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Abstract 
A TiO₂@SiO₂ hydrogel nanocomposite was synthesized via a green sol-gel route for the photocatalytic degradation of 
ciprofloxacin using a UVA/H2O2 system. The catalyst was optimized via RSM (response surface methodology), 
identifying UVA irradiation (365 nm) and pH of 5.6 as key parameters, achieving >89% degradation within 180. 
Characterisation confirmed homogeneous TiO₂ dispersion within a porous SiO₂ matrix. Kinetics followed a pseudo-
first-order Langmuir–Hinshelwood model, and the catalyst retained high activity over five reuse cycles. This study 
introduces a UVA-optimized, RSM-guided photocatalytic system using a green-synthesized TiO₂@SiO₂ hydrogel –
distinguished by its integrated process design, operational simplicity, and focus on solar-compatible UVA rather than 
conventional UVC-driven TiO2@SiO2 systems. 
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1. Introduction  

It is estimated that over 75% of 
pharmaceutical compounds administered are 
ultimately released into the environment, 
primarily via effluents from wastewater 
treatment plants (WWTPs) [1,2]. Pharmaceutical 
residues, particularly antibiotics such as 
ciprofloxacin, persist in aquatic environments due 
to the limited removal efficiency of conventional 
wastewater treatment methods [3-5]. Their 
persistence presence even as low as nanograms 
per liter [6-11] poses significant ecological and 
public health risks [12-14], including the 
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promotion of antibiotic resistance genes (ARGs) 
[15-20]. The inefficiency of antibiotic removal 
stems from the recalcitrant nature and complex 
chemical structures of these compounds, which 
resist conventional biodegradation and physical 
removal processes [21].  

Advanced oxidation processes (AOPs), 
especially photocatalysis through the generation 
of reactive oxygen species (ROS), offer a promising 
alternative by enabling the complete degradation 
of organic pollutants without secondary 
contamination [22-24]. TiO₂-based photocatalysts 
are widely studied for this purpose, yet they often 
suffer from rapid charge recombination and poor 
stability [25]. Incorporation of SiO₂ as a support 
can enhance surface area and stability, though 
many reported TiO₂/SiO₂ systems still rely on 
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high-energy UVC irradiation (254 nm) and lack 
systematic process optimization [26]. 
Furthermore, few studies integrate green 
synthesis, multi-parameter optimization, and 
catalyst reusability into a single, sustainable 
treatment framework. 

Sol-gel synthesis route is commonly selected 
in the photocatalyst synthesis for its potential 
sustainability advantages over conventional high-
temperature solid-state methods [27]. 
Specifically, a green sol-gel protocol is 
characterized by its low thermal budget (gelation 
and crystallization at temperatures ≤ 400 °C 
significantly reduce energy input), benign solvent 
system (utilization of ethanol and water as 
primary solvents avoids toxic organic media), and 
minimized waste (the molecular-level mixing of 
precursors ensures high product yield and 
stoichiometric accuracy, reducing material waste) 
[28]. While traditional sol-gel can involve 
hazardous alkoxides, this synthesis prioritizes 
safer handling and aims to minimize the overall 
environmental footprint of the catalyst fabrication 
process. 

Under UV irradiation, a TiO₂@SiO₂ catalyst 
generates electron-hole pairs, which react with 
H₂O/O₂ to produce hydroxyl radicals (•OH). These 
radicals non-selectively oxidize ciprofloxacin via 
ring cleavage, defluorination, and 
decarboxylation, ultimately leading to 
mineralization into CO₂, H₂O, and inorganic ions 
(F⁻, NO₃⁻, NH₄⁺) [29]. Despite the importance of 
UV lights utilization for photocatalytic antibiotic 
degradation, there have been limited studies in 
this subject [30] and there are more studies 
utilizing visible lights irradiation [6,7,22,31-33].  

