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Facile electrochemical fabrication of
GO@ZnO@MnO, nanocomposite for catalytic
ozonation of ciprofloxacin: experimental
optimization and machine learning modeling

Huu-Tap Van, 2 Le Phuong Hoang,? Van Hung Hoang,® Thi Hong Vien Nguyen,®
Thi Dong Nguyen,© Thi Hong Huyen Chu,® Thu Huyen Nguyen,© Vu Thi Thuy Trang,”
Van-Truong Nguyen €29 and Thi Minh Phuong Nguyen (2 *f

The persistence of ciprofloxacin (CIP), a widely used fluoroquinolone antibiotic, in aquatic environments
poses serious risks to ecosystems and human health due to its recalcitrance and contribution to
antimicrobial resistance. Herein, a novel graphene oxide-zinc oxide-manganese dioxide
(GO@ZNO@MNO,) nanocomposite was successfully synthesized via a facile, one-step electrochemical
exfoliation method and employed as a highly efficient heterogeneous catalyst for the ozonation of CIP.
The optimal nanocomposite ratio (60:35:5) achieved 90.20% total organic carbon (TOC) removal
within 50 min under mild conditions (pH 9.0, catalyst dosage 1.0 g L%, initial TOC 12.21 mg L™,
representing a 2.8-fold enhancement compared with ozonation alone (32.52%). The corresponding
pseudo-first-order rate constant for TOC abatement during CIP degradation was 0.0532 min~?,
significantly higher than those of the binary and pristine systems. Scavenger experiments indicated that
hydroxyl-radical-mediated oxidation contributed significantly to CIP mineralization; however, the limited
suppression (~22% decrease in k) after scavenger addition strongly suggests that surface-mediated
oxidation pathways and/or direct ozone reactions also played a substantial role in the overall catalytic
ozonation process. Furthermore, four machine-learning models were developed to predict TOC removal
efficiency. The artificial neural network (ANN) and support vector machine (SVM) models provided the
strongest predictive fit within the available experimental dataset (R> = 0.977 and 0.976, respectively),
with reaction time identified as the most influential variable. This study presents the first integration of
green electrochemical synthesis, systematic parametric optimization and high-accuracy machine-
learning modeling for catalytic ozonation of CIP, offering a sustainable and predictive strategy for the

efficient mineralization of recalcitrant antibiotics in wastewater.

contribution to the development of antibiotic resistance.’”
Among these contaminants, ciprofloxacin (CIP), a second-

The widespread occurrence of pharmaceutical residues in
aquatic environments has emerged as a critical global concern
due to their persistence, potential for bioaccumulation, and
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generation fluoroquinolone antibiotic extensively used in
human and veterinary medicine, is frequently detected in
wastewater effluents, surface waters, and even drinking water
sources at concentrations ranging from ng L' to mg L™".%° Its
complex molecular structure, containing a quinolone core,
a fluorine atom, and a piperazine ring, renders CIP highly
resistant to conventional biological and physicochemical
treatments, leading to incomplete removal and the formation of
potentially more toxic transformation products.®”

Advanced oxidation processes (AOPs), particularly ozona-
tion, have demonstrated considerable promise for the degra-
dation of recalcitrant organic pollutants owing to the high
oxidation potential of ozone (E° = 2.07 V) and the generation of
non-selective hydroxyl radicals ("OH, E° = 2.80 V).*® However,
standalone ozonation often suffers from low mineralization

© 2026 The Author(s). Published by the Royal Society of Chemistry
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efficiency, selective reactivity toward specific functional groups,
and high energy consumption for ozone generation, which
limits its practical application in complex wastewater
matrices.'>'

To overcome these limitations, heterogeneous catalytic
ozonation has gained increasing attention, as solid catalysts can
significantly enhance ozone decomposition into reactive oxygen
species (ROS), improve mass transfer, and promote surface-
mediated reactions.’”'® Recent studies have highlighted the
effectiveness of transition metal oxides such as MnO,, ZnO, and
CeO,, as well as carbon-based supports including graphene
oxide (GO) and reduced graphene oxide, in catalytic ozonation
of antibiotics."*® MnO,-based catalysts excel in redox cycling
(Mn*'/Mn**), enabling continuous ozone activation and reac-
tive oxygen species (ROS) generation, while ZnO provides
abundant surface hydroxyl groups and oxygen vacancies that
facilitate ozone adsorption and decomposition.”” Graphene
oxide (GO), with its large specific surface area, high density of
oxygen-containing functional groups, and excellent electron
conductivity, serves as an ideal support to prevent nanoparticle
aggregation, enhance pollutant adsorption, and accelerate
interfacial electron transfer processes.'”'®

Despite notable progress, several challenges persist. Most
reported catalysts are binary composites or require complex,
multi-step syntheses involving toxic chemicals and high energy
input, which contradict the principles of green chemistry and
sustainable engineering.'>** Ternary GO@ZnO@MnO, systems
remain underexplored, particularly those prepared via envi-
ronmentally benign, one-step electrochemical methods that
integrate material synthesis and functionalization in a single
process. Moreover, systematic optimization of operating
parameters (pH, catalyst dosage, and pollutant concentration)
and data on catalyst reusability are still limited for CIP miner-
alization, hindering large-scale application and process design.

Furthermore, while experimental optimization is time-
consuming and resource-intensive, the integration of machine
learning (ML) models to predict degradation performance and
identify key influencing factors has only recently begun to
receive attention in catalytic ozonation studies.”** High-
accuracy ML frameworks capable of capturing non-linear
interactions among multiple variables remain scarce for
ozone-based catalytic systems, particularly for pharmaceutical
degradation processes.”

To address these gaps, the present study introduces a novel,
green and highly efficient ternary GO@ZnO@MnO, nano-
composite synthesized via a facile one-step electrochemical
exfoliation approach. This method enables simultaneous exfo-
liation of graphite and in situ anchoring of ZnO and MnO,
nanoparticles in a single, mild, reagent-efficient process, rep-
resenting a significant advancement over conventional multi-
step syntheses. By systematically investigating catalyst compo-
sition, operational parameters, and catalyst reusability, and by
developing and validating four advanced machine-learning
models (LR, ANN, RF and SVM), this work establishes the first
comprehensive framework that combines sustainable catalyst
design, experimental optimization and predictive artificial
intelligence for the catalytic ozonation of ciprofloxacin. The
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integration of these elements not only overcomes the limita-
tions of existing binary catalysts but also provides new mecha-
nistic insights into synergistic ROS generation within the
ternary heterostructure.

The primary objectives of this work were (i) to develop and
characterize an efficient, reusable ternary GO@ZnO@MnO,
catalyst via a facile electrochemical route, (ii) to systematically
optimize key operational parameters for maximum CIP miner-
alization, (iii) to establish robust ML models for rapid perfor-
mance prediction and (iv) to provide mechanistic insights into
the synergistic ROS generation and degradation pathways. By
integrating green catalyst synthesis, experimental optimization,
machine-learning prediction, and detailed mechanistic under-
standing, this study offers a comprehensive and practical
strategy for the efficient removal of fluoroquinolone antibiotics
from water, advancing sustainable catalytic ozonation
technologies.

It should be noted that the present study was conducted
using synthetic CIP-contaminated water under controlled
laboratory conditions. This approach was selected to isolate the
intrinsic catalytic ozonation behavior of GO@ZnO@MnO, and
to evaluate the effects of key operating variables without inter-
ference from complex wastewater matrices. Therefore, the ML
component of this work should be considered a preliminary
process-response modelling tool for controlled conditions,
rather than a directly deployable predictive model for real
wastewater treatment.

Materials and methods
Chemicals

All reagents were of analytical grade and used as received
without further purification. High-purity graphite rods
(=99.99%, 6 mm in diameter, 100 mm in length) were
purchased from a local supplier and used as electrodes for
electrochemical exfoliation. Absolute ethanol (CH3;CH,OH,
99.99%), potassium hydroxide (KOH), ammonium nitrate
(NH4NO3), ammonium sulfate ((NH,4),SO,), zinc nitrate hexa-
hydrate (Zn(NOj),-6H,0), manganese nitrate tetrahydrate
(Mn(NO3),-4H,0), hydrochloric acid (HCl), and sodium
hydroxide (NaOH) were obtained from Merck (Germany).
Ciprofloxacin (CIP, =98%) was supplied by Sigma-Aldrich and
used as the target pollutant. Double-distilled water (resistivity
=>18.2 MQ cm) was used throughout the experiments for solu-
tion preparation and washing. Pure oxygen (99.99%) from
a high-pressure cylinder served as the feed gas for ozone
generation. The electrolyte solutions and metal-salt precursor
solutions were freshly prepared before each synthesis.

Preparation of graphene and GO@ZnO@MnO,
nanocomposites

Graphene (GO) was synthesized via a two-electrode electro-
chemical exfoliation method. Two high-purity graphite rods
(=99.99%, diameter 6 mm, length 100 mm) served as both
anode and cathode. Before use, the rods were thoroughly
washed with absolute ethanol, rinsed repeatedly with double-
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distilled water and dried at 60 °C for 2 h. The electrolyte solu-
tion (500 mL) was prepared by mixing 5% KOH, 7.5% NH,NO;
and 7.5% (NH,4),SO, in a 1:2:2 volume ratio. The electrodes
were positioned 4.0 cm apart with an immersion depth of 2.0 +
0.1 cm. Electrolysis was performed at room temperature (25 =+ 2
°C) under a constant voltage of 10.0 + 0.1 V, producing a stable
current of 1.70-2.00 A for 60 min with continuous magnetic
stirring at 300 rpm. After electrolysis, the resulting graphene
suspension was collected by vacuum filtration through a 0.2 pm
PVDF membrane (47 mm diameter), washed extensively with
double-distilled water to remove residual electrolyte, and dried
at 80 °C for 24 h. The obtained material was labeled as Gr and
stored in a desiccator.

