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ABSTRACT: The presence of antibiotic residues in aqueous
systems, particularly doxycycline (DOX), is harmful to the
environment and public health. In this study, dextran-coated
calcium peroxide nanoparticles (DEX@nCPs(DEX)), Fe(II), and
oxalic acid (OA) were combined to improve the heterogeneous
Fenton-like degradation of DOX. X-ray photoelectron spectroscopy
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associated with dextran. Using response surface methodology with a

central composite design (RSM-CCD), the optimal conditions

(DEX@nCPs(DEX) dosage: 2 g/L, pH: S, contact time: 420 min)

achieved 90% DOX removal, which was 20% higher than using

DEX@nCPs(DEX)/Fe(II) alone. The degradation process followed first-order kinetics with a rate constant of k; = 0.0047 min™".
Model validation showed high predictive accuracy (R* = 0.996; adjusted R* = 0.987). Scavenger and photoluminescence analyses
revealed hydroxyl radicals (*OH) to be the primary reactive species, accounting for over 80% of the degradation activity. The DEX@
nCPs(DEX)/Fe(1I)/OA system offers a promising approach for mitigating pharmaceutical pollutants in water, contributing to more
sustainable environmental management practices.

B INTRODUCTION 2—4), and risk of secondary pollution from residual iron or
unreacted substances.””

To overcome these constraints, researchers have progres-
sively turned to heterogeneous Fenton-like systems, in which
iron is immobilized on or within solid assistance.'” These
methods can decrease iron leaching, increase oxidation
efficiency, and reduce sludge formation.'"'” In contrast to
previous heterogeneous Fenton-based systems, our study

Doxycycline (DOX), a tetracycline antibiotic, is widely used in
human and veterinary medicine. It is a broad-spectrum
antibiotic that works against a variety of Gram-positive and
Gram-negative bacteria.' Despite its widespread use and
effectiveness, the presence of DOX in the environment has
raised serious concerns. The presence of DOX in the

environment can promote the development and spread of presented a synergistic approach utilizing DEX@nCPs(DEX)

antibiotic resistance in bacterial populations, thereby posing a as an oxidant, Fe(II) as catalyst, and OA as a chelating agent

serious threat to public health.” To mitigate the potential for iron cycling.'”'* The dextran coating improved the stability

negative effects of DOX, effective strategies for its removal and dispersion of the nCPs, ensuring a controlled H,0,

from wastewater and the environment must be developed. release.''® Additionally, the chelating effect of OA on Fe
Several techniques have been studied for the treatment of prevents precipitation and forms ferric-oxalate complexes,

antibiotic-polluted wastewater, including biological processes, which can be reduced to Fe(II), thereby enhancing *OH

. . 17,18 L

adsorption methods, membrane filtration systems, and radical production.””® As a result, this integrated system

advanced oxidation processes (AOPs), which have been achieves superior removal of targeted antibiotics compared to

extensively utilized for the elimination of persistent contam-

inants, such as antibiotics, from water.””> Fenton reaction Received: October 17, 2024

produces highly reactive hydroxyl radicals (*OH) via the Revised:  February 7, 2025

catalytic breakdown of hydrogen peroxide (H,0,) by iron Accepted: February 13, 2025

ions.>” However, this homogeneous Fenton oxidation process Published: March 7, 2025

is hindered by significant issues, including excessive iron sludge
production, pH sensitivity requiring a narrow acidic range (pH
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traditional Fenton processes, offering a robust and scalable
solution for advanced water treatment applications.

Calcium oxide (CaO) and calcium hydroxide (Ca(OH),)
were used as AOPs for pollutant reduction. Alrozi et al."”
demonstrated a 97.0% degradation efficiency for acid orange II
dye using CaCuFeOj; perovskite. This demonstrates the
efficacy of calcium in increasing the catalytic activity. Xie et
al.” found that the Co,Ca,Al;-LDO/PAA system removed
micropollutants with efficiencies ranging from 90.4 to 100.0%,
with organic radicals playing a dominant role in the
degradation process. This highlights the potential of calcium
in layered double oxides for AOPs. Although these calcium-
based catalysts perform admirably in pollutant degradation,
their use frequently necessitates the addition of oxidants or
activators, which can complicate and increase the cost of
treatment procedures. Calcium peroxide (Ca0O,) is unique
because it can act as both an oxidant and source of calcium
ions. When CaO, comes in contact with water, it releases
H,0,, resulting in reactive oxygen species that can help
degrade pollutants.”"** This eliminates the need for external
oxidants, simplifies the treatment process.

To improve DOX degradation in aqueous systems, this
study used response surface methodology with a central
composite design (RSM-CCD) for optimization. The RSM-
CCD is a well-known and effective experimental design
approach that allows researchers to create models, evaluate
the effects of various factors, and identify the optimal
conditions for the desired outcomes.”” This method has
significant advantages over traditional one-factor-at-a-time
(OFAT) approaches because it allows for the simultaneous
manipulation of multiple independent variables, improves the
understanding of interactions, and reduces the number of
experiments required, thus saving time and money.”*** RSM-
CCD has been successfully applied in various wastewater
treatment processes, including the optimization of parameters
for removin7g harmful dyes and pollutants from different
effluents.”®*” These applications demonstrate the adaptability
and efficacy of the RSM-CCD for increasing the efficiency and
sustainability of wastewater treatment processes.