Herein, we report a green-synthesized 
TiO₂@SiO₂ hydrogel nanocomposite for the 
photocatalytic degradation of ciprofloxacin using 
a UVA/H₂O₂ system (Figure 1). Unlike previous 
TiO₂@SiO₂ studies, this work employs response 
surface methodology (RSM) to systematically 
optimize key operational parameters, including 
UV wavelength (365 nm vs. 254 nm), pH, time, 
and temperature, while emphasizing solar-
compatible UVA-driven performance. The 
catalyst demonstrates enhanced stability and 
reusability, and degradation kinetics are modeled 
using a pseudo-first-order Langmuir–
Hinshelwood approach. This study thus presents 
an integrated, optimized, and sustainable 
photocatalytic system that advances the design of 
practical, energy-efficient water treatment 
technologies. 

 
2. Materials and Methods 

2.1 Chemicals 

Titanium(IV) isopropoxide (TTIP, 99%), 
ethanol (99%), 2-propanol (99%), and 
tetraethoxysilane (TEOS, 98%) were procured 
from Sigma-Aldrich. Polyethylene glycol (PEG, 
99.5%) and ciprofloxacin (98%) were obtained 
from Merck. Hydrochloric acid (HCl) and sodium 
hydroxide (NaOH), used for pH adjustments, were 
supplied by Fluka. Ultrapure water (resistivity 
18.2 MΩ·cm) was used exclusively as the solvent 
throughout all experiments. The ultrapure water 
is considered a green solvent due to its safety and 
abundance, while ethanol is a relatively green 
solvent owing to its low toxicity and potential 
renewable origin. Ciprofloxacin stock and working 

Figure 1. Illustration of photocatalytic oxidation of ciprofloxacin via TiO2@SiO2 nanocomposite. 
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solutions were prepared at 10 mg/L concentration 
by dissolving accurately weighed amounts of the 
antibiotic in ultrapure water (pH of 5.5-6.5) under 
constant stirring to ensure complete dissolution.  

 
2.2 Analytical Instrumentation 

Fourier-transform infrared (FTIR) spectra 
were recorded on a Perkin-Elmer Spectrum Two 
spectrometer to identify functional groups and 
confirm the chemical structure of the synthesized 
materials. UV-visible absorption spectra were 
obtained using a Perkin-Elmer Lambda 25 UV-
Vis spectrophotometer to monitor ciprofloxacin 
concentration changes during photocatalytic 
experiments. Measurements of pH were 
conducted with an Adwa AD1030 pH meter 
calibrated daily with standard buffer solutions. 
The morphology, topology and elemental 
composition of the TiO₂@SiO₂ nanocomposite, 
both before and after photocatalytic treatment, 
were examined by scanning electron microscopy 
coupled with energy-dispersive X-ray 
spectroscopy (SEM-EDX) at magnifications up to 
6000× using a Perkin-Elmer TM1000 system. 
Particle size measurements were performed using 
a Rigaku Miniflex 600 diffractometer. X-rays are 
produced from a Cu-Kα radiation source (copper 
anticathode) with a wavelength of 1.5418 Å and 
an accelerating voltage of 40 kV with a current of 
15 mA. Data acquisition software is MiniFlex 
Guidance, while data processing software is 
PDXL2. The scan was performed within an 
analysis range of (2° < 2θ < 80°) with a step size in 
degrees (°) and an acquisition time in seconds or a 
speed of 5.0000 deg/min. Particle size is then 
calculated using Scherrer’s formula [34]:  
 
𝐷𝐷ℎ𝑘𝑘𝑘𝑘 =  𝐾𝐾.𝜆𝜆

𝐵𝐵ℎ𝑘𝑘𝑘𝑘 .cos 𝜃𝜃
               (1) 

 
where Dhkl is the average crystallite size (nm) in 
the direction perpendicular to the lattice planes, 
hkl are the Miller indices of the planes being 
analysed, K is the crystallite-shape factor (0.9 for 
spherical particles), 𝜆𝜆  is the X-ray wavelength 
(0.15418 nm), 𝐵𝐵  is full-width at half-maximum 
(FWHM) of the diffraction peak (rad), and 𝜃𝜃 is the 
Bragg angle (rad). The Bragg angle, 𝜃𝜃  = peak 
position/2. Textural properties, including specific 
surface area, pore volume, and pore size 
distribution, were evaluated by nitrogen 
adsorption-desorption isotherms measured at 77 
K using a Micromeritics ASAP 2020 instrument.  

