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ABSTRACT: The development of robust and efficient photocatalysts is
essential for sustainable wastewater treatment. This study evaluates the
photocatalytic degradation of ciprofloxacin (CIP) using three TiO2-
coated systems: TiO2 nanotube arrays (TiO2 NTA), Bare-Coated TiO2,
and Methanol-Enhanced TiO2, with a focus on coating uniformity,
interfacial stability, and reaction pathways. Surface morphology analysis
(SEM) revealed that TiO2 NTA exhibited a uniform surface, optimizing
active site exposure and photocatalytic efficiency. Methanol-Enhanced
TiO2 formed a refined crack pattern, enhancing coating stability and
facilitating uniform distribution of TiO2 particles, while Bare-Coated TiO2
showed a highly fractured surface, limiting its catalytic efficiency. X-ray
diffraction (XRD) confirmed that the anatase phase was the dominant
crystalline structure across all coatings, ensuring photocatalytic activity.
High-performance liquid chromatography−mass spectrometry (HPLC-MS) analysis revealed distinct degradation patterns, with
TiO2 NTA facilitating rapid fragmentation of CIP into multiple low m/z intermediates, indicating aggressive oxidative breakdown.
Methanol-Enhanced TiO2 exhibited a more controlled degradation pathway, with prominent peaks at 316 (+) m/z and 285 (+) m/z,
suggesting selective oxidation and gradual mineralization rather than immediate fragmentation. The degradation mechanism of
Methanol-Enhanced TiO2 likely favored sustained transformation steps, potentially reducing the accumulation of harmful
byproducts. Under ultraviolet (UV)-driven photocatalysis, Methanol-Enhanced TiO2 outperformed Bare-Coated TiO2, achieving
accelerated degradation kinetics, while TiO2 NTA maintained high stability but lagged in mineralization efficiency. The introduction
of ozone further enhanced degradation, ensuring complete CIP removal across all systems. Methanol-Enhanced TiO2 maintained a
degradation efficiency of 88.72% after five reuse cycles, closely matching the 88.75% TiO2 NTA, demonstrating strong reusability
and potential for scalable wastewater treatment applications in photocatalytic treatment reactors. These findings underscore the
importance of coating methodologies and interfacial properties in optimizing TiO2-based photocatalysts, positioning Methanol-
Enhanced TiO2 as a viable and durable alternative to TiO2 NTA for sustainable micropollutant removal.

1. INTRODUCTION
The increasing complexity of micropollutants and the harsh
environments encountered in wastewater treatment systems
underscore the critical need for advanced materials in the final
stages of treatment.1 Advanced materials, including nanoma-
terials and hybrid composites, exhibit unique physicochemical
properties that significantly improve micropollutant removal
and offer resistance to chemical degradation and corrosion,
thus extending the operational lifespan of treatment systems.2,3

These materials improve adsorption, catalytic degradation, and
corrosion resistance, contributing to more efficient and
sustainable wastewater treatment processes.4 Among these,
titanium dioxide (TiO2) has garnered significant attention for
its photocatalytic properties which are capable of degrading a
wide range of organic pollutants under ultraviolet (UV) and,
with appropriate doping, in visible light.5−7

Modifications to TiO2 surfaces, including coupling with
carbon-based materials such as graphene oxide, have improved
its photocatalytic efficiency and broadened its applicability
beyond traditional UV-driven reactions.7,8 This makes TiO2 a
versatile and promising candidate for wastewater treatment
applications, especially to remove persistent pollutants such as
pharmaceuticals and industrial dyes.9

In addition to photocatalytic activity, the stability and
longevity of these materials in real-world wastewater environ-
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ments are critical. Corrosion and mechanical degradation often
limit the operational lifespan of treatment components,
affecting cost-effectiveness and system reliability.10,11 Stainless
steel, particularly AISI 316, is commonly used in industrial
wastewater treatment due to its excellent corrosion resistance,
mechanical strength, and compatibility with various coatings.12

When TiO2 is applied to AISI 316 substrates, it increases steel
durability while improving pollutant degradation through
photocatalysis.13,14 Surface modification techniques such as
plasma treatment and spray coating have been developed to
improve TiO2 adhesion and uniformity on stainless steel,
which is crucial to maintain photocatalytic efficiency over
time.15,16 These hybrid systems show great potential to create
robust multifunctional wastewater treatment technologies that
can withstand aggressive chemical and physical conditions.
Despite the promise of TiO2-coated AISI 316 steel, the

effects of wastewater constituents on coating stability require
further investigation.17 Organic solvents such as methanol,
often present in industrial effluents or used as additives during
treatment, can affect the chemical and mechanical integrity of
TiO2 layers.

17,18 The interaction of methanol with the coating
surface may influence adhesion strength, photocatalytic
activity, and resistance to fouling or degradation. Under-
standing the design and regulatory mechanisms is essential to
design coatings that maintain performance under realistic
operational conditions. Few studies have addressed this
interaction, leaving a significant knowledge gap in the field.
This gap poses a barrier to the implementation of TiO2-coated
stainless steel on a large scale in various wastewater treatment
applications.
Advanced photocatalytic materials, including nanobiohy-

brids and carbon nanomaterials such as carbon nanotubes
(CNTs) and carbon nanofibers (CNFs), complement the
capabilities of TiO2 by offering improved adsorption and
catalytic properties.19 These materials can effectively adsorb
heavy metals and organic contaminants and can be integrated
with TiO2 coatings to further improve treatment perform-
ance.19,20 Furthermore, plasmonic photocatalysts and con-
jugated microporous polymers (CMPs) have demonstrated
efficiency in degrading complex pesticides and pharmaceut-
icals, showcasing the broad potential of hybrid advanced
materials in environmental remediation.21,22 Such materials
often feature energy-efficient synthesis methods and can be
incorporated into existing systems cost-effectively, supporting
sustainable wastewater treatment development.4,21 However,
integrating these diverse materials with robust substrates such
as AISI 316 steel remains an area for further exploration. The
stability of these composite coatings in chemically complex and
variable wastewater streams is an ongoing challenge.
The method of application of TiO2 coatings plays a crucial

role in determining their uniformity, thickness, and durability.
Spray coating has emerged as an environmentally friendly,
precise technique that minimizes material waste while ensuring
uniform coverage on stainless steel substrates.16,23 Optimizing
the thickness of the TiO2 layers balances photocatalytic
efficiency with mechanical resistance, where thinner layers
enhance light penetration, and thicker layers improve wear
resistance.24,25 Furthermore, doping TiO2 with nanomaterials
and applying advanced coating techniques, such as sol−gel and
electrospinning, have shown promise in improving photo-
catalytic activity and coating adherence.13,26,27 Such innova-
tions also enable multifunctional coatings with antimicrobial
properties, which are valuable in wastewater settings prone to