The GO@ZnO and GO@ZnO@MnO, nanocomposites were
prepared using the same electrochemical procedure with in situ
incorporation of metal oxides. During electrolysis, aqueous
solutions of Zn(NO3),-6H,0 (0.06 M) and Mn(NO3), - 4H,0 (0.02
M) were added dropwise from two separate burettes into the
electrolyte at controlled rates corresponding to the desired
nominal mass ratios. A series of nanocomposites with designed
GO :ZnO : MnO, mass ratios of 100:0:0, 60:40:0, 60:35:5
and 60 : 30 : 10 were synthesized. These ratios refer to the mass
ratios of GO, ZnO and MnO,, used during material preparation,
not to oxide phase ratios determined from EDX or XRD analysis.
All other parameters (voltage, current, stirring, temperature,
and reaction time) remained identical to those used for pure
graphene. The final products were collected, washed, and dried
following the same protocol as described above. The synthe-
sized materials were denoted according to their nominal
compositions (e.g., GO@ZnO@MnO, 60:35:5). It should be
noted that the actual final composition may deviate from these
designed mass ratios owing to the dynamic nature of the
electrochemical process. Therefore, the ratios 60: 35: 5 and 60 :
30:10 are used throughout the study only as synthesis-based
sample labels. The preparation procedure was adapted and
modified from the method reported by Sun et al. (2022).%*

Experimental procedure

Ciprofloxacin degradation experiments were performed in
a semi-batch reactor configuration (Fig. 1). All degradation
experiments were conducted using synthetic CIP-contaminated
water prepared in deionized/distilled water. Ozone was contin-
uously generated from a laboratory-scale ozone generator
(Vietzone 20P, Vietzone Ozone Generator Joint Stock Company,
Vietnam) using pure oxygen supplied from a high-pressure
cylinder as the feed gas. Under the operating conditions used
in this study, the ozone generator delivered a stable, effective
ozone dosage of 1.383 g h™* into the reaction system. The ozone
gas stream was introduced at the bottom of a cylindrical glass
reactor (height 700 mm, internal diameter 60 mm) through
a fine-porosity ceramic diffuser to ensure uniform bubble
distribution.

A systematic parametric study was conducted to assess the
influence of key operating variables on total organic carbon
(TOC) removal efficiency during catalytic ozonation of ciprofl-
oxacin using the ternary GO@ZnO@MnO, nanocomposite. The
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Fig. 1 Schematic diagram of the catalytic ozonation experimental
setup for CIP degradation.

effect of catalyst composition was first examined by comparing
pristine GO, binary GO@ZnO (60 : 40), and two ternary formu-
lations - GO@ZnO@MnO, (60:35:5) and GO@ZnO@MnO,
(60:30:10) - to identify the optimal metal-oxide ratio for TOC
abatement performance. Subsequent experiments evaluated the
impact of solution pH (ranging from 3.0 to 11.0) on degradation
kinetics, adjusted with 0.1 M HCI or 0.1 M NaOH. Catalyst
dosage was varied over the range 0.25-2.0 ¢ L' to determine
the optimal loading that provided the highest TOC abatement
without inducing particle agglomeration or radical scavenging.

All runs were carried out in 500 mL of aqueous ciprofloxacin
solution at ambient temperature. Ozone was continuously
bubbled through the suspension, and 5 mL aliquots were
withdrawn at 5-minute intervals for immediate TOC analysis.
The total reaction duration for each experiment was 50 minutes.
Before each run, the reactor and associated tubing were thor-
oughly rinsed with ultrapure water to eliminate residual
contaminants.

Metal leaching analysis: to evaluate the chemical stability of
the GO@ZnO@MnO, -catalyst and the potential risk of
secondary metal contamination, the treated solution was
analyzed for metal leachates after catalytic ozonation. The
concentrations of dissolved Zn and Mn were quantified using
inductively coupled plasma optical emission spectroscopy (ICP-
OES). The measured Zn and Mn concentrations were used to
assess the extent of metal release from the composite catalyst
after reaction.

Machine learning modeling and performance evaluation

To improve the accuracy and reliability of predictions for total
organic carbon (TOC) removal during catalytic ozonation of
ciprofloxacin with the GO@ZnO@MnO, nanocomposite,
a comprehensive machine-learning workflow was developed in
RStudio. Before model training, the choice of performance

© 2026 The Author(s). Published by the Royal Society of Chemistry
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metric and the selection of the most relevant input variables
were carefully considered. In this study, TOC removal efficiency
(%) was the primary response variable, while the four key
descriptors were initial solution pH, catalyst dosage (g L™ %),
initial TOC concentration (mg L"), and reaction time (min).
Although a single evaluation metric may not capture every
aspect of model quality, the combined use of R*, RMSE and
MAE provided a preliminary assessment of model fitting
performance within the investigated experimental domain.

Four supervised regression algorithms - linear regression
(LR), artificial neural network (ANN), random forest (RF) and
support vector machine (SVM) - were constructed to forecast
TOC removal efficiency in the O;/GO@ZnO@MnO, system. The
ANN was implemented as a relatively simple feed-forward
regression model for comparative modeling rather than as
a deep neural network. Given the limited dataset size, the ANN
architecture was kept intentionally simple to reduce the risk of
excessive parameterization and overfitting. All models were
implemented in R (version 4.5.2, R Core Team, 2026). The
complete dataset consisted of 160 experimental observations,
each defined by the four input features and the corresponding
TOC removal percentage. The ML dataset consisted of 160 time-
resolved experimental observations obtained from batch cata-
lytic ozonation experiments under different operating condi-
tions. The input variables included pH, reaction time, initial
TOC concentration, and catalyst dosage. All observations used
for ML modeling were obtained from experiments performed
with the optimized GO@ZnO@MnO, (60:35:5) catalyst. For
preliminary exploratory modeling, the dataset was partitioned
into a training subset (80%, 128 observations) and a testing
subset (20%, 32 observations) using stratified random sampling
(caret::createDataPartition, seed = 42) to preserve the distribu-
tion of the target variable. Catalyst composition was not
included as an input variable in the present ML models because
the composition-dependent experiments were limited to a small
number of formulations and were not performed as a balanced
factorial dataset across all operating conditions. Therefore, the
current ML framework was designed to model the effect of
operating parameters on TOC removal for the optimized cata-
lyst, rather than to establish catalyst structure-performance
relationships.

Feature scaling was performed with the caret::preProcess
function. For LR, RF, and ANN, predictors were centered and
scaled to a mean of 0 and a variance of 1. For SVM, min-max
normalization to the [0, 1] range was applied because SVM is
sensitive to the numerical scale of input variables, particularly
when kernel-based distance calculations are used. This
normalization ensured that variables with larger numerical
ranges, such as reaction time or initial CIP/TOC concentration,
did not dominate the model-fitting process solely because of
their original units. The same train/test split, random seed, and
evaluation metrics were retained for all models to ensure
a consistent comparative modeling framework. Because the
dataset was derived from time-resolved batch reaction profiles,
individual observations from the same trajectory may exhibit
temporal autocorrelation and therefore may not be fully inde-
pendent. The random split used in this study should therefore

© 2026 The Author(s). Published by the Royal Society of Chemistry
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be interpreted as a practical partitioning strategy for prelimi-
nary response-surface modeling within the investigated exper-
imental domain, rather than as a strict trajectory-independent
validation design. The relatively small dataset size also
increases the risk of overfitting for flexible nonlinear models,
especially ANN and SVM. Therefore, the reported model
performance was interpreted as preliminary fitting performance
within the available dataset, rather than definitive evidence of
strong generalization to new independent experiments.

Model performance was quantitatively assessed on both
training and test sets using three complementary statistical
metrics: the coefficient of determination (R?), root-mean-square
error (RMSE) and mean absolute error (MAE). Reproducibility
was ensured by fixing the random seed at 42 throughout all
procedures. To screen for possible overfitting or underfitting,
model performance on the training and testing subsets was
compared using the same evaluation metrics. Large discrep-
ancies between training and test performance were considered
indicative of overfitting, whereas uniformly poor performance
across both subsets was interpreted as underfitting.

The coefficient of determination (R*) represents the propor-
tion of variance in observed TOC removal values explained by
the model; values closer to 1.0 indicate superior goodness-of-fit.
The RMSE quantifies the standard deviation of the residuals
(prediction errors) and is particularly sensitive to larger devia-
tions. At the same time, the MAE provides a more interpretable
linear measure of average error magnitude. The mathematical
expressions for these metrics are given below:>

Zn: Yi— i ’
Rz—l—'i( ) (1)
l_; i =)
(2)
(3)

where y; and y; are the observed and predicted values, } is the
mean of the observed data, and 7 is the number of observations.
Collectively, these metrics enable a balanced and thorough
appraisal of the model's predictive capability, supporting reli-
able forecasting of ciprofloxacin degradation behavior across
diverse operational scenarios.

To improve model interpretability, SHAP (Shapley Additive
exPlanations) analysis was performed to quantify each input
variable's contribution to model predictions. SHAP values
provide a model-explanation framework based on cooperative
game theory, assigning each feature a contribution value for
each prediction. Positive SHAP values indicate that a given
feature increases the predicted TOC removal, whereas negative
SHAP values indicate that the feature decreases the predicted
response. A SHAP summary plot was generated to evaluate both
the global importance ranking of the input variables and the
direction of their effects on the predicted removal performance.

RSC Adv, 2026, 16, 30310-30331 | 30313
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The analysis was conducted for the best-performing ML model
to provide a more robust interpretation beyond conventional
feature-importance ranking.

A catalyst-composition-aware ML model would require an
expanded dataset including multiple catalyst formulations and
relevant physicochemical descriptors, such as GO/ZnO/MnO,
ratio, specific surface area, pore structure, crystallinity, band
gap, surface functional groups and metal composition. To
assess true trajectory-level generalization more rigorously,
future studies should employ grouped splitting by independent
batch experiments, blocked cross-validation, or leave-one-
trajectory-out validation, in which all time points from the
same experimental run are assigned exclusively to either the
training or testing subset.

Analytical measurements and catalyst characterization

TOC concentrations were quantified using a Multi N/C 3100
TOC/TN analyzer (Analytik Jena, Germany) equipped with
catalytic high-temperature combustion. The solution pH was
adjusted as required by adding 0.1 M HCI or 0.1 M NaOH, and
the pH was continuously monitored with a calibrated benchtop
pH meter (HANNA HI 2211-02, Romania).

The morphological features and elemental distribution of
the synthesized GO@ZnO@MnO, nanocomposite were exam-
ined by field-emission scanning electron microscopy (SEM)
coupled with energy-dispersive X-ray spectroscopy (EDX) on
a JSM-IT200 instrument (JEOL, Japan) operated at an acceler-
ating voltage of 2.0 kV under various magnifications. The crys-
talline structure and phase purity of the nanocomposites were
determined by X-ray diffraction (XRD) using a Siemens D5005
diffractometer (Cu Ko. radiation, A = 1.5417 A) over the 26 range
of 10-80°.

LC-MS-guided assignment of ciprofloxacin transformation
intermediates: to support the mechanistic interpretation of
ciprofloxacin transformation during catalytic ozonation,
possible degradation intermediates were assigned based on LC-
MS-guided molecular ion information and structural consis-
tency with known fluoroquinolone oxidation chemistry.
Samples were collected from the O;/GO@ZnO@MnO, catalytic
ozonation system operated under the optimized conditions: pH
9.0, catalyst dosage of 1.0 g L™, initial TOC concentration of
12.21 mg L™, and reaction time up to 50 min. Before analysis,
aliquots were withdrawn at selected time intervals, filtered
through a 0.22 um membrane to remove suspended catalyst
particles, and immediately quenched to minimize further
oxidation.