 
2.3 Synthesis of TiO₂@SiO₂ Nanocomposite 
Photocatalyst 

The TiO₂@SiO₂ nanocomposite photocatalyst 
was synthesized via sol-gel method following 
molar ratios of TiO₂:SiO₂ = 1:9 [35-37]. In the first 
step, 0.10 moles of titanium (IV) isopropoxide 

were dissolved in 50 mL of 2-propanol and stirred 
under low temperature reflux at approximately 75 
°C to promote hydrolysis and partial condensation 
at reduced energy consumption. Simultaneously, 
in a separate reactor, 0.90 moles of 
tetraethoxysilane (TEOS) were dissolved in 100 
mL of benign solvent ethanol and subjected to 
ultrasonic agitation for 30 minutes to ensure 
homogenous hydrolysis. Subsequently, 20 mL of 
polyethylene glycol (PEG) was added to the TEOS 
solution to act as a templating and stabilizing 
agent, and the mixture was stirred continuously 
for another 30 minutes.  

The titanium precursor solution was then 
added dropwise into the TEOS/PEG mixture 
under ultrasonic irradiation for 60 minutes to 
promote thorough mixing and co-condensation. 
The resulting sol was left to undergo gelation 
overnight at room temperature in a sealed quartz 
reactor. After gel formation, the wet gel was 
repeatedly washed with ultrapure water and 
ethanol to remove unreacted species and 
impurities. The cleaned gel was then dried under 
ambient conditions and calcined at 400 °C for 24 
hours in air to achieve crystallization of the TiO₂ 
phase and removal of organic residues. The final 
TiO₂@SiO₂ nanocomposite powder was further 
washed with ultrapure water and ethanol prior to 
its application in ciprofloxacin photocatalytic 
degradation experiments. 

 
2.4 Photocatalytic Oxidation of Ciprofloxacin on 
TiO₂@SiO₂ Nanocatalyst 

Photocatalytic experiments were conducted 
in a 500 mL sealed, cylindrical, batch glass reactor 
(10 cm diameter, 15 cm height) equipped with 
magnetic stirring at 300 rpm. The reactor was 
irradiated using Pen-Ray UV lamps (Model 1115, 
25 W, 18 mA) placed 5 ± 0.56 cm from the reactor 
wall, providing an intensity of 12.5 ± 2.5 mW cm⁻² 
at the solution surface, as calculated using 
Inverse Square Law in Equation (2): 
 
𝐼𝐼2 = 𝐼𝐼1 × �𝑑𝑑1

𝑑𝑑2
�

2
      (2) 

 
where I is the light intensity and d is the distance 
between the light source and the irradiated 
surface. The lamps emitted primary wavelengths 
at 365 nm (UVA) and 254 nm (UVC), which were 
used in separate experimental sets. For each run, 
0.25 g of TiO₂@SiO₂ photocatalyst was dispersed 
in 500 mL of an aqueous ciprofloxacin solution 
with an initial concentration of 10 mg.L⁻¹ (pH ~5.6 
unless otherwise adjusted for pH studies). 

Aliquots were withdrawn at predetermined 
time intervals and immediately subjected to 
centrifugation, followed by filtration to separate 
the photocatalyst particles, ensuring accurate 
measurement of the residual ciprofloxacin 
concentration in the solution. The pH of the 
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reaction mixture was continuously monitored 
using an Adwa AD1030 pH meter to maintain 
optimal photocatalytic conditions. The 
concentration of ciprofloxacin was quantitatively 
analyzed by UV-visible spectrophotometry, 
measuring the absorbance at 277 nm. Each 
experiment was conducted in triplicate to ensure 
reproducibility and statistical reliability. 