microbial contamination.28 These developments highlight the
importance of coating technology in the advancement of
durable and efficient wastewater treatment materials.
Integration of TiO2-coated AISI 316 steel with electro-

chemical processes further enhances pollutant degradation by
facilitating the generation of reactive species such as hydroxyl
radicals.29,30 This combination broadens the operational
conditions under which photocatalytic degradation is effective,
including variable pH and temperature range.8 It also helps to
address the removal of persistent contaminants such as
ciprofloxacin, a common antibiotic-resistant to conventional
treatments.31−33 By improving both photocatalytic and
electrochemical degradation pathways, such systems offer a
robust solution for complex industrial effluents. These
advances align with increasing environmental regulations that
require higher water quality and more sustainable treatment
technologies.34 Continued research is needed to optimize these
integrated approaches, especially considering coating stability
in the presence of solvents such as methanol.
This study addresses these critical gaps by developing a

sustainable TiO2-coated AISI 316 stainless steel system,
focusing on the impact of methanol on the stability of the
coating and photocatalytic performance. Using precise spray-
coating techniques, it aims to optimize TiO2 layer properties
for durability and pollutant removal efficiency under realistic
wastewater conditions. The research highlights the unique
advantages of combining corrosion-resistant stainless steel with
advanced photocatalytic materials to extend the useful life of
the equipment and reduce operational costs. It also explores
the regulatory mechanisms by which methanol influences
coating behavior, an understudied area crucial for practical
deployment. Ultimately, this work advances the development
of multifunctional materials designed for sustainable, efficient,
and resilient wastewater treatment, meeting current environ-
mental and industrial challenges.

2. MATERIALS AND METHODS
2.1. Experimental Solutions and Model Compounds.

The following materials (Table 1) were used for the cleaning

and synthesis of AISI 316 steel and titanium dioxide nanotube
arrays (NTA): acetone, 2-propanol, ammonium fluoride
(NH4F), and ammonium sulfate ((NH4)2SO4).
2.2. Synthesis and Characterization of TiO2 Photo-

catalysts. 2.2.1. Synthesis of a TiO2 Nanotube Array (NTA).
Cleaning of titanium metal was performed using acetone and
2-propanol before the electrophoresis process. For this
deposition, electrolyte solutions were prepared by dissolving
5.5 g/L NH4F and 132 g/L (NH4)2SO4 in first-grade

Table 1. Materials and Compounds Used for Catalyst
Synthesis

chemical substance
chemical
formula country of origin

acetone, 99.8% analytically pure CH3COCH3 Eurochemicals,
Lithuania

2-propanol, 99.7% analytically
pure

(CH3)2CHOH Eurochemicals,
Lithuania

ammonium fluoride, 98%
analytically pure

NH4F Sigma-aldrich,
Germany

ammonium sulfate, 99.0%
analytically pure

(NH4)2SO4 Sigma-aldrich,
Germany

methanol, ≥99% analytically pure CH3OH eurochemicals,
Lithuania
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demineralized water. The surface of the NTA was roughened
with 200-grit sandpaper and smoothed with 800-grit sand-
paper. A glass tube served as a reactor during the electro-
phoretic deposition of TiO2 NTA. The synthesized TiO2 NTA
was calcinated in an oven at 400 °C for 1 h.35 The EPD was
carried out at a constant potential of 20 V for 2 h. The optimal
calcination temperature of 400 °C for TiO2 NTA is mainly due
to the balance achieved between crystallinity,36 phase
composition,37 and photocatalytic efficiency.3738

2.2.2. Synthesis of TiO2 Coatings. AISI 316 steel plates
underwent a series of preparatory procedures, including
cutting, sanding, and thorough cleaning with water, acetone,
2-propanol, and deionized water. Subsequently, 2.5 g of TiO2
nanoparticles (Degussa P25), 15 mL of deionized water, along
varying volumes of methanol (ranging from 0.5 to 6.0 mL),
were aerosolized on steel plates using a spray gun apparatus.
Plates prepared without methanol were designated as Bare-
Coated TiO2, while those prepared with 1.5 mL of methanol
were referred to as Methanol-Enhanced TiO2. The use of
methanol concentrations ranging from 0.5 to 6.0 mL in TiO2
synthesis is mainly due to its role in improving reaction
kinetics,39 improving material properties,40 and influencing
photocatalytic performance.41 Methanol acts as a solvent and
reactant, affecting the deposition and crystallization processes
of TiO2, which are crucial for achieving the desired
characteristics and efficiency of the material in applications
such as photocatalysis. The resulting coated plates were
subjected to a calcination process at a temperature of 400 °C
for 1 h.

2.2.3. TiO2 Dispersion and Concentration Analysis. To
determine the relationship between methanol volume and
TiO2 concentration, the Beer−Lambert Law (eq 1) was
applied, where absorbance (A) is proportional to the
concentration (c), path length (l), and molar absorptivity (ε)39

A cl= (1)

Absorbance measurements were obtained using a ultra-
violet−visible (UV−vis) spectrophotometer at a fixed wave-
length corresponding to TiO2 nanoparticle absorption of 325
nm. A series of TiO2 suspensions were prepared by dispersing

2.5 g of TiO2 in varying methanol volumes (0.5, 1.0, 1.5, 3.0,
4.5, and 6.0 mL), ensuring uniform mixing before measure-
ment. The resulting absorbance values were used to calculate
TiO2 concentrations in mol/L.

2.2.4. Catalyst Morphology and Elemental Analysis. A
Quanta 200 FEG electron microscope (FEI Company, The
Netherlands) was used for scanning electron microscopy
(SEM). A secondary electron detector with a 10−20 kV
accelerating voltage was used for a high-resolution image
preparation (resolution not <3 nm) at a working distance of
7.5−10 nm. The observation of the sample surface was
performed in a high vacuum regime (≤1.5 × 10−3 Pa) using a
life-fiber detector (LFD).
X-ray energy dispersive spectroscopic analysis (EDS) was

also performed using a scanning electron microscope with an
X-ray dispersion spectrometer Flash 4030 (Bruker, Germany)
built into it.