In this study, the optimization and efficiency of the DOX
degradation process were investigated using a two-pronged
approach: application of RSM-CCD for process optimization
and addition of a chelating agent in Fenton-like reactions to
improve the degradation efficiency. While the potential of
DOX degradation has been investigated, research into
optimizing the reaction parameters and understanding the
mechanisms of Fenton-like degradation is limited. To address
this, the study evaluated parameter ranges for optimization,
determined the optimal reaction conditions for increased DOX
degradation efficiency, examined the reaction kinetics, and
proposed potential degradation mechanisms. Furthermore, this
research aims to advance long-term and effective strategies for
minimizing antibiotic pollution by improving the degradation
process and optimizing the operational parameters.

2. MATERIALS AND METHODS

2.1. Materials. Dextran-coated calcium peroxide nano-
particles (DEX@nCPs(DEX)) was synthesized utilizing
analytical-grade reagents. Oxalic acid (OA), Fe(Il) sulfate,
and additional reagents were obtained from Sigma-Aldrich
(Malaysia) and utilized without further purification. All the
glassware and reaction vessels were meticulously cleaned to
avoid contamination.

Details regarding the materials and analytical procedures are
provided in the Supporting Information (Texts S1—S3).

2.2. Synthesis of Dextran-Coated Calcium Peroxide
Nanoparticles. Initially, calcium peroxide was synthesized
using dextran as a stabilizing agent and labeled as (nCPs-
(DEX)). Subsequently, dextran-coated calcium peroxide nano-
particles (DEX@nCPs(DEX)) were obtained by dextran
coating the synthesized nCPs(DEX), as previously described
in our published article.”’ The details of the synthesis are
provided in the Supporting Information (Text S2). We
highlight the extended benefits of DEX@nCPs(DEX) in
wastewater remediation owing to the controlled release of
H,0, (Figure S1).

2.3. Experimental Procedures. All experiments were
carried out in a 250 mL Erlenmeyer flask at 25 + 2 °C with a
constant stirring rate of 150 rpm. DOX (10 mg/L) was
prepared daily for all the experiments. This concentration was
chosen to facilitate the study of residual DOX concentrations,
despite being higher than typical environmental levels. All
degradation reactions were carried out in a phosphate buffer to
maintain the pH, as DEX@nCPs(DEX) have a tendency to
shift the pH toward alkalinity. To start the reaction, DEX@
nCPs(DEX) and other chemicals were dissolved in a flask.
Control tests were performed without the addition of DEX@
nCPs(DEX). Samples (4 mL) were collected at regular
intervals, quenched with 2 M Na,SO;, centrifuged (4000
rpm, S min), and filtered (0.22 pm) before analysis. A
calibration curve was used to convert the UV—vis absorbance
measurements to DOX concentrations (see Figure S2). Figure
1 shows a schematic of the DOX degradation study.

Addition of <
Fe(ll) and DEX@nCPs-DEX
oxalic acid \
<k IS r 4 /
{ ) ——
\ —} / \ —} ——

/
A
s \\ / A\
// \ )/ \\
(Q ) (Q )

Antibiotic solution Room temperature,
150 rpm

—

Analyzed using uv-vis Centrifuged

Figure 1. Schematic diagram of DOX degradation studies using the
DEX@nCPs(DEX)/Fe(II)/OA system. Created using Biorender.-
com.

Chemical oxygen demand (COD) values were determined
using the dichromate digestion-colorimetric method (Lovi-
bond thermoreactor RD125, DR/890 Portable colorimeter).
The reactive oxygen species (ROS) responsible for DOX
degradation were determined using radical scavenging and
photoluminescence studies.”® Excess tert-butyl alcohol (TBA)
and chloroform (CF) were added to scavenge hydroxyl (*OH)
and superoxide (*O,") radicals.

2.4. Optimization of Reaction Parameters Using RSM-
CCD. The influence of DEX@nCPs(DEX) dosage, solution
pH, and contact time on DOX degradation efficiency was
examined using response surface methodology with a central
composite design (RSM-CCD) in the Design Expert software
(version 13.0). A face-centered CCD model was employed,
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with three levels (—1, 0, +1) assigned to each parameter. The
coded levels for each independent variable, oxidant dosage (0,
1, and 2 g/L), pH (5, 7, and 9), and contact time (300, 360,
and 420 min), were selected based on preliminary studies
(Table 1). The experimental matrix and response data were

Table 1. Ranges and Levels of Independent Variables in the
Experiment

Range and level

Independent variables Symbol -1 0 1
Oxidant dosage (g/L) A 0 1 2
pH B s 7 9
Contact time (min) C 300 360 420

analyzed to develop a quadratic model predicting the
degradation efliciency, and ANOVA was used to assess the
significance and accuracy of the model.

The model used to predict the optimum parameters is
represented by the quadratic equation in eq 1

Y=8+pA+BB+pC+p A+ B,B +p,C

where Y is the dependent variable (DOX degradation
efficiency); A, B and C represent the effects of the independent
variables; AB, AC and BC are the interaction effects between
variables; A% B> and C? are the square effects of the variables;
pB, represents a constant; S, B, and f; are the linear
coeflicients; f,,, 13 and f,; are the interaction coeflicients;
and € represents the residual term.”” The relationship between
the independent parameters and their effects on DOX
degradation efficiency is depicted in two- and three-dimen-
sional graphs.

