11 0.0002
BD 72.25 1 72.25 13.17 0.0027
CD 2.25 1 2.25 0.4102 0.5322
A? 667.28 1 667.28 121.66 <0.0001
B2 4.05 1 4.05 0.7384 0.4046
C? 1035.2 1 1035.2 188.74 <0.0001
D2 1370.59 1 1370.59 249.89 <0.0001
Residual 76.79 14 5.48
Lack of Fit 76.79 9 8.53
Pure Error 0 5 0
Cor Total 3616.97 28

With respect to the model’s performance, it was discerned
that an escalation in the initial concentration of TC precipitated
a diminution in removal efficiency over temporal progression,
whereas an augmentation in the catalyst dosage facilitated TC
removal. These patterns are in concordance with the model
predictions and furnish a lucid elucidation of the experimental
data within the evaluated spectrum [38].

Moreover, Table 2 delineates the Adequate Precision ratio,

which quantifies the signal-to-noise ratio inherent in the model.

The computed value was 19.4593, significantly exceeding the
preferred threshold of 4, thereby indicating an adequate signal
and affirming the model’s reliability and accuracy in
delineating the relationship between the variables [29].

4. CONCLUSIONS

In the current investigation, response surface methodology
(RSM) was employed to optimize and enhance the impact of
various experimental factors on the removal efficiency of TC.
This was achieved by implementing TiO» immobilized on
sand while utilizing solar irradiation in the photocatalyst
process. A remarkably high removal efficiency of TC,
amounting to 90%, was successfully attained under the
optimal conditions, which included a pH level of 5, the
presence of a catalyst TiO»/sand at a concentration of 75 mg/L,
an TC concentration of 10 mg/L, as well as an H,O,
concentration of 400 mg/L, all within a duration of 150
minutes. These conditions were predicted by Box—Behnken
design (BBD), and their agreement with the experimental
results, which yielded a removal efficiency of 90.12%, was
found to be reasonably close. Specifically, the experimental
conditions involved a pH level of 5, a TC concentration of 10
mg/L, an H,O, concentration of 400 mg/l, and a catalyst
TiOy/sand concentration of 75 mg/L, all spanning a time
period of 150 minutes. The (ANOVA) analysis revealed the
coefficient of determination, denoted as R?, to be equal to
97.88%, while the adjusted R? (R%adj) and the predicted R?
(R?pred) were calculated as 95.75% and 86.57%, respectively.
These results suggest that the third regression model was able
to be effectively adjusted to fit the experimental data. This
research opens up the possibility of developing modular
photocatalytic reactors using immobilized TiO: on glass for
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decentralized treatment of farm wastewater, especially in
remote areas where traditional treatment facilities are
unavailable. However, the use of solar irradiation as an energy
source is particularly advantageous in arid and semi-arid
regions, where sunlight is abundant and sustainable treatment
solutions are required.

REFERENCES

Tarfiei, A., Services, H., Eslami, H., Ebrahimi, A.A.,
Services, H. (2018). Pharmaceutical pollution in the
environment and health hazards. Journal of
Environmental Health and Sustainable Development,
3(2): 491-495.

Chauhan, A., Sillu, D., Agnihotri, S. (2018). Removal of
pharmaceutical contaminants in wastewater using
nanomaterials: A comprehensive review. Current Drug
Metabolism, 20(6): 483-505.
https://doi.org/10.2174/1389200220666181127104812
Elmolla, E.S., Chaudhuri, M. (2010). Photocatalytic
degradation of amoxicillin, ampicillin and cloxacillin
antibiotics in aqueous solution using UV/TiO, and
UV/H»0,/TiO; photocatalysis. Desalination, 252(1-3):
46-52. https://doi.org/10.1016/j.desal.2009.11.003
Aljeboree, A.M., Alshirifi, A.N. (2018). Adsorption of
Pharmaceuticals as emerging contaminants from
aqueous solutions on to friendly surfaces such as
activated carbon: A review. Journal of Pharmaceutical
Sciences and Research, 10(9): 2252-2257.

Narayanan, M., EI-Sheekh, M., Ma, Y., Pugazhendhi, A.,
et al. (2022). Current status of microbes involved in the
degradation of pharmaceutical and personal care
products (PPCPs) pollutants in the aquatic ecosystem.
Environmental Pollution, 300: 118922.
https://doi.org/10.1016/j.envpol.2022.118922
Szymanska, U., Wiergowski, M., Sottyszewski, I,
Kuzemko, J., Wiergowska, G., Wozniak, M.K. (2019).
Presence of antibiotics in the aquatic environment in
Europe and their analytical monitoring: Recent trends
and perspectives. Microchemical Journal, 147: 729-740.
https://doi.org/10.1016/j.microc.2019.04.003
Bavumiragira, J.P., Yin, H. (2022). Fate and transport of

(1]

(2]

(4]

(6]



(8]