2.2.5. Crystallographic Structure of TiO2. The crystal
structure of the samples was identified using an X-ray
diffractometer (Bruker D8 Discovery) that worked in the
theta−theta configuration. The main parameters of the XRD
configuration theta−theta were Cu Kα radiation (λ = 0.15406
nm, Kβ suppressed by the Ni filter); 500 mm goniometer, step
size of 0.02° step size, 20−70° scan range; 0.3° fixed div slit
and linear Lynx eye PSD detector. Analysis of the obtained
XRD patterns was performed using the PDF-4 database, ICDD
Card No 03−065−3362 (International Center for Diffraction
Data, ICDD).
The crystallite size of the TiO2 samples was determined

using the Scherrer equation40 (eq 2), which provides an
estimation based on the broadening of diffraction peaks in the
X-ray diffraction (XRD) pattern. The equation is given as

D
K
cos

=
(2)

where D is the crystallite size, K is the Scherrer constant
(typically 0.94 for spherical particles), λ is the wavelength of
the Cu Kα radiation (0.154 nm), β is the full width at half-
maximum (fwhm) of the most intense diffraction peak (in

Table 2. Properties and Chemical Structures of Ciprofloxacin and Methylene Blue
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radians), θ is the Bragg angle (half of the corresponding 2θ
value).
For this study, the most prominent anatase peak was

selected for the calculation of the crystallite size of TiO2
catalysts while the fwhm values were extracted from the XRD
patterns, and the Scherrer equation was applied to estimate the
average crystallite size of Methanol-Enhanced TiO2, Bare-
Coated TiO2, and TiO2 NTA. This method allowed us to
compare the structural properties of the coatings, revealing
variations in crystallite sizes that can influence photocatalytic
performance.
2.3. Pollutant Degradation Study. 2.3.1. Model Com-

pounds and Experimental Solutions. The chemicals used for
this experiment, namely ciprofloxacin (CIP) and methylene
blue (MB), were prepared from analytical grade (>99% purity)
chemicals and purchased from TCI America. Methylene blue is
widely used to assess photocatalytic degradation due to its
well-defined absorption peak,41 stability,42 representative
nature as an organic pollutant,43 strong interaction with
catalysts,44 distinct color change upon degradation,45 and ease
of handling for quantitative analysis.41 All Ciprofloxacin and
methylene blue solutions were prepared with first-grade
demineralized water as the solvent. Table 2 contains the
properties and chemical structures of both ciprofloxacin and
methylene blue.

2.3.2. Photocatalytic Degradation of Methylene Blue
(MB). To evaluate the photocatalytic efficiency of TiO2
coatings on AISI 316 steel and TiO2 NTA, the degradation
of methylene blue (MB) was used as a model reaction. MB
solutions were prepared at a concentration of 10 mg/L and
exposed to UV irradiation with an irradiation intensity of 3.2
mW/cm2 using an Aqua Forte 9 W UV−C lamp, a professional
water product manufactured by SIBO Fluidra, Netherlands in
the presence of each TiO2-coated sample. The concentration
of MB was monitored at a wavelength of 665 nm using the
UV−vis spectrophotometer “Spectronic GENESYS 8” from
Thermo Scientific at set time intervals. Reaction kinetics were
evaluated by plotting the change in MB concentration over
time, allowing a comparative analysis of degradation rates on
the different TiO2-coated surfaces.

2.3.3. Adsorption on Catalyst. For the ciprofloxacin (CIP)
wastewater degradation study, the adsorption characteristics
were initially evaluated under dark conditions. Both TiO2-
coated AISI 316 steel and TiO2 NTA were immersed in CIP
solutions with a starting concentration of 1 mg/L. The initial
CIP concentration of 1 mg/L used in the adsorption study was
selected to reflect the higher concentrations occasionally
reported in hospital and pharmaceutical wastewater, which
typically range from nanograms per liter (ng/L) to low
milligrams per liter (mg/L) levels.46,47 This choice ensures
observable photocatalytic activity within a controlled labo-
ratory setting while maintaining relevance to real wastewater
treatment scenarios. The samples were kept in the dark for 30
min to ensure equilibrium adsorption. Periodic sampling
allowed the measurement of residual CIP concentrations by
UV−vis spectrophotometry at 277 nm, establishing the
adsorption capacity and preparing the samples for subsequent
photocatalytic tests.

2.3.4. Photocatalytic Degradation of Ciprofloxacin (CIP).
After the adsorption phase, both photocatalysis and photo-
catalytic ozonation degradation of CIP were evaluated (Figure
1). The samples were exposed to ultraviolet (UV) light in the
first experiment and then to UV light with ozonation in the

second experiment. UV irradiation was provided by an Aqua
Forte 9 W UV−C lamp with an irradiation intensity of 3.2
mW/cm2, a professional water product manufactured by SIBO
Fluidra, Netherlands. CIP concentrations were measured at
specified intervals to calculate degradation rates. Ozone gas
was introduced into the experimental setup through a 6 mm
silicone tubing connected to mini air stone diffusers using
Certizon 200 ozone generators from “Sander” in Germany.
Each experiment lasted between 10 and 60 min and UV

monitoring of CIP was done at 277 nm using the UV−vis
“Spectronic GENESYS 8” spectrophotometer from Thermo
Scientific. The samples were extracted from the reactor using a
5 mL medical syringe. Kinetic data was analyzed using a
pseudo-first-order kinetic model, providing a quantitative
comparison of the photocatalytic performance of the TiO2-
coated substrates.

2.3.5. Reusability and Stability of the TiO2 NTA Photo-
catalyst. To explore the reusability and stability of the
synthesized TiO2 NTA and sprayed TiO2-coated photo-
catalysts used in this study, cyclic reuse experiments were
conducted. Cyclic and reusability experiments in photo-
catalytic wastewater treatment are essential to evaluate the
long-term efficiency, stability, and degradation resistance of
photocatalysts, ensuring cost-effective and sustainable water
purification. The degradation of CIP was evaluated by
monitoring the C/C0 ratios for the five consecutive runs
within the reactor.

2.3.6. Degradation Pathway. To follow the ciprofloxacin
(CIP) wastewater degradation pathway, we employed high-
performance liquid chromatography−mass spectrometry
(HPLC-MS). The mass spectra were collected using an
LCMS-2020 (ESI+) (Shimadzu; Japan) system equipped with
an ultraviolet detector and coupled to a mass spectrometer.
The HPLC utilized a reverse-phase C-Ph column (4.6 mm ×
100 mm), which is well-suited for separating polar and
nonpolar compounds based on their hydrophobicity.
HPLC separation was achieved using a mobile phase

composed of acetonitrile and water +0.1% formic acid,
gradient conditions at a flow rate of 0.6 mL/min. The mass
spectrometer functioned in positive ionization mode, facilitat-
ing the detection of primary molecular ions and characteristic
fragments of ciprofloxacin (CIP) and its derivatives across a
wide mass spectrum. This configuration enabled thorough
monitoring, with CIP being identified at 254 nm for accurate
quantification. The combination of HPLC and mass
spectrometry presents a robust methodology for the
identification of CIP and its degradation products, yielding
significant insights into the compound’s dynamics and
transformation during photodegradation.