The degradation efficiency (%) of ciprofloxacin 
was calculated according to Equation (3):  
 
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (%) = �𝐶𝐶0−𝐶𝐶𝑡𝑡

𝐶𝐶0
� × 100% (3) 

 
where C0 and Ct are the initial and time-bound 
concentrations of ciprofloxacin in the aqueous 
phase (mg.L-1). To elucidate the reaction kinetics, 
the photocatalytic degradation data were modeled 
using the Langmuir–Hinshelwood (L–H) kinetic 
framework, which describes surface-mediated 
reactions on heterogeneous catalysts. The 
reaction rate is expressed as in the Equation (4): 
 
𝑟𝑟0 = −

𝑑𝑑𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑑𝑑𝑑𝑑
= 𝑘𝑘𝑟𝑟𝐾𝐾𝐶𝐶𝑒𝑒𝑒𝑒

1+𝐾𝐾𝐶𝐶𝑒𝑒𝑒𝑒
   (4) 

 
where r0 is the initial rate in mg.L-1·min-1, kr is the 
rate constant, K is the adsorption constant, and 
Ceq  is the equilibrium concentration of the 
ciprofloxacin. 
 
3. Results and Discussion  

3.1 Characterization and Analysis of TiO₂@SiO₂ 
Nanocomposites 

The TiO₂@SiO₂ crystallite sizes were 
estimated from XRD analysis. Figure 2 shows 
overlapping peaks broadening at 2 𝜃𝜃0 
approximately 22º and 25º, correspond to 
amorphous SiO2 matrix and TiO2 small 
crystallites of anatase phase [101] respectively, 
with B around 2º. Employing Scherrer formula in 
Equation (1), the TiO2 peak yielded an average 
crystallite size D101 = 3.97 nm. 

The morphopological and topological 
characteristics of the TiO₂@SiO₂ nanocomposites 
were systematically investigated using SEM-
EDX. This dual analytical technique enabled 
high-resolution imaging of the photocatalyst 
surface and concurrent elemental mapping to 
verify chemical composition. As shown in Figure 
3a and 3b, the SEM micrographs reveal a 
heterogeneous and porous surface topology, 
featuring irregularly shaped crystalline 
aggregates and interconnected cavities of various 
sizes. The pores range from few tens to few 
hundred nanometers in diameter (Figure 4), 
forming a multi-scaled texture that favors 
enhanced mass transport and photon absorption 
for optimizing photocatalytic efficiency [38]. 

Figure 2. XRD analysis result of TiO2@SiO2 
nanocatalyst. 

Figure 3. SEM micrographs of TiO2@SiO2 
nanocomposites before (a and b) and after 
ciprofloxacin photodegradation (c and d). 

Figure 4. N2 adsorption/desorption BET isotherms 
plot of TiO2@SiO2 nanocatalyst. 
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Kinetic 
Parameters 

UV Wavelengths 
254 nm 365 nm 

r0 (mg/L.min) 
kr 
K 
R2 

17.20 
2.365 
0.0050 
0.983 

7.722 
1.715 
0.0135 
0.985 

This macroporous structure, combined with a 
suitable pore dimension and robust topological 
stability, provides a favorable environment for 
photocatalytic reactions by increasing the density 
of active sites, facilitating reactant diffusion, and 
promoting light harvesting, rendering the 
TiO₂@SiO₂ nanocomposite a promising catalyst 
candidate for ciprofloxacin degradation under 
photocatalytic conditions. 

Remarkably, post-degradation imaging of the 
catalyst following multiple photocatalytic cycles 
showed no discernible alteration in topology 
according to Figure 3c and 3d, indicating excellent 
structural integrity under operational stress [42]. 
This topological retention underscores the high 
mechanical and chemical stability of the 
TiO₂@SiO₂ system, aligning with the 
requirements for long-term use in water 
treatment applications [43].  