2.5. Kinetic Analysis. The degradation kinetics were
evaluated by fitting the concentration data to first- and second-
order models. Rate constants were derived from linearized
equations and correlation coefficients (R,) were calculated to
determine the best-fitting model. The optimal kinetic model
for DOX degradation in this system was further confirmed by
plotting the residuals and analyzing the reaction rates under
varying concentrations of DEX@nCPs(DEX).

2.6. Characterizations. To confirm the successful syn-
thesis of DEX@nCPs(DEX), the samples were characterized
using X-ray Photoelectron Spectroscopy (XPS). All details are
provided in the Supporting Information. To elucidate the
degradation pathway, the precipitates formed during degrada-

+ P,AB + B AC + B BC + & 1) tion were analyzed using Fourier transform infrared (FTIR)
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Figure 2. (a) XPS survey spectrum and high-resolution spectra (b) O 1s, (c) Ca 2p, and (d) C 1s of DEX@nCPs(DEX).
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Figure 3. Effects of (a) initial pH, (b) type of chelating agents, (c) initial DEX@nCPs(DEX) dosage, and (d) Fe(II): OA molar ratio on DOX
degradation efficiency. The experimental conditions were [DOX] = 10 mg/L, room temperature, and pH = S + 0.2 in phosphate buffer solution

(except for (a)).

spectroscopy, scanning electron microscopy (SEM), and
energy-dispersive X-ray (EDX) analysis. FTIR spectra provided
information on functional groups involved in the degradation
process, while SEM and EDX analyses offered insights into the
morphology and elemental composition of precipitates.
Photoluminescence and radical scavenging tests confirmed
the involvement of hydroxyl radicals (*OH) as the primary
active species in the degradation process.

3. RESULTS AND DISCUSSIONS

3.1. X-ray Photoelectron Spectroscopy. The XPS
spectrum analysis (Figure 2a) validates the existence of O,
Ca, and C elements in DEX@nCPs(DEX), confirming the
successful synthesis of dextran-coated calcium peroxide
nanoparticles. The high-resolution O 1s spectrum (Figure
2b) revealed three distinct peaks at 531 eV for lattice O,, 532.5
eV for dextran-associated O,, and 534 eV for peroxide O,
thereby confirming the structure of CaO, and indicating
contributions from the dextran coating and possible

. s 30,31
1mpur1t1es.3 3

In the Ca 2p spectrum (Figure 2c), peaks near 347.8 eV (Ca
2p3/2) and 351.0 eV (Ca 2p1/2) validate calcium’s presence
in CaO,, while an additional peak around 349 eV indicates
minor carbonate; the C 1s spectrum (Figure 2d) reveals the
dextran coating’s chemical structure with peaks at approx-
imately 284.8 eV (C—C/C—H) and 285.5 eV (C-0),
alongside peaks at 288.5 and 290 eV that suggest oxidized
carbon species and carbonate impurities, respectively.’’™*

3.2. Enhanced Degradation Studies of DOX with the
Addition of Chelating Agent. Before choosing the correct
parameter range in the RSM-CCD studies, several parameters
were evaluated, including the effect of the initial pH, different
types of chelating agents to enhance the degradation efficiency,
effect of the initial oxidant dosage, and effect of the Fe(II)/OA
molar ratio. This degradation study is important to ensure that
the range selected in later optimization studies is correct, thus
making optimization studies effective and efficient.

3.2.1. Effect of Initial pH. Figure 3a shows the DOX
degradation trend under different initial pH conditions. The
DOX degradation efficiency increased from 66 to 90% when
the pH increased from 3 to S (£ 0.2), and declined to 40% as
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the pH was increased to 11.0. The optimal pH for DOX
degradation by the synergistic DEX@nCPs(DEX)/Fe(II)/OA
system was approximately 5 + 0.2. As reported in our previous
study, for Fenton reactions without chelators, a pH of 3 + 0.2
allows for optimal iron solubility and *OH radical generation.”!
However, the addition of oxalic acid shifted the degradation
efficiency to a less acidic pH with an optimal pH of 5 + 0.2. A
previous study by Messele et al.”* emphasized the influence of
chelators on the optimum pH in Fenton-like systems,
highlighting their ability to alter the speciation and solubility
of Fe.

In addition, the solubility of DEX@nCPs(DEX) and
generation of H,0, in the DEX@nCPs(DEX)/Fe(1I)/OA
system were significantly influenced by the pH of the solution.
At low pH levels, DEX@nCPs(DEX) primarily released H,0O,,
whereas as the pH increased, its solubility decreased, and
Ca(OH), and O, were predominantly produced (eqs 2 and
3).>%¢ Therefore, maintaining the pH of the solution in the
buffer can affect the rate of H,O, release and DOX degradation
efficiency

DEX@nCPs(DEX) + 2H,0 — H,0, + Ca(OH), (2)

DEX@nCPs(DEX) + H,0 - 0.50, + Ca(OH),  (3)

3.2.2. Effect of Different Chelating Agent on DOX
Degradation Efficiency. This study examined the effects of
three chelating agents, oxalic acid (OA), citric acid (CA), and
ascorbic acid (AA), on the degradation of doxycycline (DOX)
in a DEX@nCPs(DEX)/Fe(II) system at pH 5. As illustrated
in Figure 3b, OA exhibited a significantly higher degradation
efficiency (87%) within 420 min than CA (40%) and AA
(31%). The differences in DOX degradation efficiency were
attributed to the chelating strengths and molecular structures
of the compounds.’”