Figure 1. Photocatalytic degradation setup: (a) ozone gas, (b) UV
light, (c) TiO2 catalyst, and (d) ciprofloxacin.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.5c03565
ACS Omega 2025, 10, 34666−34682

34669

https://pubs.acs.org/doi/10.1021/acsomega.5c03565?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c03565?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c03565?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c03565?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c03565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Samples collected at regular intervals during photocatalytic
degradation experiments were analyzed to identify the absence
of CIP in the sample. The degradation pathway was
reconstructed based on the temporal profiles of these
intermediates, offering detailed insights into the mechanisms
of CIP breakdown in TiO2-coated AISI 316 steel and TiO2
NTA systems.

3. RESULTS AND DISCUSSION
3.1. Synthesis of TiO2 Photocatalyst. 3.1.1. Surface

Morphology. This section examines the surface morphologies
of TiO2 coatings developed using varying methods and
methanol concentrations, aiming to correlate structural

characteristics with photocatalytic performance. By analyzing
the effects of methanol concentration and deposition
techniques on the adherence, homogeneity, and structural
stability of the TiO2 layers, the role of coating morphology in
influencing photocatalytic activity can be better understood.
Figure 2a, which is the Bare-Coated TiO2 shows a highly

cracked and uneven surface morphology. The large, defined
crack patterns indicate minimal adherence and structural
integrity, suggesting that without methanol, the TiO2 particles
may not achieve optimal distribution or binding on the steel
substrate. This uneven coating might hinder effective photo-
catalytic activity, as the available active sites could be
irregularly dispersed.

Figure 2. SEM (magnification × 10,000) (a, c, e) and EDS maps (b, d, f) of TiO2-coated samples synthesized at 400 °C.
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In contrast, in Figure 2c, the Methanol-Enhanced TiO2
presents a more refined, tightly packed crack pattern with
improved homogeneity across the surface. The addition of 1.5
mL methanol appears to enhance the coating’s structural
stability and adherence, resulting in a more uniform
distribution of TiO2 particles. This even layer potentially
maximizes active sites, contributing to its observed superior
photocatalytic performance.17 The smaller, less pronounced
cracks reflect a better-controlled drying process and enhanced
coating stability,48 suggesting that the Methanol-Enhanced
TiO2 might provide an optimal balance for the spray coating.
Meanwhile, in Figure 2d, the TiO2 NTA sample shows a

much smoother and cohesive surface with minimal cracking.35

This electrophoretic deposition method allows us to achieve a
compact and continuous layer of TiO2 on the steel substrate,
indicating strong adherence and uniformity. The superior
structural integrity aligns with its proven photocatalytic
efficiency, as the continuous surface likely maximizes the
exposure of active sites without the interruptions seen in the
spray-coated samples.
Overall, these observations emphasize the significant

influence of methanol concentration on the morphology of
spray-coated TiO2, with the Methanol-Enhanced TiO2 catalyst
demonstrating improved structural stability and a more
effective photocatalytic surface. Additionally, the TiO2 NTA
sample, developed via electrophoretic deposition, presents a
structurally superior alternative, offering a compact, uniform
layer that maximizes active site exposure and enhances
photocatalytic efficiency.

3.1.2. Crystallographic Composition. XRD analysis of
Methanol-Enhanced TiO2, Bare-Coated TiO2 and TiO2 NTA
confirms the presence of crystalline anatase identification peaks
of the TiO2 phases, with variations in peak intensity and
broadening indicative of structural differences. The diffraction
patterns were used for phase identification, while crystallite
sizes were estimated using the Scherrer equation.
The diffraction peaks for TiO2 NTA, Methanol-Enhanced

TiO2 and Bare-Coated TiO2 appear in Figure 3 at 2θ values of

25.42, 37.9, 48.0, 53.9, and 62.6°,49,50 corresponding to the
anatase TiO2 (101), (004), (200), (105), and (204) planes,
respectively, as identified using the PDF-4 database, ICDD
Card No 03−065−3362 (International Center for Diffraction
Data, ICDD).51 The presence of these peaks confirms that all
coatings retain a predominantly anatase structure, which is
essential for photocatalytic applications because of their high
charge-separation efficiency and stability under UV irradiation.
Anatase exhibits superior photocatalytic activity compared to

rutile. Its enhanced crystallinity reduces defect sites that
facilitate electron−hole recombination.52
The crystallite sizes were estimated using the Scherrer eq

(eq 2), which considers peak broadening. The calculated
values shown in Figure 4 indicate that Methanol-Enhanced

TiO2 has the smallest crystallite size of 9.61 nm, which suggests
a higher surface area and potentially enhanced photocatalytic
activity. The Bare-Coated TiO2 sample has an intermediate
crystallite size of 17.63 nm, balancing crystallinity and
reactivity. In contrast, TiO2 NTA exhibits the largest crystallite
size at 26.70 nm, implying a more ordered crystalline structure
that may facilitate charge transport but reduce the active
surface area available for photocatalysis.
These findings suggest that the different TiO2 coatings

exhibit varying degrees of crystallinity and structural properties,
which could influence their photocatalytic performance. The
smaller crystallite size in Methanol-Enhanced TiO2 may
enhance its reactivity due to the increased surface area, while
the larger crystallite size in TiO2 NTA may contribute to
stability and efficient charge carrier transport. The differences
in crystallographic properties highlight the importance of
optimizing coating parameters to achieve an ideal balance
between surface area, crystallinity, and photocatalytic effi-
ciency.35

3.1.3. Effect of Methanol Volume on TiO2 Concentration.
The relationship between methanol volume and TiO2
concentration followed a nonlinear trend, indicating dynamic
dispersion and aggregation effects. The variations in TiO2
concentration at different methanol levels, including stability,
peak dispersion, aggregation, and partial redispersion, are
detailed in Table 3. At 0.5 and 1.0 mL, TiO2 concentration
remained stable at 0.0116 mol/L, suggesting minimal impact
on dispersion. At 1.5 mL, TiO2 concentration peaked at 0.0204
mol/L, indicating optimal dispersion and stabilization,Figure 3. XRD pattern of various TiO2-coated catalysts.

Figure 4. Calculated crystallite sizes of the various TiO2-coated
samples.