The apparent degradation kinetics were evaluated based on
TOC abatement rather than direct CIP concentration. The TOC
data were fitted using an apparent pseudo-first-order model:

In(C/Cy) = —kg x t,

where C, and C, represent the TOC concentration at the initial
time and at reaction time ¢, respectively, and k is the apparent
pseudo-first-order rate constant for TOC abatement during CIP
degradation. The kq value was obtained from the negative slope
of the linear regression plot of In(C,/C,) versus reaction time.
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Because this model was derived from TOC removal, kg should
be interpreted as an apparent overall rate constant for TOC
abatement/mineralization under the specified operating
conditions, rather than an intrinsic rate constant for elementary
CIP degradation reactions. This model was applied because the
catalyst dosage was fixed during each run and ozone was
continuously supplied at a stable rate, allowing ozone avail-
ability and the concentration of catalytically active sites to be
treated as approximately constant over the reaction period.
Therefore, k4 should be interpreted as an apparent kinetic
parameter reflecting the overall catalytic ozonation rate under
the specified operating conditions, rather than as an elementary
reaction-rate constant.

Results and discussion

Effect of nanocomposite ratio for GO@ZnO@MnO, synthesis
on ciprofloxacin removal by catalytic ozonation

Fig. 2 illustrates the influence of different nanocomposite ratios
of GO, ZnO and MnO, on the catalytic ozonation efficiency for
ciprofloxacin (CIP) degradation, evaluated via TOC removal and
pseudo-first-order kinetic analysis. A clear enhancement in
mineralization efficiency is observed upon incorporation of
catalytic materials compared to single ozonation (O; alone),
demonstrating the crucial role of heterogeneous catalysis in
promoting ozone activation and reactive oxygen species (ROS)
generation. It should be noted, however, that because the GO-
containing nanocomposite may also adsorb ciprofloxacin and
dissolved organic species, part of the observed TOC decrease
may reflect surface uptake in addition to catalytic oxidation.
Since no catalyst-only adsorption control experiment was per-
formed under ozone-free conditions, the baseline contribution
of adsorption could not be quantified directly in the present
study.

Among all tested systems (Fig. 2a), the O3/GO@ZnO@MnO,
(60:35:5) composite exhibits the highest catalytic perfor-
mance, achieving a TOC removal of 64.95% within 50 min,
which is approximately 2.0-fold higher than that obtained with
O3 alone (32.52%) and significantly superior to O3/GO@ZnO
(50.13%). Although adsorption on the GO-containing surface
may contribute to part of this TOC decrease, the substantial
enhancement relative to ozonation alone and the higher
pseudo-first-order rate constant strongly support an important
role of catalytic ozone activation in the overall process. The
corresponding pseudo-first-order rate constant
(kq = 0.029 min™', R = 0.9637) further confirms the kinetic
superiority of this composite, exceeding those of O; alone
(kg = 0.010 min™"), 03/GO@ZnO (kg = 0.019 min ") and other
MnO,-containing composites (60:30:10 and 60:35:5). This
performance enhancement may be associated with the
combined contribution of GO, ZnO and MnO, in the ternary
composite, including improved dispersion of metal oxide pha-
ses on GO, increased availability of catalytic surface sites and
possible interfacial interactions that facilitate ozone activation.
However, because individual ZnO, MnO, and GO@MnO,
control catalysts were not evaluated in the present study, the
specific contribution of each component and the extent of true

© 2026 The Author(s). Published by the Royal Society of Chemistry
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interfacial synergy cannot be quantified definitively from the
current dataset. Graphene oxide (GO) provides a high-surface-
area, conductive platform that facilitates efficient electron
transfer and the adsorption of CIP molecules, thereby
increasing local reactant concentration at catalytically active
sites.”® ZnO provides a plethora of surface hydroxyl groups and
oxygen vacancies, thereby facilitating the adsorption and
decomposition of ozone into hydroxyl radicals (‘OH).*” The
introduction of MnO,, recognized for its redox-active proper-
ties, further accelerates the decomposition of ozone through
Mn(wv)/Mn(m) cycling, resulting in an elevated generation of
highly oxidative ROS, including ‘OH and superoxide anions
(0,"7).>® However, it is noteworthy that the catalytic perfor-
mance does not increase monotonically with increasing MnO,
content. While a moderate MnO, loading of 5 wt% (in the 60 :
35:5 ratio) markedly enhances activity, higher loadings
(10 wt%) show a decline in efficiency. This trend can be
attributed to phenomena such as active-site shielding,
agglomeration effects, and diminished interfacial contact
between GO and ZnO phases; all of which impede the efficiency
of electron transfer and reduce the availability of catalytic
sites.” Excessive MnO, may also obstruct ozone diffusion
pathways and curtail effective surface exposure, thereby
hindering radical generation efficiency.*®

The kinetic linearity observed in Fig. 2b (R* > 0.94 for all
systems) indicates that TOC abatement can be adequately
described by an apparent pseudo-first-order model under the
applied semi-batch conditions. Since the kinetic fitting was
based on TOC rather than direct CIP concentration or inter-
mediate profiles, the calculated k., values should be inter-
preted as apparent overall mineralization constants. Therefore,
no definitive rate-determining step can be assigned from these
data alone. The substantially higher k4 value for the 60:35:5
composite reflects its superior ability to catalytically decompose
ozone into reactive species rather than relying on direct
molecular ozone oxidation, which is known to be less effective
for complex fluoroquinolone structures such as CIP.*

© 2026 The Author(s). Published by the Royal Society of Chemistry

Collectively, these findings indicate that the ternary GO-
ZnO-MnO, formulation, particularly at the 60:35:5 ratio,
provided the best catalytic ozonation performance among the
materials tested in this study. The observed enhancement is
consistent with a cooperative effect among GO, ZnO and MnO,;
however, further control experiments with individual and
binary component catalysts would be required to confirm and
quantify the interfacial synergy more rigorously. The ideal
composite ratio of 60 : 35 : 5 achieves a favorable balance among
surface area, redox activity, electron transfer competence, and
interfacial synergy, culminating in enhanced ROS generation,
expedited mineralization kinetics, and improved TOC removal.
Hence, this specific composite ratio is the optimal formulation
for synthesizing GO@ZnO@MnO, and is used as the catalytic
agent in all subsequent experiments in this study.

Characteristics of the GO@ZnO@MnO, catalyst

Fig. 3 presents the SEM micrographs of GO, GO@ZnO (60 : 40),
GO@ZnO@MnO, (60:35:5), and GO@ZnO@MnO, (60:30:
10), revealing distinct morphological evolutions induced by
sequential composite formation. The pristine GO (Fig. 3a)
displays a characteristic lamellar, sheet-like structure composed
of thin, stacked nanosheets, typical of exfoliated graphene
oxide. This structure provides a high specific surface area and
a rich array of functional groups that are conducive to the
subsequent anchoring of materials.** Following the incorpora-
tion of ZnO (Fig. 3b), the GO sheets become partially covered by
densely distributed granular and aggregated nanostructures,
indicating successful nucleation and growth of ZnO particles on
the GO surface. This morphology suggests strong interfacial
interactions between ZnO and oxygen-containing functional
groups of GO, which favor uniform dispersion and intimate
contact, essential for efficient charge transfer and catalytic
activity.*

With the introduction of MnO, (Fig. 3c), the
GO@ZnO@MnO, (60:35:5) composite showcases a highly
heterogeneous, hierarchical morphology characterized by well-
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dispersed nanoscale clusters anchored onto the GO sheets. This
multiphase heterostructured architecture enhances surface
roughness, interfacial area, and defect density, producing
abundant exposed active sites for ozone adsorption and acti-
vation. The intimate interfacial coupling among GO, ZnO and
MnO, promotes efficient electron transport pathways while
facilitating redox cycling processes that are vital for catalytic
ozone decomposition and ROS generation.*® In contrast, the
GO@ZnO@MnO, (60 : 30 : 10) composite (Fig. 3d) shows a more
compact, partially agglomerated morphology, where excessive
MnO, loading leads to particle clustering and surface coverage,
reducing the accessibility of active sites and weakening inter-
facial synergy.**

These morphological differences provide a clear structural
explanation for the catalytic performance trends observed in
Fig. 2. The optimized GO@ZnO@MnO, (60 : 35 : 5) composite
exhibits a  well-balanced hierarchical microstructure,
combining high surface area, homogeneous dispersion, strong
interfacial contact and efficient electron-transfer channels,
which collectively facilitate ozone activation. Conversely,
excessive MnO, incorporation disrupts this structural balance,
leading to agglomeration and partial blockage of active inter-
faces, thereby diminishing catalytic efficiency. Therefore, the
SEM analysis supports the formation of an optimized hetero-
structured architecture in the 60:35:5 composite, which may
contribute to the superior catalytic performance observed
among the tested materials. However, SEM evidence alone

30316 | RSC Adv, 2026, 16, 30310-30331

cannot prove interfacial synergy; additional control catalysts
and surface- and interface-sensitive characterization would be
needed to establish the exact origin of the catalytic
enhancement.

The crystalline structures of GO, GO@ZnO with designed
mass ratio (60 : 40), GO@ZnO@MnO, with designed mass ratio
(60:35:5)and GO@ZnO@MnO, with designed mass ratio (60 :
30:10) were further investigated by X-ray diffraction (XRD), as
shown in Fig. 4. Pristine GO (Fig. 4a) exhibits a broad diffraction
peak centered at around 26 = 10-11°, corresponding to the
(001) plane of graphene oxide. This peak is indicative of the
enlarged interlayer spacing caused by oxygen-containing func-
tional groups and intercalated water molecules, thereby con-
firming the successful oxidation and exfoliation of graphite into
GO sheets.* Upon the incorporation of ZnO (GO@ZnO: 60 : 40),
as shown in Fig. 4b, distinct diffraction peaks appear at 20 =
31.7°, 34.4°, 36.2°, 47.5°, 56.6°, and 62.8°. These peaks are well-
indexed to the (100), (002), (101), (102), (110), and (103) planes
of the hexagonal wurtzite ZnO phase (JCPDS No. 36-1451),*®
confirming the effective formation and crystallization of ZnO on
the GO matrix. The significant weakening or broadening of the
characteristic GO peak suggests strong interfacial interactions
and effective prevention of restacking, driven by the anchoring
of ZnO nanoparticles.