Elemental analysis by EDX (Figure 5) 
confirmed the successful immobilization of TiO₂ 
nanoparticles onto the SiO₂ matrix. The Ti and Si 
peaks were prominently identified as a qualitative 
confirmation to the existence of Si-O-Ti bimetallic 
network after reaction. This compositional 
persistence of Si and Ti supports the recyclability 
and catalytic endurance of the composite material 
[44]. FTIR analysis (Figure 6) reveals surface 
interactions governing ciprofloxacin adsorption 
and degradation kinetics on TiO₂@SiO₂. The 
pristine catalyst shows characteristic Si–O–Si 

(1000–1200 cm⁻¹) and Ti–O/Ti–O–Si (400–800 
cm⁻¹) bands [45]. After adsorption, changes 
indicate strong surface binding: broad O–H/N–H 
bands (3200–3600 cm⁻¹) shift and broaden due to 
hydrogen bonding, while the ciprofloxacin C=O 
stretch shifts from ~1700 cm⁻¹ to 1680–1690 cm⁻¹, 
suggesting coordination to surface Ti⁴⁺/Si⁴⁺ sites 
via Lewis acid–base interactions [46]. These 
adsorption mechanisms, hydrogen bonding, 
coordination, and electrostatic interactions, 
enhance surface coverage and favor the 
Langmuir–Hinshelwood kinetics observed, where 
initial degradation rates depend directly on 
adsorbed pollutant concentration. 

 
3.2. Kinetic Study on Ciprofloxacin 
Photodegradation 

3.2.1 Effects of UV irradiation wavelength  

Contact time is a pivotal parameter 
influencing both the efficiency and the underlying 
kinetics of ciprofloxacin photodegradation. The 
temporal evolution of ciprofloxacin degradation in 
the presence of TiO₂@SiO₂ nanocomposites under 
UV irradiation is illustrated in Figure 7a, 7b, and 
7c, with the corresponding kinetic parameters 
summarized in Table 1. The kinetic parameters 
(r0, kr, K) and the linear correlation coefficient (R2) 
calculated for both UVA and UVC light intensities 
(Table 1 and Figure 7b) were more adequate and 
suitable when following the pseudo-first-order 

Figure 5. EDX elemental analysis results of 
TiO2@SiO2 nanocatalyst after reaction. 

Figure 6. FTIR transmission spectra of TiO2@SiO2 photocatalyst before (a) and after (b) ciprofloxacin 
degradation. 

  

 

a 

b 

Table 1. Kinetic modelling parameters of 
ciprofloxacin photodegradation onto TiO2@SiO2 
nanocomposite under various UV light 
wavelengths. 
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model [47]. The calculated kinetic model data 
(mod) were very close to the experimental data 
(exp) as seen in Figure 7a. 

The accuracy of this LH model fitting is also 
supported by R2 values which are very close to 
unity. This observation suggests that the 
attenuation rate (represented by kr) of 
ciprofloxacin depends on its concentration              
(r0 = f(Ceq)), with the adsorption process 
(represented by K) exhibiting wavelength-
independent behavior, proving the effectiveness of 

the catalyst nanocomposite under various 
environmental conditions. TiO2/SiO2 
nanocomposite shows considerable promise in 
ciprofloxacin photodegradation in aqueous 
medium. 

The degradation efficiency, expressed as the 
concentration ratio (Ceq/C₀), decreased markedly 
from 0.9 to 0.1 over a period of 180 minutes, 
demonstrating the catalyst’s robust photocatalytic 
performance in aqueous media (Figure 7c). During 
the initial phase (0–30 min), a rapid decline in 

Figure 7. Kinetics analysis results: (i) Effects of UV irradiation wavelength and contact time on: (a) rate 
of reaction (exp: experimental; mod: model), (b) kinetic parameters and linear correlation, (c) degradation 
efficiency; (ii) Effects of pH and contact time on: (d) degradation efficiency, (e) kinetic parameters and 
linear correlation; (iii) Effects of UV irradiation wavelength and number of catalyst usage cycles on the 
rate of degradation.  
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The highest content of surface residue as 
observed after degradation belongs to Cl¯ (Figure 
5). Chloride anions are weakly bonded to the 
catalyst surface, and hence can be easily removed 
during catalyst recovery process. SEM 
micrographs in Figure 3c and 3d also show limited 
particle abrasion, inferring mechanical integrity 
of the nanocomposite structure. Such stability can 
be attributed to the structural integration of SiO₂, 
which enhances TiO₂ particle dispersion, inhibits 
agglomeration, and protects the photocatalytic 
sites against photo-corrosion and surface 
deactivation [51]. Therefore, TiO₂@SiO₂ emerges 
as a promising recyclable material for practical 
pharmaceutical wastewater treatment 
applications. 