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

pharmaceuticals in water systems: A processes review.
Science of The Total Environment, 823: 153635.
https://doi.org/10.1016/j.scitotenv.2022.153635
Ojemaye, C.Y., Petrik, L. (2019). Occurrences, levels
and risk assessment studies of emerging pollutants
(pharmaceuticals,  perfluoroalkyl and endocrine
disrupting compounds) in fish samples from Kalk Bay
harbour, South Africa. Environmental Pollution, 252:
562-572. https://doi.org/10.1016/j.envpol.2019.05.091
Mohammed, A.A., Al-Musawi, T.J., Kareem, S.L.,
Zarrabi, M., Al-Ma’abreh, M. (2020). Simultaneous
adsorption of tetracycline, amoxicillin, and ciprofloxacin
by pistachio shell powder coated with zinc oxide
nanoparticles. Arabian Journal of Chemistry, 13(3):
4629-4643. https://doi.org/10.1016/j.arabjc.2019.10.010
Hammood, Z.A., Mohammed, A.A. (2024). Enhanced
adsorption of ciprofloxacin from an aqueous solution
using a novel CaMgAl-layered double hydroxide/red
mud composite. Results in Engineering, 23: 102600.
https://doi.org/10.1016/j.rineng.2024.102600

Daghrir, R., Drogui, P. (2013). Tetracycline antibiotics
in the environment: A review. Environmental Chemistry
Letters, 11(3): 209-227. https://doi.org/10.1007/s10311-
013-0404-8

Liu, H., Yang, Y., Kang, J., Fan, M., Qu, J. (2012).
Removal of tetracycline from water by Fe-Mn binary
oxide. Journal of Environmental Sciences, 24(2): 242-
247. https://doi.org/10.1016/S1001-0742(11)60763-8
Homem, V., Santos, L. (2011). Degradation and removal
methods of antibiotics from aqueous matrices—A review.
Environmental Management, 92(10): 2304-2347.
https://doi.org/10.1016/j.jenvman.2011.05.023
Mohammed, N.A., Alwared, A.IL., Salman, M.S. (2020).
Photocatalytic degradation of reactive yellow dye in
wastewater using H>O,/TiO»/UV technique. Iraqi Journal
of Chemical and Petroleum Engineering, 21(1): 15-21.
https://doi.org/10.31699/1JCPE.2020.1.3

Deegan, A.M., Shaik, B., Nolan, K., Urell, K,
Oclgemoller, M., Tobin, J., Morrissey, A. (2011).
Treatment options for wastewater effluents from
pharmaceutical companies. International Journal of
Environmental Science & Technology, 8: 649-666.
https://doi.org/10.1007/BF03326250

Song, J., Xu, Z., Liu, W., Chang, C. (2016). KBrOs and
graphene as double and enhanced collaborative catalysts
for the photocatalytic degradation of amoxicillin by
UVA/TiO; nanotube processes. Materials Science in
Semiconductor Processing, 52: 32-37.
https://doi.org/10.1016/j.mssp.2016.04.011

Zhang, X., Cui, H., Humayun, M., Qu, Y., Fan, N., Sun,
X., Jing, L. (2016). Exceptional performance of
photoelectrochemical water oxidation of single-crystal
rutile TiO> nanorods dependent on the hole trapping of
modified chloride. Scientific Reports, 6(1): 21430.
https://doi.org/10.1038/srep21430

Manassero, A., Satuf, M.L., Alfano, O.M. (2017).
Photocatalytic degradation of an emerging pollutant by
TiO;-coated glass rings: A kinetic study. Environmental
Science and Pollution Research, 24(7): 6031-6039.
https://doi.org/10.1007/s11356-016-6855-2

Gaya, U.l,, Abdullah, A.H. (2008). Heterogeneous
photocatalytic degradation of organic contaminants over
titanium dioxide: A review of fundamentals, progress
and problems. Journal of Photochemistry and

1320

[20]

(22]

(23]

[24]

[25]

[26]

(28]

(29]

[30]

(31]

Photobiology C: Photochemistry Reviews, 9(1): 1-12.
https://doi.org/10.1016/j.jphotochemrev.2007.12.003
Malato, S., Fernandez-Ibanez, P., Maldonado, M.I.,
Blanco, J., Gernjak, W. (2009). Decontamination and
disinfection of water by solar photocatalysis: Recent
overview and trends. Catalysis Today, 147(1): 1-59.
https://doi.org/10.1016/j.cattod.2009.06.018

Wang, J., Xiao, H., Wang, H. (2023). Modification
strategies of titanium dioxide. In Updates on Titanium
Dioxide. IntechOpen.
https://doi.org/10.5772/intechopen.111636

Morjéne, L., Tasbihi, M., Schwarze, M., Schomaécker, R.,
Aloulou, F., Seffen, M. (2020). A composite of clay,
cement, and wood as natural support material for the
immobilization of commercial titania (P25, P90, PC500,
C-TiO,) towards photocatalytic phenol degradation.
Water Science and Technology, 81(9): 1882-1893.
https://doi.org/10.2166/wst.2020.244