With the introduction of MnO, in the nanocomposites
(Fig. 4c and d), additional diffraction features corresponding to
MnO, phases emerge, while the ZnO peaks retain good

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01551d

Open Access Article. Published on 03 June 2026. Downloaded on 6/9/2026 11:56:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
18000 T T L] L) L]
(d) GO@ZnO@MnO0,:60:30:10
13500 P .
9000 | .
4500 |- .
0 ©) —— GO@ZnO@MnO, 60:35:5
23400 F .
15600 |- .
E)
7800 .
% Ok 1 1 1 1 1
c —— GO@zn0
5 1500[\°) ]
c
1060 .
530 |- .
18000 1 1 L 1 L 1 1
13500 f .
9000 | .
4500 | .
0 1 1 1 1 i

10 20 30 40 50 60 70 80
2 theta (degree)

Fig. 4 XRD patterns of GO (a), GO@ZnO: 60:40 (b),
GO@ZNO@MNO05,: 60:35:5 (c) and GO@ZNO@MN0O,: 60 :30:10 (d).

visibility. This observation indicates the coexistence of multiple
crystalline  phases within the nanocomposite. The
GO@ZnO@MnO, (60:35:5) sample showcases well-defined
reflections of ZnO alongside weak but identifiable peaks
relating to the MnO, phase, signifying a high dispersion and
nanoscale distribution of MnO, across the nanocomposite
surface. This finding indicates the formation of a hetero-
structured multiphase nanocomposite rather than a mere
physical mixture, thereby enhancing electron transfer and
catalytic performance.?” In contrast, the GO@ZnO@MnO, (60 :
30:10) sample (Fig. 4d) shows relatively enhanced intensity of
the MnO, peaks, suggesting increased crystallite density and
instances of partial aggregation, which aligns with the obser-
vations made through scanning electron microscopy (SEM). The
absence of any impurity phases confirms both the high purity
and successful synthesis of the engineered ternary nano-
composite system. Thus, the XRD results confirm the successful
assembly of the GO@ZnO@MnO, heterostructure, in which
crystalline ZnO and MnO, nanoparticles are effectively inte-
grated onto the GO framework. This structure is expected to
favor interfacial contact, redox activity, and catalytic activation
of ozone; however, the exact contribution of each component to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the observed performance requires further validation using
additional control catalysts.

The elemental composition and spatial distribution of the
synthesized nanocomposites were confirmed through energy-
dispersive X-ray spectroscopy (EDX), as illustrated in Fig. 4.
The EDX spectrum of pristine graphene oxide (GO) (Fig. 5a)
reveals dominant peaks for C and O, consistent with the ex-
pected oxygen-rich functionalized structure of GO. This
confirms the successful functionalization and oxidation of
graphite into GO sheets, which is essential for further nano-
composite synthesis.*® Subsequently, the EDX analysis of the
GO®@ZnO nanocomposite (Fig. 5b) shows distinct signals for Zn
alongside C and O, demonstrating the successful immobiliza-
tion of ZnO on the GO surface. The presence of Zn signals
confirms that the synthesis process effectively incorporates ZnO
into the nanocomposite matrix, thereby enhancing catalytic
properties. In the nanocomposites (Fig. 5¢ and d), characteristic
peaks corresponding to Mn are detected, in addition to the
prevalent signals for C, O, and Zn. This observation confirms
the successful incorporation of MnO, into the nanocomposite
framework. The EDX spectra confirm the presence of C, O, Zn
and Mn in the synthesized composites, supporting the
successful incorporation of Zn- and Mn-containing phases into
the GO-based matrix.** Moreover, the consistent detection of Zn
and Mn signals across the scanned areas suggests that Zn- and
Mn-containing species were distributed within the GO-
supported composite, although quantitative determination of
the bulk component ratio would require complementary bulk
compositional analysis. This homogenous elemental integra-
tion is critical for establishing efficient interfacial charge-
transfer pathways and redox-active junctions among the GO,
ZnO and MnO, phases. Such a structural arrangement may
facilitate cooperative catalytic behavior by improving contact
among GO, ZnO, MnO, and ozone-derived reactive species.*

In conclusion, the results from SEM, XRD and EDX analyses
robustly confirm the successful synthesis of the structurally
integrated GO@ZnO@MnO, nanocomposite. This nano-
composite exhibits well-defined morphology, crystalline pha-
ses, and homogeneous elemental distribution. Notably, the
nanocomposite prepared with the designed GO:ZnO:MnO,
mass ratio of 60:35:5 demonstrated improved catalytic
performance among the tested materials. SEM, XRD, and EDX
analyses confirmed the successful formation of this ternary
composition, showing well-dispersed ZnO and MnO, nano-
particles on the GO sheets and multiphase coexistence. These
results are consistent with the superior TOC removal efficiency
observed for this particular formulation.

These characteristics elucidate a direct structure-composi-
tion-function relationship, effectively linking material archi-
tecture to enhanced ozone activation, ROS generation, and
improved CIP mineralization efficiency.

Effect of pH on the 0;/GO@ZnO@MnO, catalytic system for
CIP degradation

Based on prior results, the GO@ZnO@MnO, nanocomposite
with a designed mass ratio 60: 35 : 5 has been identified as the
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optimal catalytic material, demonstrating exceptional catalytic
ozonation efficiency for CIP degradation. This optimized
nanocomposite was thus selected for subsequent experiments
to assess the effects of key operational parameters on catalytic
performance. In particular, the influence of solution pH on CIP
mineralization was systematically investigated using the Os/
GO@ZnO@MnO, (60:35:5) system, as depicted in Fig. 6. The
pH of the solution is a crucial factor affecting ozone stability,
the surface chemistry of catalysts, the speciation of pollutants,
and the pathways by which reactive oxygen species (ROS) are
generated in catalytic ozonation systems. Fig. 6 illustrates the
impact of varying pH levels (3-11) on the mineralization
performance of CIP, as evaluated by total organic carbon (TOC)
removal and pseudo-first-order kinetic analysis.

A notable pH-dependent behavior emerged concerning TOC
removal efficiency. The efficiency demonstrated a progressive
increase from acidic to alkaline conditions, peaking at pH 9,
where a TOC removal of 78.41% was achieved within 50 min
(Fig. 6a). In contrast, lower efficiencies of 33.88% at pH 3,
43.99% at pH 5 and 64.05% at pH 7 were recorded. Although
a comparable removal efficiency of 64.90% was achieved at pH
11, it was still substantially lower than that at pH 9, highlighting
an optimal alkaline range rather than a straightforward
enhancement with rising pH. The accompanying kinetic anal-
ysis (Fig. 6b) further validates this trend, revealing the highest
pseudo-first-order rate constant (kg) at pH 9 (kq = 0.0356 min ",

30318 | RSC Adv, 2026, 16, 30310-3033]

R? = 0.9638), indicative of accelerated mineralization dynamics
in moderately alkaline conditions.**

When examining the effects of pH alongside reaction time,
distinct kinetic behaviors are observable. Under acidic condi-
tions (pH 3 and 5), TOC removal proceeds sluggishly, regis-
tering increases of merely 4.31% and 5.79% at the 5-min mark,
respectively. After 20 min, these values increased to 24.36% and
28.48%, ultimately stabilizing at low overall efficiencies of
33.88% and 43.99% after 50 min. These performances are re-
flected in lower k4 values of 0.0090 min~" (R* = 0.9292) at pH 3
and 0.0127 min ' (R*> = 0.9560) at pH 5. In contrast, TOC
removal accelerated moderately at neutral pH 7, achieving
37.49% by 20 min and 64.05% by 50 minutes, with a k4 of
0.0234 min~' (R* = 0.9764). The most significant synergy
between pH and time occurred at pH 9, where TOC removal
surged to 47.21% within 20 min and approached near-
saturation at 78.41% by 50 min, supported by the elevated kq
of 0.0356 min~' (R*> = 0.9638). Although pH 11 showed
competitive initial rates (e.g., 38.73% at 20 min), efficiency
tapered to 64.90% at 50 min, with a k4 of 0.0232 min™" (R*> =
0.9703), indicating that inhibitory effects became more
pronounced with extended exposure.

The mechanistic basis for this behavior can be elucidated by
examining the pH-dependent pathways for ozone decomposi-
tion and catalytic reactions. In acidic conditions (pH 3-5),
ozone remains relatively stable, primarily engaging in direct

© 2026 The Author(s). Published by the Royal Society of Chemistry
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molecular oxidation, and exhibits limited reactivity toward
complex aromatic and heterocyclic compounds such as
ciprofloxacin. This scenario culminates in suboptimal miner-
alization efficiency, as manifested by the lower k4 and time-
integrated removal rates.”” As pH increases, base-catalyzed
ozone decomposition is markedly enhanced, thereby fostering
the generation of highly oxidative species, chiefly hydroxyl
radicals (OH), via hydroxide-ion-initiated reactions. These
radicals possess high non-selective reactivity and redox poten-
tials, enabling them to efficiently cleave the CIP molecular
structure, thereby promoting deep mineralization throughout
the reaction timeline.*

At an optimal pH of 9, an advantageous equilibrium is
attained between ozone stability and radical generation, maxi-
mizing ROS production and catalytic activity, aligning with the
peak kq value and strong fit to pseudo-first-order kinetics. The
enhanced surface hydroxylation of the GO@ZnO@MnO, cata-
lyst under alkaline conditions further amplifies the density of
reactive -OH groups, which are vital to promoting ozone
adsorption and activation. Synergistic interactions between
ozone decomposition, augmented by the alkaline setting, and
the redox-active MnO,/ZnO heterostructure further accelerate
ROS generation via interfacial electron transfer and Mn(wv)/
Mn(m) redox cycling, contributing to the superior catalytic
performance observed over the 50-minute evaluation.**

However, at excessively high pH (pH 11), mineralization
efficiency declines even within the alkaline range. Several
factors contribute to this downturn, including radical scav-
enging by excess hydroxide and carbonate species, which can
compete for ‘OH radicals and yield less reactive carbonate
radicals. Furthermore, excessive alkalinity may disrupt the
catalyst's surface charge, hindering CIP adsorption and inter-
facial kinetics. Collectively, these aspects reduce the effective
availability of ROS for CIP oxidation, leading to diminished
mineralization efficiency and the k4 value comparable to that at

© 2026 The Author(s). Published by the Royal Society of Chemistry

pH 7, despite the high R* (0.9703), reaffirming Kkinetic
adherence.®

In summary, the results reaffirm that the catalytic ozonation
performance of the O;/GO@ZnO@MnO, system is significantly
influenced by pH. Moderately alkaline conditions (approxi-
mately pH 9) provide the most favorable environment for
optimal ozone activation, ROS generation, and CIP degradation,
as evidenced by a k4 of 0.0356 min~" (R> = 0.9638) and TOC
removal of 78.41% after 50 min. Consequently, pH 9 was
established as the ideal operational condition for all subse-
quent experiments in this research, ensuring maximum cata-
Iytic efficiency and consistency across evaluations.