The larger size and presence of multiple functional groups in
CA result in steric hindrance, which hinders the ability of the
molecule to efficiently bind to Fe(II), unlike the simpler
structure of OA. In contrast, a single binding site of AA leads
to weaker monodentate chelation and less stable complexes.
These results are consistent with the study by Pignatello et
al.”® who demonstrated different levels of degradation of
pentachlorophenol in Fenton-like reactions based on the
chelating agent used, with the order of efliciency as follows:
OA > EDTA > carboxymethyl-f-cyclodextrin (CMCD) > CA
> TA > succinic acid > no chelating agent.”® This highlights
the importance of choosing suitable chelating agents to
optimize the pollutant removal efficiency.

Additionally, OA formed a stable complex with Fe(II) in the
form of a ferric-oxalate complex (eq 4). The iron-oxalate
complex reacts with H,O, produced by DEX@nCPs(DEX) to
form *OH radicals. These radicals are highly reactive and can
oxidize organic pollutants (eq S5). In addition, OA can
regenerate Fe(II) from Fe(III), which helps in the continuous
generation of *OH radicals by decomposing H,0, (eq 6). This
improvement highlights the promising use of OA for
optimizing Fenton-like reactions for the efficient degradation
of antibiotics

Fe(Il) + (C,0,)*” — Fe(ll) — C,0%~ (4)

Fe(Il) — C,0;” + H,0,
— Fe(Ill) — C,0f + *OH + OH"~ (s)

Fe(Ill) — C,Of + H,0, — Fe(Il) — C,0;” + 2H"
(6)

3.2.3. Effect of Initial Oxidant Dosage. To determine the
optimum dosage of DEX@nCPs(DEX) for DOX degradation,
degradation studies were conducted at a constant molar ratio
of Fe(II)/OA (2:3) using different DEX@nCPs(DEX)
dosages. As shown in Figure 3¢, it could be clearly seen that
the degradation of DOX was low when 0.5 and 3 g/L was used.
In the absence of DEX@nCPs(DEX), the degradation
efficiency was negligible. A remarkable increase can be seen
from 60 to 90% within 420 min when the oxidant dosage
increases from 0.5 to 2 g/L. Increasing the amount of DEX@
nCPs(DEX) can result in increased generation of H,0,, which
leads to more °*OH radicals degrading DOX. However, a
further increase in oxidant dosage to 3 g/L decreased the
degradation efficiency to 60%. This was probably because of
the overgeneration of H,0, from the excess dosage of DEX@
nCPs(DEX), which could scavenge the reactive species in the
system. This hindered the degradation of DOX, thereby
decreasing its degradation efficiency.

3.2.4. Effect of Fe(lll: OA Molar Ratio. Experiments were
conducted to determine the optimal Fe(II): OA molar ratios of
1:1, 2:1, 1:2, and 2:3 (Figure 3d). As can be seen from the
results, when the Fe(II) dosages were the same or higher than
those of OA, DOX degradation efficiency decreased. When the
OA dosage was higher than that of Fe(II), DOX degradation
efficiency increased. The presence of excess chelate was found
to enhance the efficiency of the Fe(Il): OA system in
degrading DOX.” The addition of an appropriate amount of
Fe(II): OA enhanced the Fenton-like reaction by the
complexation of Fe and OA, improving DOX removal, which
can be quantified in several ways. First, The Fe(II)-OA
complexes could facilitate electron transfer between Fe(II) and
Fe(III) through the coordination between Fe(II)/Fe(IIl) and
OA, promoting the recycling of Fe(II) and reducing iron
precipitation as Fe(OH); (eq 7). Second, by minimizing
Fe(OH); formation through recomplexation, the excess
chelate reduces the scavenging of *OH radicals, enhancing
their utilization and further improving degradation efficiency.

3.3. Response Surface Model Analysis. 3.3.1. Regres-
sion Analysis. The experiment was performed randomly
according to the design matrix of the RSM-CCD matrix
generated using Design Expert software (version 13.0). Fifteen
experiments with different combinations of oxidant dosage,
pH, and contact time showed significant effects on DOX
degradation efficiency. The results presented in Table S1 show
the observed and predicted responses, with considerable
variations in DOX degradation efficiency. The experimental
results of the RSM-CCD study showed that the maximum
observed degradation efficiency of DOX was 90.1% at an
oxidant dosage of 2 g/L, a pH of S, and a contact time of 420
min (run 9). The experiment without the DEX@nCPs(DEX)
dosage (0 g/L), which acted as a control, resulted in negligible
DOX degradation efficiency (2.5%).

Multiple regression model analyses were performed using
various methods for model selection with a confidence interval
of 95%. Based on the results in Table S1, the experimental data
were strongly correlated with the second-order polynomial
model. The model successfully described the correlation
between initial oxidant dosage, solution pH, and contact
time. The relationship between these parameters is expressed
in terms of the coded factors in eq 7
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Figure 4. Diagnostic plots for (a) predicted versus actual data, (b) externally studentized residuals versus predicted values, (c) externally

studentized residuals versus run numbers, and (d) perturbation plots.