The observed deactivation can be attributed 
to progressive surface fouling by degradation 
intermediates [31,49,50] and weakly adsorbed Cl⁻ 
species (Figure 5), combined with potential photo-
corrosion of TiO₂ sites under prolonged UV 
exposure, or Ti4+ leaching in acidic media [29]. 
The SiO₂ matrix effectively mitigates 
nanoparticle agglomeration and structural 
fatigue (Figure 3c-d), while also shielding TiO₂ 
from lattice oxidation and ion leaching. The 
greater relative loss under UVC compared to UVA 
suggests higher-energy photons may accelerate 
surface defect formation. 

 
3.4 Optimization of Degradation Parameters 
Using Response Surface Methodology (RSM) 

RSM is a powerful statistical method for 
designing practical researches and optimizing 
experimental parameters [52-53]. It helps in 
understanding the relationships between the 
response and the multiple independent 
parameters. In waste water treatment process, 
the design of experiments is indispensable for 
developing, improving, and controlling the 
process engineering. The photocatalytic oxidation 
yield of ciprofloxacin was investigated using a set 
of three different factors in a Box–Behnken design 
provided by RSM. RSM uses a statistical model 
[54] to describe the combination between the 
independent variables and the response (Figure 
8). A second order polynomial equation is 
developed as in Equation (5): 
 
𝑌𝑌 = 𝑎𝑎0 + ∑ ai

𝑘𝑘
𝑖𝑖=1 𝑋𝑋i + ∑ aii

𝑘𝑘
𝑖𝑖=1 𝑋𝑋i

2 + ∑ 𝑎𝑎𝑖𝑖𝑖𝑖𝑋𝑋𝑖𝑖𝑋𝑋𝑗𝑗
𝑘𝑘
𝑖𝑖=1 + ε

      (5) 
 
where Y (%) is the response (photodegradation 
efficiency), Xi, Xj are the independent variables, ai, 
aj, aii, aij represents the regression coefficients, 
and ɛ the error term.   

Table 2 shows the photocatalytic degradation 
efficiency (%) of ciprofloxacin, respectively at 365 
nm and 254 nm, knowing that the efficiency 
depends on three parameters: time (between 2 

ciprofloxacin concentration was observed. This 
accelerated degradation rate can be attributed to 
the abundance of accessible active sites on the 
TiO₂@SiO₂ surface, which promote effective 
adsorption of the pollutant and facilitate 
subsequent photogenerated charge transfer 
reactions [32,48]. Such behavior is consistent with 
Langmuir–Hinshelwood - based photocatalytic 
mechanisms, where surface saturation gradually 
occurs as active sites become occupied [30]. It 
appears that UVA irradiation leads to more 
complete mineralization with less hazardous 
intermediates. Moreover, UVA irradiation 
consumes lower energy than UVC, with higher 
potential of compatibility to solar-driven 
applications. 

 
3.2.2 Effects of initial solution pH 

The pH significantly influences ciprofloxacin 
degradation kinetics on TiO₂@SiO₂ (Figure 7d-e). 
Near-neutral conditions (pH of 5.6–6.5) maximize 
degradation, consistent with the pseudo-first-
order kinetics observed in linearized plots (Figure 
7e). At this pH, ciprofloxacin exists as a zwitterion 
(pKa₁ ≈ 6.1, pKa₂ ≈ 8.7), favouring electrostatic 
attraction to the partially deprotonated catalyst 
surface and enhancing adsorption, the rate-
limiting step in Langmuir–Hinshelwood kinetics. 
Under strongly acidic (pH of 3.1) or alkaline (pH 
of 9.1) conditions, efficiency declines sharply due 
to electrostatic repulsion between the protonated 
(or deprotonated) catalyst and the antibiotic, and 
OH⁻ scavenging of hydroxyl radicals, respectively 
[29,31,49,50]. These results confirm that pH 
controls surface adsorption and radical 
availability, directly determining photocatalytic 
rate constants. 