Table 3. Effect of Methanol Concentration on TiO2
Dispersion and Stability

methanol concentration (mL) TiO2 dispersion (mol/L)

0.5 0.0116
1.0 0.0116
1.5 0.0204
3.0 0.0079
4.5 0.0168
6.0 0.0104
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enhancing surface coverage on AISI 316 steel. However, at 3.0
mL, a sharp decline to 0.0079 mol/L suggested excessive
methanol caused aggregation and sedimentation. A partial
recovery at 4.5 mL (0.0168 mol/L) implied limited
redispersion, while at 6.0 mL (0.0104 mol/L), the system
stabilized, showing no further dispersion improvement. These
findings highlight methanol’s critical yet nonlinear role in TiO2
dispersion, with 1.5 mL as the optimal volume for achieving
uniform coatings and maximizing photocatalytic performance.
3.2. Photocatalytic Performance of TiO2 Coatings.

3.2.1. Methylene Blue Degradation. In this study, the
degradation of MB under UV irradiation was investigated
using three TiO2-coated samples (Bare-Coated TiO2, Meth-
anol-Enhanced TiO2, and TiO2 NTA) alongside a control
using UV alone. The samples were assessed for their
photocatalytic activity based on initial and final MB
concentrations after a 30 min irradiation period.
For the Bare-Coated TiO2 sample, which contained 2.5 g of

TiO2 and no added methanol in the coating solution, Figure 5a
shows the initial MB concentration was 9.754 ± 0.016 mg mg/
L, decreasing to 8.626 ± 0.012 mg/L after 30 min under UV
irradiation. This translates to a degradation efficiency of
approximately 11.57%, indicating a substantial photocatalytic
effect compared to photocatalysis alone. The corresponding
SEM image shows a cracked surface morphology, suggesting
possible issues with structural stability, which may influence
the longevity of the coating in repeated use. Despite this, the
Bare-Coated TiO2 sample exhibited the steepest decline in MB
concentration, marking it as the most effective among the
spray-coated samples in terms of immediate degradation.53

The Methanol-Enhanced TiO2 sample, starting at an MB
concentration of 9.503 ± 0.014 mg/L and decreasing to 9.233
± 0.013 mg/L, achieved a degradation efficiency of 2.84%.
This performance is slightly lower than that of the TiO2 NTA,
which degraded MB by approximately 3.08% (from 9.549 ±

0.015 to 9.255 ± 0.014 mg/L). The SEM analysis of the
Methanol-Enhanced TiO2 sample revealed a more uniform
surface morphology compared to the Bare-Coated sample,
likely contributing to its stability during photocatalytic testing.
Although its degradation efficiency was lower than the Bare-
Coated TiO2 sample, the Methanol-Enhanced TiO2 sample
remained comparable to values reported in similar studies
(6.18% in 30 min),54 (75.43% mineralization after 90 min)55

comparable to the well-established TiO2 NTA.
53

The slightly lower efficiency may be attributed to the role of
methanol in the coating process. While methanol promotes
smoother and more stable films, it may also reduce surface
defects or active sites that are critical for photocatalysis.56 On
the contrary, the Bare-Coated TiO2 sample, despite its cracked
surface, likely offers greater surface area and reactivity. This
highlights the trade-off between immediate degradation
efficiency and long-term coating durability.
The TiO2 NTA sample, which serves as a benchmark due to

its proven photocatalytic efficiency,35,57 exhibited a slight
advantage over the Methanol-Enhanced TiO2 sample, with a
total degradation of 3.08%. This marginal difference suggests
that the spray-coated Methanol-Enhanced TiO2 sample,
though simpler in application, approaches the effectiveness of
the TiO2 NTA in terms of MB degradation. The high R2 values
in Figure 5a and consistent decline in concentration over time
further confirm the TiO2 NTA’s reliability and photocatalytic
stability.57

The UV-alone control showed a minimal decrease in MB
concentration, from 9.589 ± 0.017 to 9.486 ± 0.015 mg/L,
resulting in a degradation efficiency of just 1.07%. This low
rate of degradation highlights the limited effect of UV
irradiation without a photocatalyst, as demonstrated by the
nearly flat trend line.57

In summary, while the Bare-Coated TiO2 sample exhibited
the highest MB degradation rate, its cracked morphology raises

Figure 5. (a) Methylene blue degradation and (b) pseudo-first-order reaction kinetics versus time.

Figure 6. (a) CIP adsorption and (b) pseudo-first-order reaction kinetics versus time.
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concerns regarding durability under prolonged use. The
Methanol-Enhanced TiO2 sample demonstrated a degradation
performance comparable to that of the TiO2 NTA, suggesting
that spray-coating TiO2 with methanol may serve as a viable
alternative to electrophoretic deposition. The findings indicate
that optimizing methanol content in spray-coated TiO2 could
balance degradation efficiency and coating stability, presenting
a promising avenue for scalable photocatalytic applications.

3.2.2. Adsorption on Catalyst. The adsorption of
ciprofloxacin (CIP) on various TiO2-coated samples was
analyzed to evaluate how their preparation methods influence
their ability to remove CIP from the solution. This section
focuses on the comparative performance of Bare-Coated TiO2,
Methanol-Enhanced TiO2, and TiO2 NTA samples during a 30
min adsorption experiment. By examining the initial and final
CIP concentrations, alongside adsorption efficiencies and R2
values, insights into the relationship between coating
morphology and adsorption behavior can be drawn. The aim
is to identify the factors contributing to the observed
differences and to determine which coating method provides
the most effective surface for CIP adsorption.
In Figure 6a, ciprofloxacin (CIP) adsorption on three TiO2-

coated samples (Bare-Coated TiO2, Methanol-Enhanced TiO2,
and TiO2 NTA) was investigated over 30 min. The initial and
final CIP concentrations were recorded to assess the
adsorption efficiency for each sample.
For the Bare-Coated TiO2 sample, the CIP concentration

started at 0.952 ± 0.012 mg/L and decreased to 0.832 ± 0.015
mg/L, indicating an adsorption efficiency of approximately
12.6%. The R2 value of 0.928 suggests a moderate linear fit,
reflecting some variability in adsorption behavior.
The Methanol-Enhanced TiO2 sample had an initial CIP

concentration of 1.049 ± 0.011 mg/L, which decreased to
0.969 ± 0.013 mg/L, resulting in an adsorption efficiency of
around 7.6%. This is the lowest adsorption efficiency observed
among the samples, indicating a reduced adsorption affinity for
CIP. However, the R2 value of 0.989 reflects a strong linear fit,
suggesting a consistent adsorption pattern throughout the
experiment.53

The TiO2 NTA sample showed a CIP concentration
reduction from 1.059 ± 0.012 to 0.849 ± 0.014 mg/L,
yielding an adsorption efficiency of approximately 19.8%. This
sample achieved the highest adsorption efficiency among the
three, with an R2 value of 0.957, indicating a reliable and
consistent adsorption performance.35

In summary, the TiO2 NTA sample demonstrated the
highest adsorption efficiency for CIP, followed by the Bare-
Coated TiO2 sample, with the Methanol-Enhanced TiO2
sample showing the lowest efficiency. This trend suggests

that the specific preparation methods impact the surface
characteristics of TiO2, thereby influencing CIP adsorption.
The results underscore the superior adsorption capacity of the
TiO2 NTA in comparison to the spray-coated samples.