Y = 57.24 + 26.12A — 13.33B + 3.35C — 13.27AB
+ 2.95AC — 0.40BC — 30.14A%> — 10.51

B* — 7.59C* (7)

where Y is the DOX degradation efficiency (%), A is the
oxidant dosage (g/L), B is the pH of the solution, and C is the
contact time (min). The model equation showed that all three
variables had significant effects on DOX degradation, as
represented by either the negative or positive coeflicients. This
suggests that optimal degradation efficiency of DOX can be
achieved by maximizing the oxidant dosa§e and contact time
while minimizing the pH of the solution.”

The strong correlation between the predicted and actual
DOX degradation efficiencies (Figure 4a) demonstrated the

reliability of the developed predictive model.”' The small
difference between the two data sets indicated that the model
accurately represented the behavior of the system. The
agreement between the predicted and observed results also
confirmed the ability of the model to estimate the interactions
between the independent variables (oxidant dosage, pH, and
contact time) and dependent variable (DOX degradation
efficiency). The normality plot of the externally studentized
residuals (Figure 4b,c) further supports the reliability of the
response surface model, as the standard residuals were within
the range of +6.3. The normality plot of the externally
studentized residuals showed that the model errors were
normally distributed and independent.”” This confirmed the
reliability of the model and the absence of data errors. The

https://doi.org/10.1021/acsomega.4c09460
ACS Omega 2025, 10, 10205-10219


https://pubs.acs.org/doi/10.1021/acsomega.4c09460?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09460?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09460?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09460?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c09460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

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

(a) (b)

2 Coding: Actual o .y
e s Degradation Efficiency (%)
Degradation Efficiency (%) 100
@ Design Ponts
25 [~ 80
X1=A
X8 0
8 t Z
Actual Factor g. 0 7.
Ce=40
& 777777,
£ 20
- §
a 0
: i
2 =
6
9 2
s 15
7 1
B pH 6 as A Oxidant dosage (g/L)
s
° 00s o1 o1s 02 so

A: Oxidant dosage (g)

(©) (d)

foaer Codng Al Degradation Efficiency (%)
Degradation Efficiency (%)
@ Design Points

25 [
X1=A
x2=C
3%
Actual Factor
B=S

360

Degradation Efficiency (%)

C: Time (min)

330

C: Time (min) A: Oxidant dosage (¢

300

A: Oxidant dosage (g)

(e) ®

focter Codng Acual Degradation Efficiency (%)

420

Degradation Efficiency (%)

@ Do P

2s [ o+

x1=8

x2=c

3% _

Actual Factor e

A=02 g
z ¢
[ ]
g e $
: a
:

300

s 6 7 8 9 C: Time (min)

Figure 5. Interactions between (a, b) oxidant dosage and pH; (c, d) oxidant dosage and contact time; and (e, f) pH and contact time for DOX
degradation efficiency in 2D contour plots and 3D response surfaces.

10211 https://doi.org/10.1021/acsomega.4c09460
ACS Omega 2025, 10, 10205-10219


https://pubs.acs.org/doi/10.1021/acsomega.4c09460?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09460?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09460?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09460?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c09460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

perturbation plot in Figure 4d illustrates the sensitivity of DOX
degradation to the three factors within the designated design
space, specifically under the optimal run conditions. The sharp
curve indicates that small modifications of these parameters
can significantly influence the efficiency of DOX degradation.*’

3.3.2. Analysis of Variance (ANOVA). The ANOVA results
for the quadratic model (eq 7) are listed in Table S2. The
coefficient of determination fits the data well, with a high R*
value of 0.9956 and an adjusted R? value of 0.9877, indicating
that it can accurately predict DOX degradation efficiency. A
low coefficient of variation (C.V) of 8.79% suggests that the
model has low variability and is robust. According to Wu et
al,** C.V must not exceed 10% for the proposed model to be
considered adequate. Furthermore, a strong correlation
between the experimental data and the predicted model was
achieved when the precision residual sum of squares (PRESS)
was greater than four.*” Therefore, a PRESS value of 312.25
was acceptable for the proposed quadratic model.

The statistical significance of the coefficient terms was
assessed by analyzing the p-values (p < 0.05) and F-values,
which showed that the model was highly significant, as
indicated by the high F-value = 125.54 and low p-value
(<0.0001). For the main effects, oxidant dosage (A) had a
highly significant effect on DOX degradation efficiency (F-
value = 578.10, p < 0.0001), followed by pH (B) (F-value =
150.56, p < 0.0001), whereas contact time (C) had a slightly
lower but still significant effect (F-value = 9.51, p = 0.0274).
Furthermore, the interactions between the oxidant dosage (A)
and pH (B) had a significant effect compared to others, as
shown by its high F-value of 119.46 and p = 0.0001. The order
of the independent variables for enhancing DOX degradation
efficiency was A > B > C, whereas the order of the interaction
variables was AB > AC > BC.

3.3.3. Interactive Effects of Parameters. The combined
impact of oxidant dosage and pH on the efficiency of DOX
degradation at a consistent contact time of 420 min was
illustrated using both two dimensional (2D) contour plots and
a three dimensional (3D) response surface (Figure Sa,b). The
graph shows that, when the oxidant dosage was low, the
degradation efficiency decreased as the pH of the solution
increased. Conversely, when the amount of oxidant was higher,
the degradation efficiency increased as the pH of the solution
decreased. This is because increasing the oxidant dosage
increases the number of *OH radicals available for DOX
degradation. This trend is consistent with the results of
previous studies on the degradation of other pollutants using
nCPs. According to Vijuksungsith et al,* the efficiency of
oxytetracycline removal increased with higher dosages of CaO,
nanoparticle-FGD, while Hung et al.*® reported that the
removal efficiency of 4-nonylphenol increased with higher
oxidant dosages.