Danfa, S., Martins, R.C., Quina, M.J., Gomes, J. (2021).
Supported TiO, in ceramic materials for the
photocatalytic degradation of contaminants of emerging
concern in liquid effluents: A review. Molecules, 26(17):
5363. https://doi.org/10.3390/molecules26175363

Luo, M., Bowden, D., Brimblecombe, P. (2009).
Removal of dyes from water using a TiO» photocatalyst
supported on black sand. Water, Air, and Soil Pollution,
198:233-241. https://doi.org/10.1007/s11270-008-9841-
6

Sharma, K., Talwar, S., Verma, A.K., Choudhury, D.,
Mansouri, B. (2020). Innovative approach of in-situ fixed
mode dual effect (photo-Fenton and photocatalysis) for
ofloxacin degradation. Korean Journal of Chemical
Engineering, 37(2): 350-357.
https://doi.org/10.1007/s11814-019-0427-3

Tong, K., Yang, Y.L., Du, X. (2020). Modelling of TiO»-
based packing bed photocatalytic reactor with Raschig
rings for phenol degradation by coupled CFD and DEM.
Chemical Engineering Journal, 400: 125988.
https://doi.org/10.1016/j.cej.2020.125988

Kanki, T., Hamasaki, S., Sano, N., Toyoda, A., Hirano,
K. (2005). Water purification in a fluidized bed
photocatalytic reactor using TiO,-coated ceramic
particles. Chemical Engineering Journal, 108(1-2): 155-
160. https://doi.org/10.1016/j.cej.2005.01.014

Dutta, S., Ghosh, A., Moi, M.C., Saha, R. (2015).
Application of response surface methodology for
optimization of reactive azo dye degradation process by
Fenton’s  oxidation. International  Journal  of
Environmental Science and Development, 6(11): 818-
823. https://doi.org/10.7763/1JESD.2015.V6.705
Darvishmotevalli, M., Zarei, A., Moradniac, M.,
Noorisepehr, M., Mohammadi, H. (2019). Optimization
of saline wastewater treatment using electrochemical
oxidation process: Prediction by RSM method. Methods
X, 6: 1101-1113.
https://doi.org/10.1016/j.mex.2019.03.015
Abdel-Maksoud, Y.K., Imam, E., Ramadan, A.R. (2018).
Sand supported TiO, photocatalyst in a tray photo-
reactor for the removal of emerging contaminants in
wastewater. Catalysis Today, 313: 55-62.
https://doi.org/10.1016/j.cattod.2017.10.029

Tio, N. (2017). Amoxicillin photodegradation by
nanocrystalline TiO,. Chemical Industry and Chemical
Engineering Quarterly, 23(2): 187-195.



[32]

[33]

[35]

https://doi.org/10.2298/CICEQ160122030R

Kalash, K.R., Al-Furaiji, M.H. (2020). Advanced
oxidation of antibiotics polluted water using titanium
dioxide in solar photocatalysis reactor. Journal of
Engineering, 26(2): 1-13.
https://doi.org/10.31026/j.eng.2020.02.01

Olama, N., Dehghani, M., Malakootian, M. (2018). The
removal of amoxicillin from aquatic solutions using the
TiO»/UV-C nanophotocatalytic method doped with
trivalent iron. Applied Water Science, 8(4): 1-12.
https://doi.org/10.1007/s13201-018-0733-7

Jouali, A., Salhi, A., Aguedach, A., Lhadi, E.K., El Krati,
M., Tahiri, S. (2020). Photo-catalytic degradation of
polyphenolic tannins in continuous-flow reactor using
titanium dioxide immobilized on a cellulosic material.
Water Science and Technology, 82(7): 1454-1466.
https://doi.org/10.2166/wst.2020.420

Tekin, G., Ersoz, G., Atalay, S. (2018). Degradation of
benzoic acid by advanced oxidation processes in the
presence of Fe or Fe-TiO, loaded activated carbon
derived from walnut shells: A comparative study. Journal

1321

[36]

[38]

of Environmental Chemical Engineering, 6(2): 1745-
1759. https://doi.org/10.1016/j.jece.2018.01.067

Daneshvar, N., Salari, D., Niaei, A., Rasoulifard, M.H.,
Khatace, A.R. (2005). Immobilization of TiO>
nanopowder on glass beads for the photocatalytic
decolorization of an Azo Dye C.I. direct red. Journal of

Environmental Science and Health - Part A
Toxic/Hazardous  Substances and Environmental
Engineering, 40(8): 1605-1617.

https://doi.org/10.1081/ESE-200060664

Lofrano, G., Pedrazzani, B., Libralato, G., Carotenuto, M.
(2017). Advanced oxidation processes for antibiotics
removal: A review. Current Organic Chemistry, 21(12):
1054-1067.
https://doi.org/10.2174/1385272821666170103162813
Ozturk, D., Sahan, T., Bayram, T., Erkus, A. (2017).
Application of response surface methodology (RSM) to
optimize the adsorption conditions of cationic basic
yellow 2 onto pumice samples as a new adsorbent.
Fresenius Environmental Bulletin, 26(5): 3285-3292.