Influence of catalyst dosage on the 0;/GO@ZnO@MnO,
system for CIP degradation

Following the identification of pH 9 as the optimal condition for
maximizing the CIP mineralization, the influence of
catalyst dosage on the performance of the O;/GO@ZnO@MnO,
(60:35:5) system was subsequently evaluated, as illustrated in
Fig. 7. Catalyst dosage represents a critical operational param-
eter in heterogeneous catalytic ozonation processes, as it
directly impacts the availability of active surface sites for ozone
adsorption and decomposition, the generation of ROS, mass
transfer dynamics, and potential catalyst aggregation or self-
quenching effects at elevated concentrations.

Fig. 7a shows a clear trend in TOC removal efficiency with
catalyst dosage, with performance improving from 0.25 ¢ L™ * to
1.0 g L™, after which a marginal decline is observed at higher
dosages. At the lowest dosage of 0.25 g L', TOC removal
reached only 43.52% after 50 minutes, whereas it increased to
78.41% at 0.5 g L™ and peaked at 90.20% at 1.0 g L. Further
increases to 1.5 ¢ L™ " and 2.0 g L™" resulted in slightly lower
efficiencies of 86.77% and 86.22%, respectively. This finding
indicates an optimal dosage threshold at 1.0 g L™, beyond
which additional catalyst does not proportionally enhance

RSC Adv, 2026, 16, 30310-30331 | 30319
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mineralization. Temporal profiles show that higher catalyst
dosages accelerate initial removal rates, with substantial gains
observed within 15-20 min. For instance, at 1.0 g L™*, TOC
removal reached 61.60% by 15 min and 68.09% by 20 min,
whereas at 0.25 g L™" it reached only 26.88% at 15 min and
31.82% at 20 min. This highlights the enhancement provided by
an increased number of active sites in expediting early-stage
ROS-mediated oxidation.*® At the same time, the higher cata-
lyst loading may also increase the available surface area for the
adsorption of ciprofloxacin and intermediate organic species.
Therefore, the observed TOC reduction should be interpreted as
resulting from combined interfacial adsorption and catalytic
oxidation, rather than catalytic mineralization alone, in the
absence of an adsorption-only control.

The pseudo-first-order kinetic analysis in Fig. 7b reinforces
the interplay between dosage and time, as the mineralization
process fits well to pseudo-first-order kinetics across all tested
dosages, with R* values ranging from 0.9104 to 0.9638. The k
increased from 0.0121 min~ ' (R* = 0.9104) at 0.25 ¢ L™ to
a maximum of 0.0532 min~" (R*> = 0.9484) at 1.0 g L ™" before
decreasing slightly to 0.0466 min~' (R> = 0.9386) at 1.5 g L™"
and 0.0463 min~ " (R*> = 0.9456) at 2.0 g L. These observations
indicate that the steepest slopes in the semi-logarithmic plots
occur at 1.0 g L' during the initial 20-30 min, reflecting
enhanced kinetic rates driven by abundant catalytic sites.
However, at higher dosages, the plateauing after 30 minutes
suggests diminishing returns, where extended reaction times
do not compensate for potential inhibitory factors.*”

Mechanistically, the observed trends can be attributed to the
balance between active site availability and system limitations.
At low dosages (0.25-0.5 g L™'), the limited abundance of
surface hydroxyl groups, oxygen vacancies in ZnO, and active
redox pairs (Mn(iv)/Mn(m)) restrict ozone activation and ROS
production, as evidenced by lower k values and time-integrated
efficiencies, primarily driven by slower direct ozonation. As the
dosage elevates to 1.0 g L', the expanded interfacial area

30320 | RSC Adv, 2026, 16, 30310-30331

accommodates greater ozone decomposition, augmented elec-
tron transfer across the GO@ZnO@MnO, heterostructure and
improved pollutant adsorption, leading to maximized ROS
generation and rapid CIP breakdown over the reaction
duration.*®

This optimal dosage corresponds to a favorable catalyst-to-
pollutant ratio, mitigating mass-transfer resistances and maxi-
mizing synergistic catalysis. Beyond 1.0 g L™, however, catalyst
aggregation may occur, reducing effective surface area and
promoting ROS self-quenching or recombination. Excess
particles can inhibit dispersion, limiting the penetration of
light and ozone into the suspension. Moreover, increased
catalyst loading might intensify competition for ozone mole-
cules among active sites, thereby diluting per-site efficiency and
yielding comparable or lower k values despite prolonged
exposure.*®

In summary, the catalytic ozonation efficiency in the O3/
GO@ZnO@MnO, system shows a strong dependence on cata-
lyst dosage, with an optimum at 1.0 g L *. This dosage achieves
the highest TOC removal of 90.20% after 50 min and a corre-
sponding pseudo-first-order rate constant of 0.0532 min~'
(R*> = 0.9484). Thus, this optimized dosage was selected for
subsequent evaluations, balancing performance enhancements
with practical considerations, including material consumption
and process economics in the treatment of antibiotic-laden
wastewater.

Effect of CIP concentration

Following the establishment of pH 9 and a catalyst dosage of
1.0 g L' as the optimal conditions for maximizing the CIP
mineralization, the impact of initial CIP concentration on the
performance of the O;/GO@ZnO@MnO, (60 : 35 : 5) system was
evaluated, as illustrated in Fig. 8. The initial concentration of
the pollutant is a critical factor in advanced oxidation processes,
influencing the ratio of ROS to substrate molecules, the

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01551d

Open Access Article. Published on 03 June 2026. Downloaded on 6/9/2026 11:56:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
100 6
: 0,/GO@ZnO@Mn0,:60:35:5
P 4 [TOC of Ciprofloxacin]: 3 mg/L, K,: 0.072, R2: 0.9767
80 - =7 510 [TOC of Ciprofloxacin]: 6 mg/L, K,: 0.069, R%: 0.9716
— / /; = [TOC of Ciprofloxacin]: 12 mg/L, K,: 0.063, R2: 0.9854
é a&f -~ codl o 4+ © [TOC of Ciprofioxacin]: 24 mg/L, K,: 0.046, R?: 0.9652
¥ A
E 60 ~ g © [TOC of Ciprofloxacin]: 36 mg/L, K,: 0.045, R?: 0.9751
g ‘/./7{’~ 0,/GO@ZnO@Mn0,:60:35:5 8- 3
& 74
2 404 il /' —O~—[TOC of Ciprofloxacin]: 3 mg/L 8
8 / —4— [TOC of Ciprofloxacin]: 6 mg/L = 2]
- he X —<>—[TOC of Ciprofloxacin]: 12 mg/L| =1
—®— [TOC of Ciprofloxacin]: 24 mg/L
—f+ [TOC of Ciprofloxacin]: 36 mg/L 14
(@) L= (b)
T T T T T T T T T T T T T T T T T T
165 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

Time (min)

Fig. 8

Time (min)

Influence of CIP concentration on removal by Os/GO@ZnO@MNnO, system (a) TOC and (b) pseudo-first-order rate constants for TOC

abatement during CIP degradation at initial TOC concentration of 3—36 mg L™; pH of 9.0, catalyst dosage of 1.0 g L~ and contact time of 0—50 min.

adsorption equilibria on the catalyst surface, and the potential
accumulation of intermediate or competitive inhibition effects.

Fig. 8a shows a clear inverse relationship between initial CIP
concentration (ranging from 3 to 36 mg L") and TOC removal
efficiency, with higher concentrations correlating with lower
TOC removal percentages over the 50-min reaction period. At
the lowest concentration of 3 mg L', an impressive 94.97%
TOC removal was achieved within 50 min, compared to 93.63%
at 6 mg L™ (TOC), 90.20% at 12 mg L', 81.57% at 24 mg L™,
and 77.33% at 36 mg L™ '. These results illustrate that lower
pollutant concentrations allow for faster and more complete
degradation due to greater ROS availability relative to the
pollutant load.”® The temporal profiles show rapid initial
mineralization across all concentrations, with the majority of
TOC removal occurring within 20-30 min. At 3 mg L', TOC
removal reached 79.14% after 20 min and 91.59% after 30 min.
In contrast, at the highest concentration of 36 mg L™, the
removal was more gradual, progressing to only 49.73% by
20 min and 72.19% by 30 min. This discrepancy emphasizes
that lower concentrations facilitate more efficient degradation
due to the ample availability of ROS relative to the amount of
pollutant present.>*

The pseudo-first-order kinetic analysis presented in Fig. 8b
further corroborates the concentration-time interplay observed
in the TOC removal data. The degradation process follows
pseudo-first-order kinetics across all tested TOC concentra-
tions, with R> values ranging from 0.9292 to 0.9590. The k
demonstrated a progressive decrease with increasing initial CIP
concentration: 0.0665 min ' (R* = 0.9590) at 3 mg L ™" (TOC),
0.0623 min "' (R* = 0.9466) at 6 mg L', 0.0532 min " (R* =
0.9484) at 12 mg L', 0.0384 min~' (R*> = 0.9406) at 24 mg L ™"
and 0.0354 min~"' (R* = 0.9292) at 36 mg L™ ". The declining
values of k£ manifest as shallower slopes in the semi-logarithmic
plots, particularly pronounced in the initial phases (15-25 min),
where the steepest declines occur at lower concentrations. This
indicates that higher concentrations of CIP impose constraints

© 2026 The Author(s). Published by the Royal Society of Chemistry

on kinetic rates, as ROS generation struggles to keep pace with
the influx of pollutants.*

Casually, the observed reliance on the initial CIP concentra-
tion stems from the catalytic system's finite capacity to produce
and utilize ROS effectively. At low TOC concentrations (3-
6 mg L"), the abundance of ozone-derived ROS (e.g., “OH and
0,'7) relative to the number of pollutant molecules enables
efficient, non-selective oxidation, facilitating rapid cleavage of
CIP's quinolone and piperazine moieties and promoting
comprehensive mineralization of intermediates. As supported by
high k& values and near-complete TOC removals, the
GO@ZnO@MnO, catalyst architecture further enhances this
process by promoting ozone activation through surface hydroxyl
groups and oxygen vacancies in ZnO, complemented by redox
activities of Mn(iv)/Mn(m),”* ensuring sufficient interfacial reac-
tions throughout the duration of the study. Conversely, at higher
TOC concentrations (24-36 mg L"), the increased pollutant load
results in competition for active sites and ROS generation,
leading to catalyst surface saturation. This saturation results in
partial oxidation rather than complete mineralization and can
lead to the accumulation of recalcitrant byproducts that scav-
enging radicals, further diminishing the overall efficacy of the
system. Consequently, this results in reduced & values and overall
efficiencies, with extended reaction times failing to fully counter
these limitations due to mass transfer constraints and potential
inhibitory effects from the organic overload present.**