Figure 5¢,5d show the interactive effects of oxidant dosage
and contact time on DOX degradation efficiency at a constant
oxidant dosage of 2 g/L. Increasing the oxidant dosage
increased the number of *OH radicals available to degrade
antibiotic molecules. Without DEX@nCPs(DEX), minimal
degradation (<10%) was observed, indicating that the DEX@
nCPs(DEX) played an important role in the degradation
process. A longer contact time gives *OH radicals more time to
interact with antibiotic molecules and initiate the degradation
processes. It is also worth noting that the degradation
efficiency can occur at extended contact times depending on
the availability of *OH radicals.””*® Therefore, chelation is

crucial so that *OH radicals are available throughout the
extended contact time.

The effects of the pH and contact time on the efficiency of
DOX degradation at a fixed oxidant dosage of 2 g/L are shown
in Figure Se,5f. The graph indicates that, at low pH levels, the
removal efficiency increased as the contact time increased,
whereas at higher pH levels, the degradation efliciency
decreased as the contact time increased. This is consistent
with the typical Fenton-like process, which is most effective in
acidic environments.”” The pH of the solution affects the
Fenton-like process in several ways. Under acidic conditions,
DEX@nCPs(DEX) exhibited a strong capacity to release H,O,
(eq 2). However, as the pH increased, DEX@nCPs(DEX)
released O,, as shown in eq 3.°”°" In addition, an increase in
the pH promoted the precipitation of Fe(II) into Fe(III),
which inhibited the generation of *OH radicals.”* A lower pH
is generally better for Fenton-like reactions because it favors
the formation of *OH radicals and inhibits their scavenging by
other species.50 Increasing the contact time increases the time
for which the *OH radicals react with DOX, which increases
the DOX degradation efficiency. Mohagheghian et al.*' also
reported that maximum degradation of diazinon was achieved
by lowering the pH with increasing contact time.

3.3.4. Verification Experiments of DOX Degradation. The
data displayed in Table S1 demonstrate that the results were
dependent on the specific experimental conditions selected.
Therefore, it is essential to optimize the process to identify the
optimal settings that result in the highest possible response. To
accomplish this, a numerical optimization process was
performed using Design Expert 13.0. The parameter for
determining the optimum conditions that showed the highest
response was established as the desirability function, which
ranges from 0.0 1.0. A desirability function value approaching
1.0, signifies that the conditions have been optimized to
achieve the highest possible response.>

The following ranges were used to optimize oxidant dosage,
pH, and contact time: oxidant dosage (0—2 g/L), pH (5), and
contact time (300—420 min). The shape of the desirability
function was determined by setting both the upper and lower
weights to 1. Table S3 presents a comprehensive list of criteria
employed to determine the overall desirability function. To
accomplish the optimization objectives, the software per-
formed the search at a random starting point and advanced
along the steepest slope until it reached its maximum.”*** As
shown in Figure S3, the numerical optimization process
identified a point at which the desirability function achieved a
value of 1, indicating the optimal local maximum of the ramp
desirability function for each independent variable. The
optimal conditions for oxidant dosage, pH, and contact time
were determined to be 2 g/L, pHS, 420 min, respectively.

Under these conditions, the software predicted a maximum
DOX degradation efficiency of 89.4% (Table S4). The average
experimental efficiency of DOX degradation was 85.6%, which
was close to the predicted value, and the COD concentration
decreased from 165 to 23 mg/L over 420 min (Figure 6). The
accuracy and reliability of the model are validated by the close
agreement between the predicted and experimental results,
underscoring the importance of predictive software in
environmental engineering, particularly for the optimization
of wastewater treatment processes.

To provide a context for the degradation efliciency of
DEX@nCPs (DEX) in this study, Table 2 highlights relevant
findings from the literature on the degradation of various
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Figure 6. Total COD removal after 420 min using the predicted
optimal conditions.

antibiotics using calcium-based or nanocalcium peroxide
(nCPs) materials. Xu et al.’® demonstrated an excellent
99.2% degradation efficiency for tetracyclines using ultrasonic
waves and nCPs. Bembibre et al.”’ reported 99.2% efficiency in
tetracycline degradation with a photocatalytic method with Ca-
based nanoparticles. However, these methods frequently
require specific energy inputs or light radiation, limiting their
scalability. In contrast, Xiang et al.”® used ozone with nCPs for
sulfamethoxazole degradation and achieved a reduced
effectiveness of 73.9%. This highlights the challenges of the
oxidant consumption and reaction kinetics. Under optimal
conditions, the Fenton-like degradation approach with DEX@
nCPs(DEX) achieved 90.1% degradation efficiency for
doxycycline. Although slightly less efficient than the photo-
catalytic or ultrasonic approaches, this method offers
significant advantages in terms of simplicity, scalability, and
synergistic improvement via Fe(II) cycling and oxalic acid as a
chelating agent.