3.2.3. Photocatalytic Degradation Study. Figure 7
illustrates the model wastewater degradation of 1 mg/L
ciprofloxacin (CIP) over time with photocatalysis under three
different experimental conditions: Bare-Coated TiO2, Meth-
anol-Enhanced TiO2, and TiO2 NTA samples. The degrada-
tion process for each condition is represented by a linear
regression fit, with the corresponding R2 values provided to
indicate the strength of the correlation between time and CIP
concentration. This analysis highlights the differences in
catalytic performance and degradation pathways, offering
insights into the role of coating preparation and catalyst
activity in wastewater treatment applications.
The degradation efficiency can be analyzed based on the

observed decrease in CIP concentration over time. For TiO2
NTA, the final concentration after 30 min is higher (∼0.66 ±
0.012 mg/L), suggesting lower degradation compared to the
other setups. The Methanol-Enhanced TiO2 catalyst demon-
strates the steepest decline in CIP concentration, highlighting
its enhanced wastewater degradation performance due to the
catalyst’s activity. Meanwhile, the Bare-Coated TiO2 catalyst,
while still showing some degradation, exhibits a slower rate and
a less steep slope compared to the Methanol-Enhanced TiO2
catalyst. This comparison underscores the significant role of
the catalyst in accelerating and improving the degradation
process.
The R2 values not only reflect the linearity of the

degradation process but also provide insight into the reliability
of the reaction kinetics. A higher R2, as seen with the
Methanol-Enhanced TiO2 catalyst, indicates a more controlled
and uniform degradation pathway. The lower R2 for the TiO2
NTA and Bare-Coated TiO2 catalyst suggests less consistent
reaction kinetics, possibly due to variations in the reaction
conditions or limited availability of catalytic surfaces. Overall,
the presence of the catalyst enhances both the degradation
efficiency and the consistency of the reaction,57 making the
Methanol-Enhanced TiO2 catalyst the most effective condition
for CIP degradation in this experiment.
The superior performance of M.E TiO2 coating in both CIP

adsorption (7.6%) and photocatalytic degradation can be
attributed to the interaction between modified surface
chemistry and CIP’s molecular structure. Methanol acts as a
structure-directing agent, promoting the formation of a more
uniform and hydroxyl-rich TiO2 surface, which improves the
availability and surface polarity of the active site.58 This favors
the adsorption of polar molecules containing heteroatoms such

Figure 7. (a) CIP photocatalysis and (b) pseudo-first-order reaction kinetics versus time.
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as CIP through hydrogen bonding and π−π interactions.59,60
Additionally, CIP’s complex structure with electron-donating
groups facilitates stronger charge transfer interactions, which,
combined with reduced electron−hole recombination on the
methanol-modified surface, leads to a higher generation of
reactive oxygen species (ROS).61 These synergistic effects
explain the steep decrease in CIP concentration and suggest
that Methanol-Enhanced TiO2 selectively favors the degrada-
tion of structurally complex pharmaceutical pollutants over-
simpler dyes such as MB.
This section explores the accelerated degradation of 1 mg/L

ciprofloxacin (CIP) under UV and ozone (photocatalytic
ozonation) for three TiO2-coated samples: Bare-Coated TiO2,
Methanol-Enhanced TiO2, and TiO2 NTA. The study
examines the combined effects of UV and ozone in driving
CIP degradation, focusing on the enhanced reaction dynamics,
reduced degradation times, and the ability to achieve complete
removal of CIP. This analysis compares the performance of
each catalyst in this advanced oxidation setup to prior results
without ozone in Figure 7, offering insights into the synergistic
role of UV and ozone in wastewater treatment applications.62

In Figure 8, the degradation of 1 mg/L CIP under UV and
Ozone is significantly accelerated for all conditions compared
to the previous experiment without ozone as shown in Figure
7. The Bare-Coated TiO2 catalyst and the TiO2 NTA
conditions achieve complete degradation within 20 min,
demonstrating the powerful oxidative effects of UV and
ozone even in the absence of or with minimal catalyst
involvement.63 For the Methanol-Enhanced TiO2 catalyst
condition, complete wastewater degradation occurs within 30
min, indicating a slightly slower but still highly effective
degradation process.
The observed performance contrasts with the first experi-

ment in Figure 7, where neither the Bare-Coated TiO2 catalyst
nor the TiO2 NTA catalyst conditions achieved complete

degradation, regardless of the time. In that earlier scenario, the
Methanol-Enhanced TiO2 catalyst condition showed the most
effective degradation but still did not reach complete removal
of CIP within the 30 min time frame. The addition of Ozone in
this experiment not only boosts the wastewater degradation
rates for all conditions but also ensures that complete
degradation is achieved for every condition, albeit at slightly
different times.57

The differences in degradation timing highlight how the
introduction of ozone shifts the dynamics of the reaction.57 For
the Bare-Coated TiO2 catalyst and the TiO2 NTA conditions,
these oxidative processes compensate for the absence or lower
concentration of a catalyst, driving rapid and complete CIP
removal. In the case of the Methanol-Enhanced TiO2 catalyst
condition, the degradation trend remains strong and
consistent, but the additional oxidative effects of UV and
ozone appear to moderate the relative impact of the catalyst,62

resulting in complete degradation occurring slightly later than
in the other two setups.
The synergistic enhancement via •OH radical generation of

OH radicals during ozonation is supported by both the
literature and our previous work. Ozone interacts with the
surfaces of the water and the catalyst to produce hydroxyl
radicals,64 which are highly reactive species responsible for the
rapid degradation of pollutants.65 Our previously published
study57 experimentally confirmed significant •OH radical
generation of OH radicals during ozonation, validated by
scavenger tests, thus underpinning the proposed mechanism of
ozone−TiO2 synergy through hydroxyl radical-mediated
oxidation. Recent findings further reinforce this mechanism:
direct photolysis of ozone under UV light forms excited-state
O(1D), which reacts with water to yield •OH radicals,66 while
modified TiO2 surfaces enhance ozone activation and ROS
production via electron-mediated pathways.67,68

Figure 8. (a) Photocatalytic ozonation of CIP wastewater and (b) pseudo-first-order reaction kinetics versus time.