 
3.3. Catalyst Reusability and Photocatalytic 
Stability 

Catalyst recyclability is a crucial criterion for 
assessing the efficiency and the practical 
performance of nanocomposite photocatalysts. 
After each photocatalytic cycle, the catalyst was 
recovered via centrifugation at 4000 rpm for 30 
min, washed thoroughly with ultrapure water and 
ethanol, and dried at 80 °C for 2 h. To evaluate 
the long-term stability of TiO₂@SiO₂, the 
photocatalytic degradation of ciprofloxacin was 
conducted over five consecutive cycles under UV 
irradiations. As shown in Figure 7f, the 
degradation efficiency exhibited only a moderate 
decline from 89% to 77% under UVA irradiation 
(365 nm wavelength), and from 78% to 66% under 
UVC irradiation (254 nm wavelength). These 
results indicate that the photocatalyst retains a 
high level of activity over repeated uses, reflecting 
excellent mechanical stability, chemical 
resistance, and resistance to surface fouling.  
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minutes and 180 minutes; pH between 3 and 9; 
temperature between 20 °C and 40 °C). From the 
variation of ciprofloxacin degradation parameters, 
it can be seen that time takes more effect 
compared to the other independent factors. The 

pH of medium takes effect more than 
temperature. It was noted in Table 2 that the 
neutral pH medium (6.0) has a higher degradation 
rate compared to the acidic (pH of 3.0) and basic 
(pH of 9.0) medium [55]. The degradation 

Figure 8. Response Surface Methodology (RSM) results for photocatalytic degradation efficiency (%) of 
ciprofloxacin: (i) response for UVA irradiation (R1) in: (a) 3D, (b) contour, and (e) comparison graphs; also 
(ii) response for UVC irradiation (R2) in: (c) 3D, (d) contour, and (f) comparison graphs. 
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Run 
No. Time (min) pH Temperature 

(°C) 
Degradation efficiency (%) 

UVA Irradiation (365 nm) UVC Irradiation (254 nm) 
1 2 3 20 9.1 7.2 
2 2 3 30 8.3 5.14 
3 2 3 40 6.44 3.24 
4 2 6 20 12.10 8.55 
5 2 6 30 11.45 8.11 
6 2 6 40 8.44 7.33 
7 2 9 20 7.22 6.11 
8 2 9 30 6.98 5.44 
9 2 9 40 6.88 5.33 

10 91 3 20 39.05 34.6 
11 91 3 30 34.53 29.8 
12 91 3 40 31.22 28.55 
13 91 6 20 69.05 59.6 
14 91 6 30 64.53 49.8 
15 91 6 40 61.22 47.52 
16 91 9 20 29.05 19.6 
17 91 9 30 24.43 21.8 
18 91 9 40 24.11 21.22 
19 180 3 20 19.2 17.1 
20 180 3 30 19.11 16.52 
21 180 3 40 18.55 14.25 
22 180 6 20 89.33 79.85 
23 180 6 30 84.5 77.5 
24 180 6 40 82.54 76.15 
25 180 9 20 59.66 49.33 
26 180 9 30 56.5 48.5 
27 180 9 40 53.23 46.22 

R1 (365 nm) = -63.44251 + 0.252514*Time + 34.03103*pH - 1.06956*Temperature + 0.035983*Time*pH 
- 0.000675*Time*Temperature + 0.043479*pH*Temperature - 0.000570*Time² - 3.06505*pH² + 

0.012196*Temperature² 
R2 (254 nm) = -51.57458 + 0.204648*Time + 29.19664*pH - 1.09129*Temperature + 0.029613*Time*pH 

- 0.000346*Time*Temperature + 0.063801*pH*Temperature - 0.000396*Time² - 2.69439*pH² + 
0.010505*Temperature² 

efficiency is optimal at 89.33% and 79.85% 
respectively for UVA and UVC irradiation, during 
180 minutes degradation at 20 ºC and pH of 6.0. A 
decrease of the catalytic activity was verified in 
acidic and basic medium, as well as higher 
temperature up to 40 °C.  