3.3.5. Kinetic Studies. DOX degradation efficiency was
modeled using first-order (Figure 7a) and second-order kinetic
models (Figure 7b) under the optimal conditions proposed by
RSM-CCD, as shown in. The degradation experiment was
performed by varying the contact time from 0 to 420 min. The
study found that the first-order model provided a better fit, as
demonstrated by the high correlation coefficient (R?=0.9975),
suggesting reliable experimental data, compared to the second-
order model, which showed a lower correlation coefficient (R?
0.9268). The rate constant (k;) for DOX degradation
determined in this study (0.0047 min) is comparable to that
reported in other studies on the degradation of DOX. Sierra et
al.>” reported a rate constant (k;) of 0.1265 min™! for DOX
degradation using simulated sunlight and H,0,, which was
significantly faster than that observed in this study.”” This

increased efficiency may be ascribed to the direct use of liquid
H,0,, which potentially enhanced the generation of reactive
species, thereby accelerating the degradation rate. In contrast,
Mohammadi and Pourmoslemi®’ reported a slightly lower k,
value of 0.0040 min™" for photocatalytic degradation using
magnetic polymer-ZnO nanoparticles.

3.4. Possible Mechanism for DEX@nCPs(DEX)/Fe(ll)/
OA System. 3.4.1. Detection of Free Radicals. Free radical
scavenging tests were conducted using TBA and CF to identify
the distinct contributions of *OH and °*O,” radicals to the
degradation of DOX in the DEX@nCPs(DEX)/Fe(1I)/OA
system. The reaction between TBA and *OH radicals occurred
at a significantly high rate constant (kHO® = 5.2 X 108 M™*
s, suggesting that TBA has a strong capacity to scavenge
*OH radicals. Furthermore, CF acts as an effective scavenger of
°0," radicals owing to its significant rate constant with *O,~
radicals (k*0O,” = 3 X 1010 M™! s7') and limited reactivity
with *OH radicals (kHO® = 7 X 106 M~! s71).°"%* As shown
in Figure 8, the addition of TBA significantly decreased DOX
degradation efficiency from 88.9 to 10.4%. In contrast, the
addition of 100 mM CF resulted in a decrease in DOX
degradation efficiency from 88.9 to 52.6%. This indicates that
*0, " radicals also contribute to the breakdown of DOX in the
DEX@nCPs(DEX)/Fe(II)/OA system, but to a lesser extent
than *OH radicals.

To validate the scavenging test involving *OH radicals, the
concentration of *OH radicals in the DEX@nCPs(DEX)/
Fe(II)/OA system was quantified using a fluorescence
technique implemented according to a previously described
method.”® Fluorescence is a sensitive and reliable method for
the detection of *OH radicals. This method is based on the
principle that *OH radicals react with certain fluorescent dyes
to produce fluorescent signals. The intensity of the
fluorescence signal is proportional to the concentration of
*OH radicals in the system. As shown in Figure 9, the
fluorescence technique provided compelling evidence for the
presence of *OH radicals in the DEX@nCPs(DEX)/Fe(1l)/
OA system. The observed increase in the fluorescence intensity
over time is indicative of an increase in the concentration of
*OH radicals within the system. The increase in fluorescence
intensity is also consistent with the expected behavior of the
DEX@nCPs(DEX)/Fe(II)/OA system to constantly produce
*OH radicals.

3.4.2. Characterizations of Precipitates Generated after
Optimization Studies. The FTIR spectra of the DEX@
nCPs(DEX)/Fe(II)/OA precipitates, commercial CaO,, oxalic
acid, and iron(II) sulfate are shown in Figure 10. The peak at
1479 cm™" in the commercial CaO, spectrum was assigned to
O—Ca—O0 bending vibrations and carbonate ions, whereas the
small peaks at 855—875 cm™' were attributed to O—O
stretching vibrations.”® The prominent peak at 3414 cm™ in
the oxalic acid spectrum was assigned to the OH vibrations in
the carboxylic acid functional group. The broad peak at 1225
cm™' is associated with the C—O stretching vibrations of

Table 2. Comparison of Calcium-Based Materials and Methods of Antibiotic Degradation

study materials target pollutant method degradation efficiency (%)
Xu et al.®® nCPs Tetracycline (TC) ultrasonic waves 99.2
Xijang et al.®® nCPs Sulfamethoxazole (SMX) ozone 73.9
Bembibre et al.”’ Ca-based nanoparticles Tetracycline (TC) photocatalytic 99.2
This study DEX@nCPs(DEX) Doxycycline (DOX) fenton-like degradation 90.1
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Figure 10. FTIR spectra of DEX@nCPs(DEX)/Fe(II)/OA precip-
itate, commercial CaO,, oxalic acid and iron(II) sulfate.

oxalate.”*® For iron(II) sulfate, the broad peak at 3207—3301
ecm™' is likely associated with OH vibrations, which can be
attributed to moisture. The intense peaks at 1068 cm™" are the
adsorption bands of S=O from the sulfate groups.®>’

Compared with the spectra of DEX@nCPs(DEX)/Fe(II)/
OA, the prominent peak at 3342 cm™" indicates OH stretching
vibrations, suggesting the existence of OH groups from the
alcohol functional groups originating from the dextran present
; : . : 21
| in the complex, as described in our previous study.” In
I . addition, the peak at 1613 cm™' can be attributed to the

5 min stretching vibrations of the C=0 bond, indicating the possible

existence of oxalic acid. The prominent peak at 1025 cm™ can
be ascribed to the existence of C—O bonds derived from oxalic
acid and sulfate groups originating from FeSO,, as confirmed
by EDX. In comparison with commercial CaO,, the peaks
corresponding to the O—Ca—O bonds at 1479 cm™'
disappeared, whereas smaller peaks associated with the O—O
stretching vibrations at 870 cm ™" remained. These findings are
consistent with those of Yuan et al,”® who reported the
absence of CaO, after the degradation process, indicating that
the precipitates likely consisted of Ca(OH),.