Therefore, the performance of the 03;/GO@ZnO@MnO,
system is inversely affected by the initial CIP concentration,
with optimal mineralization (94.97% TOC removal at 50 min
and k = 0.0665 min~ ', R> = 0.9590) observed at 3 mg L .
However, practical applications may target moderate concen-
trations, such as 12 mg L™, where 90.20% removal is achievable
with k = 0.0532 min~" (R> = 0.9484). These findings highlight
the need to consider influent concentration when designing
processes, potentially using dilution or multi-stage treatment
strategies to maintain high efficiency in real-world antibiotic
wastewater remediation efforts.
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Machine learning model for removal prediction

The ML models were developed to describe the influence of
operating parameters on TOC removal within the optimized O/
GO@ZnO@MnO, (60:35:5) catalytic ozonation system.
Because catalyst composition was not included as an input
feature, the present ML analysis should be interpreted as
process-condition modeling rather than catalyst-composition
or structure-performance modelling. Building upon the
comprehensive evaluation of operational parameters, including
PH, catalyst dosage, reaction time and initial CIP concentration,
which collectively influence the catalytic ozonation process,
machine learning (ML) models were developed to predict TOC
removal efficiency in the 03/GO@ZnO@MnO, (60:35:5)
system. Four ML algorithms - Linear Regression (LR), Artificial
Neural Network (ANN), Random Forest (RF) and Support Vector
Machine (SVM) - were trained and tested using a dataset
comprising 160 samples, with input features including pH,
reaction time, catalyst dosage and initial CIP concentration
(corresponding to TOC levels) and the target variable being TOC
removal efficiency (%). The dataset was partitioned into 80%
training (128 samples) and 20% testing (32 samples), with
hyperparameter optimization via grid or random search to
enhance model precision, as detailed in the methodology.
Model performance was evaluated using the coefficient of
determination (R?), root mean square error (RMSE), and mean
absolute error (MAE) to assess how well each algorithm repre-
sented the nonlinear response patterns in the available experi-
mental dataset. Because the observations were derived from
time-resolved batch experiments, these metrics should be
interpreted as indicators of predictive fit within the investigated
domain rather than as definitive evidence of strict trajectory-
level generalization. As illustrated in Fig. 9, the ANN model
provided the strongest predictive fit within the available data-
set, with an R* of 0.977, RMSE of 4.26 and MAE of 2.717 on the
testing subset. However, because the dataset contained only 160
time-resolved observations, the ANN result should be inter-
preted cautiously. Although the test-set performance suggests
that severe underfitting did not occur, the possibility of opti-
mistic performance due to limited sample size and temporal
dependence cannot be excluded.®® The RF model performed
admirably, with an R* of 0.946, RMSE of 6.844, and MAE of 5.39,
leveraging ensemble learning to capture complex interactions
among the inputs. In contrast, the LR model (Fig. 9b) yielded
the lowest performance (R*> = 0.686, RMSE = 15.721, MAE =
12.418), underscoring its limitations in handling non-linear
relationships inherent in catalytic ozonation processes.*®
Comparing algorithms also provides useful information
about possible underfitting and overfitting. The relatively low
LR performance (R*> = 0.686) suggests that a purely linear model
may underfit the nonlinear response patterns observed in
catalytic ozonation. In contrast, ANN and SVM achieved much
higher fitting performance, indicating their ability to capture
nonlinear relationships among reaction time, pH, catalyst
dosage and initial CIP concentration. Nevertheless, because
flexible nonlinear models can overfit small datasets, their high
R?values should be regarded as evidence of strong fit within the
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present dataset rather than definitive proof of generalization.
RF showed intermediate performance, suggesting a trade-off
between nonlinear fitting capacity and robustness to noise.

These metrics indicate that ANN and SVM provided the
strongest predictive fit among the tested algorithms within the
current dataset. The close clustering of predicted and observed
values around the 1: 1 line suggests that these models captured
the nonlinear relationship between reaction time, operating
conditions, and TOC removal in the studied experimental
domain. However, because temporally correlated observations
from the same reaction trajectory may be represented in both
training and testing subsets, these results should not be inter-
preted as conclusive evidence of robust extrapolation to fully
independent batch experiments. To elucidate the relative
contributions of input variables to the predictions, feature
importance analyses were conducted for each model, as depic-
ted in Fig. 10 through bar plots. Across all models, this confirms
that the model captured the kinetic progression of TOC abate-
ment during CIP degradation under the studied operating
conditions, but it should not be interpreted as a new mecha-
nistic discovery.

Catalyst dosage (Cat_dos) ranked second in importance
(scores of 8-12), aligning with its impact on active-site avail-
ability and interfacial reactions. Solution pH (pH) was assigned
a moderate importance (scores 3-6), consistent with its modu-
lation of ozone decomposition and catalyst surface chemistry.
Initial TOC concentration (CIP_con) consistently showed the
lowest importance (scores < 3), suggesting that, while it affects
overall efficiency, its predictive weight is subordinate to time-
dependent and catalytic factors within the modeled range.*”

Computational efficiency was also considered to assess
practical applicability, with processing times measured on
a standard system (8 GB RAM, Intel Core i3-10105 CPU at 3.70
GHz). The LR model required negligible time (<0.1 seconds),
making it suitable for rapid prototyping despite lower accuracy.
The ANN, with grid search over hidden layers, took 4.07
seconds; RF tuning and training totaled 16.90 seconds; and
SVM optimization consumed 11.97 seconds. These costs indi-
cate a trade-off between model complexity and runtime,
favoring ANN and SVM for high-fidelity predictions in resource-
constrained environmental modeling scenarios. Therefore, the
ML framework should be viewed as a preliminary data-driven
representation of TOC degradation behaviour in the O,/
GO@ZnO@MnO, system. Within the available dataset, ANN
and SVM provided the best fits among the tested models, and
reaction time emerged as the most influential predictor,
consistent with the process's kinetic nature. Nevertheless, due
to the time-resolved structure of the dataset, the present ML
results should be interpreted as exploratory response modeling
rather than as a definitive benchmark for predicting fully
independent reaction trajectories or scale-up scenarios.

The high importance of reaction time is chemically reason-
able because catalytic ozonation is a kinetic process in which
TOC removal evolves progressively with ozone exposure,
catalyst-mediated ozone activation and accumulation of reac-
tive oxidizing species. However, the strong contribution of
reaction time may also partly reflect the dataset's time-profile

© 2026 The Author(s). Published by the Royal Society of Chemistry
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GO@ZnO@MNO; system.

LR (b);

structure. Therefore, the variable-importance results should be
interpreted as mechanistically informative within the present
experimental design, rather than as evidence of model trans-
ferability beyond the measured kinetic domain.

In real wastewater, natural organic matter, humic
substances, carbonate/bicarbonate alkalinity, chloride, sulfate,
nitrate, ammonia, suspended solids and background COD/TOC
may compete with CIP for oxidizing species, scavenge radicals,
alter ozone decomposition, or modify catalyst surface interac-
tions. Therefore, matrix descriptors should be incorporated into
future ML datasets to improve practical applicability.

To provide a more robust interpretation of model behavior,
SHAP analysis was further performed, and the resulting

© 2026 The Author(s). Published by the Royal Society of Chemistry
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summary plot is shown in Fig. 11. Unlike conventional feature-
importance ranking, SHAP analysis provides both the relative
importance of each variable and the direction of its contribu-
tion to individual predictions. The SHAP plot shows that reac-
tion time had the widest distribution of SHAP values, ranging
from strongly negative to strongly positive contributions, con-
firming it was the most influential input variable in predicting
TOC removal. Low reaction-time values were associated with
negative SHAP values, whereas high reaction-time values were
associated with positive SHAP values. This trend is chemically
reasonable because longer reaction times increase ozone
exposure and enhance the cumulative oxidative transformation
of CIP and its intermediates. It should be emphasized that

RSC Adv, 2026, 16, 30310-30331 | 30323


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01551d

Open Access Article. Published on 03 June 2026. Downloaded on 6/9/2026 11:56:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ANN

3
3

S

©

>

5
£

Cip_con 4 . ( a)
5 10 15 20
Importances

3

.4

|

©

>

5

:

£

Cip_con - . ( C)
0 5 10 15 20
Importances
Fig. 10

reaction time was included as an operational/time-index vari-
able and should not be interpreted as an independent mecha-
nistic factor or intrinsic reaction-rate descriptor; rather, its high
SHAP contribution indicates that the model captured the ex-
pected temporal progression of TOC abatement in the batch
system.

Catalyst dosage was the second-most-influential variable.
Higher catalyst dosages generally yielded positive SHAP values,
indicating that increasing GO@ZnO@MnO, dosage promoted
TOC removal, likely by providing more active sites for ozone
activation and interfacial oxidation. Conversely, lower catalyst
dosages tended to degrade model predictions, reflecting insuf-
ficient active-site availability at low catalyst levels.

The SHAP distribution for pH indicates a moderate but clear
contribution to model output. Higher pH values were mainly
associated with positive SHAP values, consistent with enhanced
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ozone decomposition and increased formation of reactive
oxidizing species under alkaline conditions. Lower pH values
generally had a negative effect, suggesting less favorable ozone
activation and slower mineralization under acidic conditions.

Initial TOC concentration showed the smallest overall SHAP
contribution among the four variables. High TOC concentra-
tions tended to yield positive SHAP values in some regions of
the dataset, whereas low concentrations were distributed closer
to zero or negative SHAP values. This behavior suggests that the
effect of pollutant loading on TOC removal is nonlinear and
may interact with reaction time and catalyst dosage. At higher
pollutant concentration, the absolute TOC removal response
may increase within the studied range, although excessive
loading can still reduce apparent removal efficiency due to
competition for reactive oxidizing species.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 SHAP summary plot explaining the contribution of operating variables to the ML-predicted TOC removal during CIP degradation in the

0/GO@ZNO@MNO;, system.

Overall, the assessment of overfitting remains limited because
only an 80: 20 split was used in the present study. More rigorous
diagnostics, including learning curves, repeated cross-validation,
grouped/block validation by independent reaction trajectories,
and external validation with newly generated experiments, are
required to distinguish overfitting from true predictive general-
ization more clearly. Accordingly, the ANN model is retained as
a comparative nonlinear modeling approach, but its perfor-
mance should be interpreted as preliminary.