Based on the regression models provided in 
Table 2, the RSM results are presented in Figure 
8 as three-dimensional (Figure 8a and 8c), contour 
(Figure 8b and 8d), and comparison (Figure 8e and 
8f) graphs, contrasting the response of UVA 
(Figure 8a, 8b, 8e) and UVC (Figure 8b, 8d, 8f) 

irradiations. Figure 8a and 8b shows that 
irradiation time exerts more significant influence 
on the degradation efficiency compared to pH at a 
constant low temperature. Figure 8c and 8d shows 
that pH demonstrates more apparent effects on 
the degradation efficiency compared to 
temperature at a constant long irradiation time. 
The responses to the 2 irradiation wavelengths of 
UVA and UVS shows no significant contrast, as no 
apparent differences observed in Figure 8e and 8f, 
and no significant differences in F- and p-values 
obtained from Table 3. The analysis of the RSM 

Table 2. RSM modelling of ciprofloxacin photodegradation onto TiO2@SiO2 nanocomposite under 2 UV 
light wavelengths using 3 input factors. 
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Factor Name Medium 
Level Low Level High Level Std. Dev. Coding 

A Time 91.00 2.00 180.00 0.0000 Actual 
B pH 6.00 3.00 9.00 0.0000 Actual 
C Temperature 30.00 20.00 40.00 0.0000 Actual 

Response 1: UVA 
Irradiation (365 nm) Sum of Squares df Mean Square F-value p-value Remarks 

Blocks 4055.55 1 4055.55    

Model 12419.23 9 1379.91 8.16 0.0002 significant 
Residual 2707.11 16 169.19    

Response 2: UVC 
Irradiation (254nm) Sum of Squares df Mean Square F-value p-value Remarks 

Blocks 3690.38 1 3690.38    

Model 9153.40 9 1017.04 6.42 0.0007 significant 
Residual 2534.06 16 158.38    

results indicates that the optimization of some 
factors like pH and irradiation time resulted in 
fast and significant ciprofloxacin degradation. The 
ANOVA analysis test presented in Table 3 
indicates that the response surface model is 
significant. The F-value of 8.16 implies the model 
is significant for the response R1 (365 nm) (the p-
value = 0.0002 is < 0.0500). On the other hand, the 
response R2 (254 nm) indicates also a significant 
model according to the ANOVA analysis (the F-
value = 6.42, and the p-value = 0.0007 is < 0.0500). 
This finding is also supported by the predictive 
power of the regression model (R1 and R2) as 
indicated in Figure 8e and 8f by the close 
proximity of all the predicted and actual response 
values to the diagonal line, which slope represents 
the correlation coefficient (R2 and Adj-R2) = 1. 

 
4. Conclusions 

This work introduces a green-synthesized 
TiO₂@SiO₂ hydrogel nanocomposite as a highly 
efficient, and stable photocatalyst for 
ciprofloxacin degradation. By systematically 
optimizing the process via RSM, we identified 
UVA (365 nm) irradiation and near neutral pH as 
key factors, achieving ~90% degradation, –
surpassing conventional UVC -driven systems. 
The reaction adhered to pseudo-first-order 
Langmuir-Hinshelwood kinetics, with rapid 
initial degradation, confirming effective surface 
adsorption and radical-mediated oxidation. The 
catalyst retained >77% activity over five reuse 
cycles, attributable to the SiO₂ matrix, which 
prevents TiO₂ agglomeration, mitigates photo-
corrosion, and enhances charge separation. This 

study advances photocatalytic material design by 
coupling green synthesis with UVA-focused, RSM-
optimized operation, offering a scalable, energy-
efficient alternative to traditional high-energy 
AOPs. Practically, this system demonstrates 
strong potential for solar-compatible, low-cost 
water treatment. Future effort should focus on 
solar- photoreactor integration, continuous-flow 
operation, and remediation of complex antibiotic-
laden wastewaters to transition this technology 
toward real-world application. 
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