Figure 9. Photocatalytic degradation of CIP during cyclic reuse of photocatalyst (a) TiO2 NTA and (b) Methanol-Enhanced TiO2.
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Overall, when comparing both experiments, the incorpo-
ration of UV and ozone dramatically enhances the efficiency of
CIP degradation, enabling complete removal in all conditions,
which was unattainable without these advanced oxidation
processes. This emphasizes the critical role of UV and ozone in
accelerating degradation, particularly in conditions where the
catalytic effect alone is insufficient.57

In summary, the addition of UV and ozone led to a 33.33%
reduction in the time required for complete degradation under
the Bare-Coated TiO2 catalyst and the TiO2 NTA conditions,
demonstrating the powerful oxidative effect of these advanced
processes. The slight delay in the Methanol-Enhanced TiO2
catalyst condition reaching complete degradation suggests
potential interactions between the catalyst and oxidative
processes that merit further investigation.

3.2.4. Reusability and Stability Testing. Figure 9 evaluates
the reusability and degradation efficiency of ciprofloxacin
(CIP) in wastewater treatment using Methanol-Enhanced
TiO2 and TiO2 NTA samples across five consecutive cycles,
each lasting 30 min. The Bare-Coated TiO2 sample was not
tested for reusability because the study focused on evaluating
the performance of Methanol-Enhanced TiO2 as a potential
alternative to TiO2 NTA, with the primary emphasis on
photocatalytic effectiveness and durability rather than the

reusability of Bare-Coated TiO2. The study aims to determine
how well the catalytic performance of each system is
maintained over repeated use, emphasizing long-term reus-
ability and scalability. By analyzing reusability, this section
highlights the robustness and degradation efficiency of these
photocatalytic systems under cyclic operational conditions.
For the TiO2 NTA sample (Figure 9a), the first and second

cycles achieved 100% degradation. By the fifth cycle, the initial
concentration of 1.088 mg/L was reduced to 0.122 mg/L,
achieving an 88.75% degradation efficiency. Comparing the
first and fifth cycles, the efficiency difference was 11.25%.
Between the fourth and fifth cycles, where the initial
concentrations were 1.137 and 1.088 mg/L, respectively, the
efficiency difference was only 0.7%, indicating good reus-
ability.57,69

For the Methanol-Enhanced TiO2 (Figure 9b), the first and
second cycles achieved 100% degradation. By the fifth cycle,
the initial concentration of 1.080 mg/L was reduced to 0.122
mg/L, achieving 88.72% degradation efficiency. Comparing the
first and fifth cycles, the efficiency difference was 11.28%.
Between the fourth and fifth cycles, where the initial
concentrations were 1.1272 and 1.080 mg/L, respectively,
the efficiency difference was 0.68%, again demonstrating good
reusability.

Figure 10. XRD analysis (a) TiO2 NTA catalysts and (b) Methanol-Enhanced TiO2 catalysts.

Figure 11. Mass spectrum of sample containing CIP at time t = 0.
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These findings reveal that both the TiO2 NTA sample and
Methanol-Enhanced TiO2 catalyst maintain high degradation
efficiencies across multiple cycles,69,70 with the TiO2 NTA
sample slightly outperforming the sprayed alternative in long-
term reusability. Nonetheless, the minimal efficiency differ-
ences between the fourth and fifth cycles for both catalysts
confirm their potential for scalability in repeated applications.57

The structural stability of the catalysts was further examined
by XRD analysis (Figure 10). The characteristic diffraction
peaks for both catalysts remained practically unchanged after
multiple cycles, confirming the preservation of the crystallite
phase composition. However, there is a slight broadening of
the peaks in the unused M.E. TiO2 sample suggesting a minor
structural disorder or incomplete crystallization in the prepared
state. Interestingly, with the used M.E. TiO2, the peaks became
sharper and more intense, indicating a possible recrystallization
or ordering effect during prolonged UV exposure.71,72 This
behavior could result from the removal of residual organics
derived from methanol, photothermal annealing, or relaxation
of microstrain within the TiO2 lattice, which collectively
enhance crystallinity. In contrast, TiO2 NTA exhibited a more
stable crystalline structure with repeated use.
Overall, these findings demonstrate good reusability

potential for both catalysts. Although TiO2 NTA remains the
stronger candidate in terms of long-term phase stability, the
Methanol-Enhanced TiO2 catalyst exhibited comparable
photocatalytic efficiency, indicating favorable prospects for
scalable wastewater treatment applications.

3.2.5. Analytical Identification of Intermediate Products.
The photocatalytic degradation of ciprofloxacin (CIP) was
analyzed using two experimental systems: Methanol-Enhanced
TiO2, and TiO2 NTA samples. HPLC-MS analysis provided
critical insights into the degradation pathways and byproduct
formation in these setups.
The MS spectrum at 0 min (Figure 11) shows a dominant

base peak at 332 (+) m/z, corresponding to the intact
molecular ion of ciprofloxacin. This confirms the initial

presence and purity of ciprofloxacin in solution before any
photocatalytic treatment. The presence of this peak as the base
ion (highest intensity) indicates no prior degradation or
transformation at the beginning of the experiment. Additional
fragments at 288 (+) m/z,61 263 (+) m/z,61 and 224 (+) m/z
suggest early stage fragmentation patterns but indicate no
significant degradation of the parent compound. These are
typical early stage fragments of ciprofloxacin and are consistent
with loss of water, carboxyl groups, or cleavage of the
piperazine ring. The presence of a well-defined peak at 332 (+)
m/z confirms the initial concentration before photocatalytic
treatment.
Following exposure to photocatalysis using TiO2 NTA

(Figure 12), the base peak at 346 (+) m/z35,73 dominates,
indicating oxidative defluorination and hydroxylation. The
disappearance of 332 (+) m/z suggests rapid degradation of
CIP under photocatalytic conditions. This shift demonstrates
that TiO2 NTA effectively promotes CIP breakdown, initiating
oxidative defluorination, and leading to the formation of
multiple degradation products. Fragment ions at 328 (+) m/z,
315 (+) m/z, and 285 (+) m/z, indicate key degradation
processes, including oxidative defluorination, piperazine ring
cleavage, and decarboxylation. Specifically, 328 (+) m/z and
315 (+) m/z suggest sequential defluorination and fragmenta-
tion of the CIP molecule,74 while 285 (+) m/z corresponds to
the breakdown of the piperazine ring and loss of functional
groups such as ethyl or carboxylic groups.75,76 In addition to
these key peaks, the spectrum shows a wide range of lower-
intensity fragments below m/z 200, such as peaks at 64, 75,
105, 139, 154, 183, and others. These low m/z values reflect
extensive breakdown of the molecular structure, indicating a
progressive mineralization of organic intermediates into
smaller and less complex species. The broad distribution of
lower m/z fragments implies extensive mineralization of the
CIP, strengthening TiO2 NTA’s strong photocatalytic activity.
The results of mass spectrometry confirm that TiO2 NTA
facilitates an efficient degradation pathway for CIP, involving:

Figure 12. Mass spectrum of sample containing degraded CIP with TiO2 NTA.
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Oxidative defluorination, cleavage of the piperazine ring,
decarboxylation, hydrolation, progressive fragmentation, and
mineralization.
The MS spectrum for Methanol-Enhanced TiO2 (Figure 13)

also revealed the disappearance of 332 (+) m/z but with a
distinct degradation pattern. The base peak remains at 346 (+)
m/z,61 indicating the formation of a stable hydroxylated or
defluorinated transformation product, although with less
extensive fragmentation overall. Peaks at 328 (+) m/z, 316
(+) m/z52 and 301 (+) m/z77 suggest the presence of early
stage oxidation intermediates, such as monodefluorinated
species or partially cleaved side chains. Unlike TiO2 NTA,
the spectrum lacks strong signals in the lower m/z range, with
only minor peaks at 285, 238, 177, and 154 m/z, reflecting a
limited degree of molecular breakdown. This pattern implies
that degradation is proceeding at a slower rate, with
incomplete mineralization of the parent compound. The
reduced intensity of low-mass fragments suggests that
methanol modification may inhibit deeper oxidative cleavage,
potentially by scavenging reactive oxygen species (ROS), such
as hydroxyl radicals. This alteration in degradation behavior
indicates that methanol-modified TiO2 influences photo-
catalytic pathways, likely affecting ROS generation and
reactivity, and thus modulating overall degradation ki-
netics.78,79 The proposed degradation intermediates and their
corresponding mass-to-charge ratios (m/z) are summarized in
Table 4 below.

3.2.5.1. Comparison of Degradation Pathways. The
comparative results between TiO2 NTA and Methanol-
Enhanced TiO2 reveal distinct differences in their photo-
catalytic efficiencies. TiO2 NTA exhibits a higher degree of
fragmentation, with a more pronounced breakdown of
ciprofloxacin into lower m/z intermediates. The presence of
multiple low-mass peaks suggests an aggressive oxidative
environment that facilitates rapid decomposition of the
antibiotic. This indicates that TiO2 NTA generates a more

reactive surface, leading to faster mineralization of the parent
compound. The strong photocatalytic activity of TiO2 NTA
can be attributed to its ordered nanotubular structure, which
enhances charge separation and prolongs electron−hole pair
lifetimes, leading to more efficient ROS generation.
On the other hand, Methanol-Enhanced TiO2 shows a more

controlled degradation process, with fewer detected inter-
mediates and a less intense fragmentation pattern. The
retention of certain high m/z species suggests a different
degradation mechanism, possibly favoring selective oxidation
rather than complete mineralization. The presence of methanol
in the coating process may have altered the electronic
properties of the TiO2 surface, affecting charge carrier
dynamics and ROS production. This could explain why
Methanol-Enhanced TiO2 degrades ciprofloxacin at a slower
rate compared to TiO2 NTA. However, its ability to produce
transformation products at a measured pace may be advanta-
geous in applications where controlled degradation is preferred
to prevent the formation of harmful byproducts.
Additionally, the methanol modification may have influ-

enced the hydrophilicity of the TiO2 coating, affecting its
interaction with water and contaminants. This could lead to
differences in adsorption dynamics, which in turn impact the
efficiency of photocatalytic degradation. While TiO2 NTA
aggressively breaks down ciprofloxacin into multiple by-
products, Methanol-Enhanced TiO2 might allow for a more
gradual degradation pathway, potentially reducing the risk of
sudden accumulation of toxic intermediates in treated water.

4. CONCLUSIONS
The findings of this study highlight the importance of
optimized TiO2 coatings on AISI 316 steel in enhancing
photocatalytic wastewater treatment. The TiO2 NTA coatings
demonstrated superior structural integrity, achieving an
88.75% degradation efficiency for ciprofloxacin (CIP) by the
fifth reuse cycle, with only an 11.25% reduction in performance

Figure 13. Mass spectrum of sample containing degraded CIP with Methanol-Enhanced TiO2.
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Table 4. Major Byproducts Detected by LC-MS during Photocatalytic Degradation of Ciprofloxacin
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from the first cycle. Methanol-Enhanced TiO2 coatings,
although slightly less structurally cohesive, exhibited advanced
photocatalytic activity, with degradation efficiency remaining
high at 88.72% by the fifth cycle. In contrast, Bare-Coated
TiO2, characterized by a cracked and uneven morphology,
displayed significantly lower adsorption and degradation
performance, underscoring the importance of optimized
coating techniques.
Under UV light, Methanol-Enhanced TiO2 achieved rapid

CIP degradation, including near-complete mineralization

within 10 min, facilitated by secondary radical-driven reactions.
When Ozone was introduced, all coating systems achieved
complete CIP degradation. For the Bare-Coated TiO2 and
TiO2 NTA systems, degradation was completed within 20 min,
while the Methanol-Enhanced TiO2 system required 30 min,
reflecting a slight interaction between the catalyst and ozone-
enhanced processes.
The HPLC-MS analysis revealed distinct degradation

mechanisms: TiO2 NTA facilitated rapid fragmentation of
CIP, producing multiple low m/z intermediates that indicated

Table 4. continued
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aggressive oxidative breakdown. Methanol-Enhanced TiO2, in
contrast, exhibited a more controlled degradation pathway
with key transformation peaks at 316 (+) m/z and 285 (+) m/
z, suggesting selective oxidation and progressive mineralization
rather than immediate fragmentation. This approach may
reduce the risk of accumulating toxic byproducts, making it a
promising strategy for sustainable pollutant removal.
Overall, the TiO2 NTA coatings set a benchmark for

structural stability and reuse potential, while Methanol-
Enhanced TiO2 coatings demonstrated exceptional catalytic
activity and a refined degradation process. These results
establish a framework for tailoring TiO2 coatings to meet
industrial-scale wastewater treatment needs, offering a balance
between efficiency, durability, and scalability.
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Inga Urniezǎite ̇ − Kaunas University of Technology, Kaunas,
Faculty of Chemical Technology, LT-50254 Kaunas,
Lithuania
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