Figure 1la shows the SEM image of the DEX@nCPs-

PL intensity (a.u.)

T T T T
400 410 420 430 440 450
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Figure 9. Quantification of *OH radicals by DEX@nCPs(DEX)/
Fe(II)/OA at different contact times.

COO™ from the carboxylic acid group, and the significant peak
at 1610 cm™" corresponds to the C=0 stretching vibrations of

(DEX)/Fe(11)/OA precipitate after the degradation process,
showing that it had irregular shapes. The EDX analysis in
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Figure 11. (a) SEM and (b) EDX images of the DEX@nCPs(DEX)/Fe(II)/OA precipitate generated after the optimization studies.
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Figure 12. Proposed DOX degradation pathway via the DEX@nCPs(DEX)/Fe(1I)/OA reaction.

Figure 11b reveals that the precipitate contained carbon
(11.6%), calcium (25.2%), oxygen (56.4%), phosphorus
(2.4%), and iron (4.4%). The presence of carbon indicates
the presence of organic compounds, such as dextran coating on
DEX@nCPs(DEX), whereas the presence of calcium suggests
the incorporation of calcium ions from DEX@nCPs(DEX)
into the precipitate.”"
presence of phosphate-containing species, which is likely
attributable to the phosphate buffer used during the reaction.
The presence of iron confirms the involvement of Fe(II) in the

The presence of phosphorus suggests the

reactions that contribute to the precipitate generation.

3.4.3. Proposed Degradation Pathway. When DEX@
nCPs(DEX) are dissolved in water, they decompose into H,0,
according to eq 2. Fe(1I) cleaves the weak O—O bond of H,0,
to generate *OH radicals (eq 5). Fe(II) acts as a catalyst and
rapidly reacts with H,O, to produce Fe(III) and OH, which
have strong oxidizing properties. *OH radicals decomposed

DOX, resulting in the formation of intermediate compounds,
carbon dioxide, and water.

The proposed DOX degradation pathway under Fenton-like
conditions provided valuable insights into the step-by-step
breakdown of antibiotics (Figure 12). Degradation of DOX
begins with *OH radical oxidation, resulting in the cleavage of
aromatic rings and the formation of intermediate compounds
(product 1).°® Demethylation and carbon chain cleavage are
important transformations that produce simpler molecules like
organic acids (products 2 and 3).°””° These intermediates
undergo further oxidation, resulting in the formation of CO,
and H,0.”!

3.5. Environmental and Cost Analysis. DEX@nCPs-
(DEX) offer significant potential for environmental protection
due to their ability to controlled-release H,0, and O, for long-
term benefits. Given the significant potential of DEX@
nCPs(DEX) in environmental applications, it addresses several
Sustainable Development Goals (SDGs), including clean water
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and sanitation (SDG 6), decent work and economic growth
(SDG 8), climate action (SDG 13), and life on land (SDG 15).
However, the introduction of DEX@nCPs(DEX) into the
environment should only occur after thorough examination of
their exact mechanism, toxicity, stability, residual analysis, and
overall environmental impact on terrestrial and aquatic
ecosystems.

Laboratory-scale production of DEX@nCPs(DEX) is
challenging because of the low yield of DEX@nCPs(DEX),
which can increase production costs. To facilitate commerci-
alization or large-scale applications, it is critical to develop
synthesis methods that increase the DEX@nCPs(DEX) yield,
lower production costs, and increase profits. DEX@nCPs-
(DEX) can improve wastewater treatment efficiency, leading to
cost savings and reduced need for additional chemical
treatments.

4. CONCLUSIONS

This study showed that a heterogeneous Fenton-like system,
which includes DEX@nCPs(DEX), Fe(II), and OA, can
efficiently degrade DOX in water. The successful synthesis of
DEX@nCPs (DEX) was confirmed using X-ray photoelectron
spectroscopy (XPS). The optimal conditions (2 g/L DEX@
nCPs(DEX), pH 5, 420 min) resulted in 90% DOX removal,
which was 20% higher than that achieved using DEX@
nCPs(DEX)/Fe(II) alone. The process had first-order kinetics
(k, = 0.0047 min~"), and model validation demonstrated high
predictive accuracy (R* = 0.996; adjusted R* = 0.987).
Scavenger and photoluminescence analyses identified *OH as
the primary reactive species, accounting for over 80% of the
observed degradation.

This optimized DEX@nCPs(DEX)/Fe(Il)/OA system
provides a promising strategy for treating antibiotic-contami-
nated water, offering an efficient and sustainable approach for
mitigating pharmaceutical pollutants and enhancing water
quality. Further research should focus on real wastewater and
the large-scale application of this system to establish viable
treatments for pharmaceutical residues.
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