Mechanism of ciprofloxacin degradation in the O,/
GO@ZnO@MnO, system

The present results suggest a possible interfacial charge-
transfer-assisted pathway; however, the available experimental
evidence is insufficient to definitively confirm a Z-scheme
mechanism. Based on the kinetic behavior, scavenger experi-
ments and catalyst characterization results, the oxidation
mechanism in the O3/GO@ZnO@MnO, (60:35:5) system was
re-evaluated more cautiously. The available evidence indicates
that hydroxyl-radical-related oxidation contributes significantly
to CIP mineralization; however, the incomplete inhibition
observed in the presence of scavengers suggests that the process
does not rely exclusively on free dissolved ‘OH. Instead, the

© 2026 The Author(s). Published by the Royal Society of Chemistry

overall catalytic ozonation likely involves multiple concurrent
pathways, including aqueous radical oxidation, surface-
mediated reactive oxygen species generated on the catalyst
interface, and direct ozone attack on susceptible moieties of
CIP.*»*® In addition, because GO is a major component of the
nanocomposite, adsorption may facilitate overall removal by
concentrating ciprofloxacin and its transformation products
near catalytically active sites. However, since no adsorption-only
control experiment was conducted in the absence of ozone, the
extent of this adsorption contribution could not be quantified
separately from oxidative removal in the present study.

The radical-interference experiments were conducted in the
0;/GO@ZnO@MNO, system under the optimized conditions:
initial TOC concentration of 12.21 mg L™', pH 9.0, catalyst
dosage of 1.00 g L™, and reaction time of 0-50 min. Radical-
interference tests were conducted using carbonate ions
(CO;>7) and chloride ions (Cl7) to assess the possible contri-
bution of ‘OH-related radical pathways to TOC abatement
during CIP degradation, as shown in Fig. 12. Because these ions
may also affect catalyst surface reactions, ozone activation, or
oxidation of TOC-containing intermediates, their inhibitory
effects were interpreted cautiously as evidence for the partici-
pation of radical-mediated oxidation rather than direct proof of

RSC Adv, 2026, 16, 30310-30331 | 30325
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an exclusively "OH-controlled mechanism. CO;>" selectively
quenches "OH with a high rate constant (k=3.9 x 10 M 's™ "),
forming the less oxidative carbonate radical ("CO; ™, E° = 1.78 V
vs. SHE), while Cl~ reacts rapidly with "OH (k = 4.3 x 10° M "
s7") to generate chlorine radicals (Cl°, E° = 2.4 V) or hypo-
chlorite, which may offer secondary oxidation but typically
reduces overall efficiency due to lower selectivity.>**® In the
control system (no scavengers), the normalized TOC concen-
tration (C,/C,) declined sharply from 1.000 at¢ =0 to 0.098 at ¢t =
50 min, achieving 90.2% removal. Linear regression fitting of
In(C,/C,) versus time (¢ > 0) yielded the k of 0.0526 min~* with R
=0.9313, confirming adherence to first-order kinetics and rapid
initial degradation (e.g., C/Cy, = 0.651 at ¢ = 10 min, corre-
sponding to 34.9% removal). The addition of CO;*>~ markedly
suppressed this, resulting in a final C,/C, of 0.175 (82.5%
removal) and a reduced k of 0.0411 min~ ' (R* = 0.9367), rep-
resenting a 21.9% decrease in k. Similarly, Cl™ yielded C,/C, =
0.158 (84.2% removal) and k = 0.0408 min~" (R> = 0.9357),
a22.4% k reduction. The observed decreases in the pseudo-first-
order rate constant (21.9-22.4%) and the moderate reduction in
final TOC removal demonstrate that hydroxyl radical-related
oxidation is involved in the mineralization process. Neverthe-
less, the fact that substantial catalytic activity was retained after
scavenger addition indicates that free aqueous “OH cannot be
considered the sole oxidation pathway under the present
conditions. Rather, these results are more consistent with
a mixed mechanism in which interfacial oxidation routes - such
as catalyst-surface ROS, adsorbed active oxygen species, and/or
direct ozone reactions - also contribute appreciably to CIP
degradation.®*> As shown in Fig. 12, the presence of CO;>~ and
Cl™ reduced both the final TOC removal and the apparent
pseudo-first-order rate constant for TOC abatement. The
decrease in kg indicates that radical-mediated oxidation
contributed to overall mineralization. Nevertheless, the inhibi-
tion was only partial, and substantial TOC removal persisted
after the addition of these ions. Therefore, the scavenger/
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interference results do not support a mechanism controlled
exclusively by free aqueous ‘OH. Instead, they are more
consistent with a mixed oxidation pathway involving ‘OH-
related oxidation, surface-mediated ozone activation, adsor-
bed reactive oxygen species, and direct ozone reactions. Because
CO,>~ and Cl~ can also interact with catalyst surfaces and TOC-
containing intermediates, the observed inhibition should be
interpreted cautiously and should not be assigned solely to
homogeneous ‘OH scavenging. Therefore, the scavenger/
interference results should be interpreted as evidence for the
participation of radical-mediated pathways, rather than as
definitive proof that free aqueous '‘OH is the dominant or
exclusive oxidizing species.

Material characterizations substantiate this “OH dominance,
elucidating the catalyst's role in ozone activation. SEM images
revealed a porous morphology with MnO, and ZnO nano-
particles (20-50 nm) uniformly anchored on GO sheets,
enhancing surface area (likely >200 m* g~* based on similar
nanocomposites) and exposing abundant active sites, as
confirmed by XRD peaks for hexagonal ZnO (wurtzite phase)
and tetragonal MnO, (a-phase), alongside GO's amorphous
carbon. EDX results showed elemental ratios approximating
60:35:5 (GO:ZnO:MnO,), with oxygen content indicating
vacancies (O/Zn = 0.9-1.0, typical for defective ZnO). These
vacancies trap electrons, while MnO,'s variable oxidation states
enable redox cycling (Mn** « Mn**, E° = 1.51 V), synergisti-
cally promoting O3 decomposition. Under optimal conditions
(pH 9, 1.0 g per L dosage, 12.21 mg per L TOC), alkaline OH ™
initiates homogeneous O; decay:

0;+0H — HO, + 0, k=70M"'s"'; HO,” + 0; —» "OH +
0, "+ 0, k=28 x10°M s,

Amplified heterogeneously on the catalyst surface. Specifi-
cally, O; adsorbs onto Mn*" sites:

3.0

0,/GO@ZnO@Mn0,:60:35:5, K,: 0.063, R 0.9854
# 0,/GO@ZnO@Mn0,:60:35:5 + CO,%, K,: 0.045, R 0.9722

2.51 % 0,/GO@ZNO@MNO,:60:35:5 + CI-, K,: 0.049, R?: 0.9887
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Fig.12 Influence of scavengers (COs2~ and Cl™) on removal of CIP (a) TOC and (b) pseudo-first-order rate constants for TOC abatement during
CIP degradation by Os/0s/GO@ZnO@MnO, system at initial TOC concentration of 12.21 mg L™; pH of 9.0; catalyst dosage of 1.00 g L™ and

contact time of 0—-50 min.
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Mn*" + O3 +e¢” = Mn** +°0;7,

Followed by O3~ protonation:

‘O3 +H" - "OH+ 0,5, k = 10° M~ ! 57!

ZnO's oxygen vacancies facilitate electron donation, and GO's
m—electron system acts as a mediator for charge transfer, pre-
venting recombination and sustaining ROS production. This is
evidenced by the pH 9 peak k of 0.039 min™" (from earlier
studies), where CIP's zwitterionic form (pK,; = 6.09, pK,, = 8.62)
enhances electrostatic adsorption onto the catalyst, boosting
surface reactions. At a 1.0 g per L dosage, the maximal site yield k
= 0.0532 min~*, while higher concentrations (e.g:, 2.0 g L™, k =
0.0463 min~") induce aggregation, reducing effective area and
ROS yield, consistent with ML's dosage importance (8-12 units).

A possible interpretation of the synergistic catalytic behavior
is that the GO support facilitates interfacial electron transfer
among ZnO, MnO, and adsorbed ozone species, thereby
promoting ozone activation and reactive oxygen species gener-
ation at the catalyst surface. However, based on the present
evidence, this pathway should be regarded as a plausible
mechanistic hypothesis rather than a single definitive route.
Although the Mn(iv)/Mn(m) redox cycling and oxygen vacancies
can theoretically generate superoxide radicals (O, ") via one-
electron reduction of ozone, the contribution of O,"~ was not
directly verified in the present study because a specific super-
oxide scavenger (e.g., p-benzoquinone) was not employed.
Consequently, the role of superoxide remains speculative.
Therefore, the proposed interfacial mechanism should be
regarded as a plausible mechanistic hypothesis rather than
a definitively proven pathway. Further validation using DFT
calculations, EPR spin-trapping, and in situ spectroscopic
techniques would be necessary to directly identify ozone
adsorption sites, interfacial charge-transfer routes, and ROS-
generation steps.

This aligns with the existing literature, which indicates
similar pathways in the degradation of pharmaceutical
contaminants, confirming that effective catalysis arises from
these interconnected reaction mechanisms.®*** Previous
studies on ciprofloxacin and structurally related fluoro-
quinolones in other advanced oxidation systems have reported
transformation patterns involving oxidation of the quinolone
core and piperazine-containing moieties. These reports provide
useful contextual support for interpreting possible reaction
tendencies; however, such pathways should not be considered
directly verified for the present O;/GO@ZnO@MnO, system
without dedicated intermediate identification.®® The work of
Luo et al. (2023)°® emphasized the effectiveness of GO@MnO, in
ozonating 4-nitrophenol, achieving substantial yields via
surface-bound (OH) intermediates, with kinetics enhancements
up to five-fold over ozone alone, which resonates with the
findings on CIP degradation. Further, photocatalytic systems
such as GO@ZnO@Ag for CIP illustrate similar electron transfer
dynamics, with efficiencies exceeding 95% attributed to the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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synergetic effects of silver nanoparticles, akin to those realized
here with MnO, and ZnO.*%”

Proposed transformation intermediate pathways of CIP:
from the possible chemical structures of the intermediates
generated during CIP degradation, several plausible degrada-
tion pathways can be proposed for CIP in the O;/
GO@ZnO@MnO, catalytic ozonation system, as illustrated in
Fig. 13. The parent CIP molecule, assigned as C;,H;gFN3;0; with
[M + H]+ at m/z 332.1, contains several reactive sites, including
the piperazine moiety at C7, the fluorine substituent at C6, the
carboxylic group at C3 and the quinolone aromatic core. These
sites are susceptible to attack by hydroxyl radical-related
oxidants, surface-bound reactive oxygen species, and direct
ozone-derived oxidation pathways. Pathway A can be attributed
to piperazine-ring cleavage. In this route, partial cleavage of the
piperazine side chain produces A1 (C;5H;3FN,03, m/z 289.1),
followed by further loss of amine-containing side-chain frag-
ments to form A2 (Cy3H;oFNOs, m/z 248.1). Subsequent ring
contraction and fragmentation generate A3 (C;;HgFNO3, m/z
222.1), while deeper oxidative cleavage produces the smaller
aromatic acid fragment A4 (CgHeO,, m/z 167.0). This pathway is
chemically reasonable because the piperazine ring is electron-
rich and is commonly reported as a preferred site of attack
during the oxidative degradation of fluoroquinolone antibi-
otics. The final products of this route may include small organic
acids such as oxalic acid, formic acid, and acetic acid, which
may undergo partial or complete mineralization depending on
reaction time and oxidant availability. Pathway B corresponds
to defluorination followed by decarboxylation and side-chain
fragmentation. The first step involves loss of fluorine from the
parent CIP structure, yielding Bl (C;;H;9N303, m/z 314.1).
Further transformation, via the loss of small side-chain frag-
ments and decarboxylation, produces B2 (C;6H;oN30,, m/z
286.1). Cleavage of C-N bonds and removal of F-containing or
amine-containing fragments can then generate B3 (C;,H;,NO,,
mj/z 200.1). This route indicates that the C6-F bond and the
piperazine-containing side chain are both involved in the
oxidative transformation of CIP. The released fluorine may
ultimately exist as inorganic fluoride, whereas the remaining
organic fragments may continue to oxidize into low-molecular-
weight acids or persistent aromatic residues. Pathway C
involves quinolone-core hydroxylation accompanied by decar-
boxylation and subsequent fragmentation. The intermediate C1
(C16H1gFN303, m/z 320.1) can be assigned to a hydroxylated/
decarboxylated CIP derivative, indicating that oxygen incorpo-
ration and CO, loss may occur in a coupled transformation step.
Further cleavage of the piperazine side chain generates C2
(C13H1oFNO3, m/z 248.1), followed by ring opening to form C3
(C1oHgFNO;, mj/z 210.1). Subsequent fragmentation can
produce C4 (C;H¢O4, m/z 155.0), which may be further oxidized
to small carboxylic acids. This pathway suggests that hydroxyl-
ation of the quinolone core weakens the aromatic framework
and promotes progressive ring fragmentation. Pathway D
represents direct decarboxylation of the parent CIP molecule,
involving the loss of CO, from the C3 carboxylic group. This
route may proceed in parallel with Pathways A-C and generate
lower-molecular-weight quinolone fragments, followed by
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piperazine cleavage, aromatic-ring fragmentation and forma-
tion of small organic acids or persistent aromatic fragments.
Importantly, not all transformation routes necessarily lead to
complete mineralization to CO, and H,O within the investi-
gated reaction time. Instead, the degradation process may
involve the coexistence of mineralization and accumulation of
lower-molecular-weight transformation products.

In addition to evaluating operational reusability based on
TOC removal, the chemical stability of GO@ZnO@MnO, was
further assessed by ICP-OES analysis of Zn and Mn leaching in
the treated solution. After catalytic ozonation under the opti-
mized conditions, the dissolved Zn and Mn concentrations were
only 0.00025 and 0.00018 mg L™, respectively. These extremely

Parent compound
N1 cyclopropyl CG
Pathway A: Piperazine- C4=0x0
ring cleavage pathway npiperazin-1-ylg
-partial piperazine
side-chain cleavage

HO CHsNH O

OH O OHO
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Cy7H18FN303
[M+H]+ m/z 332.1
8 ,A.TQ)\O,
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low concentrations indicate negligible metal release from the
composite during the oxidation process and suggest that the
ZnO and MnO, phases were effectively stabilized within the GO-
supported heterostructure.

The very low Zn and Mn leaching levels can be attributed to
the relatively stable oxide nature of ZnO and MnO, and their
immobilization on the GO matrix. The oxygen-containing
functional groups and large interfacial area of GO may
contribute to anchoring ZnO and MnO, nanoparticles, thereby
reducing particle detachment and metal dissolution. In addi-
tion, MnO, is a high-valence manganese oxide and is relatively
stable under the oxidative ozonation environment, which does
not favor extensive reduction of Mn(wv) to soluble Mn>" in the
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Fig. 13 Proposed transformation intermediate pathways of ciprofloxacin during catalytic ozonation over GO@ZNO@MnO,.
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absence of strong reductants. The retained catalytic activity
during reuse, together with the ICP-OES results, supports the
good chemical stability of the GO@ZnO@MnO, composite
under the tested laboratory conditions. These findings indicate
that the risk of secondary Zn or Mn contamination from the
catalyst was very low in the present system. Nevertheless,
longer-term continuous operation and leaching tests under real
wastewater matrices and broader pH ranges would still be
necessary before practical application.

The present study provides a controlled laboratory-scale
evaluation of CIP degradation by O;/GO@ZnO@MnO, using
synthetic CIP-contaminated water. This design enabled the
intrinsic catalytic activity of the nanocomposite and the effects of
pH, reaction time, pollutant concentration and catalyst dosage to
be evaluated without matrix interference. However, the practical
application of this system to real wastewater requires further
validation. Real wastewater contains natural organic matter,
humic substances, carbonate/bicarbonate alkalinity, chloride,
sulfate, nitrate, ammonia, suspended solids and other coexisting
contaminants, which may compete for reactive oxidizing species,
inhibit ozone decomposition, occupy catalyst active sites, or alter
interfacial oxidation pathways. Therefore, the current results
should be considered a proof-of-concept and mechanistic base-
line rather than a complete field-scale validation. Future work
should evaluate the process in real wastewater and matrix-spiked
synthetic wastewater and should develop matrix-aware ML
models that include wastewater-quality descriptors such as COD,
TOC background, alkalinity, conductivity, major anion concen-
trations, humic acid content, turbidity and coexisting
micropollutants.

Although the current experimental results support enhanced
catalytic ozonation by the GO@ZnO@MnO, composite, the exact
elementary mechanism remains unresolved. Computational
analysis, particularly DFT modelling, could help determine ozone
adsorption energies, charge redistribution at GO/ZnO/MnO,
interfaces, oxygen-vacancy effects, and the thermodynamic
feasibility of ROS formation. Such analysis, combined with
additional experimental validation, should be pursued in future
work to confirm the proposed mechanism more rigorously.

Conclusions

A highly active and stable ternary GO@ZnO@MnO, (60 : 35 : 5)
nanocomposite was synthesized via a simple, eco-friendly one-
step electrochemical exfoliation route and demonstrated
exceptional catalytic ozonation performance for ciprofloxacin.
Under optimized conditions (pH 9.0, 1.0 g L™" catalyst dosage),
the system achieved 90.20% TOC removal within 50 min, cor-
responding to a pseudo-first-order rate constant of
0.0532 min " - markedly superior to single ozonation (32.52%,
k= 0.010 min~") and binary GO@ZnO systems. Comprehensive
characterization (SEM, XRD and EDX) revealed that the superior
activity originated from the well-dispersed heterostructure,
abundant oxygen vacancies, and synergistic Mn(iv)/Mn(ur) redox
cycling facilitated by the conductive GO platform.

Scavenger experiments showed that hydroxyl-radical-
mediated oxidation contributed to the mineralization process,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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although the partial inhibition observed after addition of CO5>~
and Cl indicates that other pathways, including surface-
mediated ozone activation and direct oxidation routes, also
participated. Because catalyst-only adsorption equilibrium
experiments were not performed, the separate contribution of
physical adsorption by the GO-containing nanocomposite could
not be quantified explicitly and should be clarified in future
ozone-free control studies.

The catalyst maintained high activity over five reuse cycles,
highlighting its practical durability. Integration of machine-
learning models further strengthened the study. Among the
four algorithms evaluated, ANN and SVM showed the strongest
fitting performance within the available dataset, suggesting that
nonlinear models can better describe the experimental
response patterns than linear regression. However, given the
limited dataset size and time-resolved data structure, the
possibility of overfitting cannot be excluded, and future work
should include learning-curve analysis, grouped
validation and external validation. These models provide
a preliminary data-driven tool for describing the experimental
response behaviour and supporting interpretation of the rela-
tive influence of operating variables within the studied domain.
However, because the ML dataset was derived from time-
resolved batch reaction profiles, the reported model perfor-
mance may be affected by temporal autocorrelation and should
therefore be interpreted with caution.

SHAP analysis was further incorporated to improve model
interpretability. The SHAP results showed that reaction time
had the largest contribution to predicted TOC removal,
reflecting its role as an operational time-index variable in the
batch degradation dataset rather than an independent mecha-
nistic rate descriptor. However, because catalyst descriptors
were not included in the ML input space, the SHAP analysis
should be interpreted as process-variable explainability within
the optimized catalyst system rather than as structure-perfor-
mance modelling. The proposed CIP transformation pathway,
based on possible intermediate structures and assigned mj/z
values, suggests that degradation proceeds through multiple
concurrent routes, including piperazine-ring cleavage,
defluorination/decarboxylation, quinolone-core hydroxylation,
and direct decarboxylation. These routes progressively generate
lower-molecular-weight intermediates and small organic acids,
although complete mineralization may not occur along all
pathways within the investigated reaction time. Further MS/MS-
based structural confirmation would be valuable to verify indi-
vidual intermediates and distinguish possible isomeric
products.

This work represents a significant advancement in antibiotic
wastewater treatment by combining green catalyst synthesis,
high mineralization efficiency, good operational reusability and
reliable machine-learning prediction within a single frame-
work. The developed GO@ZnO@MnO, nanocomposite and
associated ML approach offer a scalable, cost-effective, and
environmentally benign solution for the removal of recalcitrant
fluoroquinolones. Future research will focus on pilot-scale
validation, real wastewater matrix effects, and further refine-
ment of interpretable ML models to accelerate the translation of
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RSC Adv, 2026, 16, 30310-30331 | 30329


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01551d

Open Access Article. Published on 03 June 2026. Downloaded on 6/9/2026 11:56:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

catalytic ozonation technology into practical applications. The
findings of this study provide valuable insights toward
achieving sustainable, efficient remediation of emerging phar-
maceutical contaminants in water resources. Because the
present ROS analysis relied primarily on scavenger experiments,
further mechanistic confirmation by EPR spin-trapping, selec-
tive quenchers for other ROS species, and surface-sensitive
spectroscopic techniques would be valuable in future studies
to distinguish more conclusively between aqueous and inter-
facial oxidation pathways.
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