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ABSTRACT

The widespread presence of antimicrobials in aquatic ecosystems, driven by human and agricultural activities,
poses significant challenges to the environment and human health, particularly by facilitating the spread of anti-
microbial resistance. This study investigated the solar-driven photodegradation of ciprofloxacin (CIP) and van-
comycin (VAN) in real municipal wastewater effluent, using TiO,-P25 and ZnO photocatalysts, with and without
the addition of peroxymonosulfate (PMS). Experimental results demonstrate that CIP and VAN removal is signifi-
cantly enhanced in the presence of PMS, achieving near-complete degradation within 5 minutes at a higher PMS
concentration (200 mg L) across all tested processes. These finding underscore the potential of PMS activation
through photolysis and photocatalysis as an advanced strategy for mitigating antibiotics in complex environmental
matrices, offering promising avenues for sustainable wastewater treatment. Further research is recommended to

explore degradation pathways and assess the ecotoxicity of post-process solutions.
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INTRODUCTION

The rapid expansion of urbanization and
industrial activities has led to significant envi-
ronmental challenges, notably the generation of
wastewater containing a wide range of organic
pollutants, including pharmaceuticals (Al Miad
et al., 2024). Pharmaceutical contaminants, includ-
ing antibacterials, enter water systems through im-
proper disposal, agricultural irrigation, as well as
consumption by humans, animals, and crops, pos-
ing serious threats to ecosystems (Fig. 1) (Samal
et al., 2022). Due to their high polarity and low
volatility, many pharmaceuticals are persistent in
aquatic environments, making them more likely
to accumulate in water bodies. Consequently,
these compounds are often detected in wastewa-
ter treatment plant (WWTP) effluents, as con-
ventional treatment methods are unable to fully
remove them. Studies indicate that up to 90% of
pharmaceutical residues may persist in treated
wastewater (Deng et al., 2024; Ruziwa et al.,

2023) and a significant amount of antibacterials
that are not completely degraded accumulates in
various environmental matrices, and their traces
have been found in soil (0.66-760.1 pg kg') (Deng
et al., 2018), sediments (49.3 £+ 24.7 ng g') (Shar-
key et al., 2024) and aquatic matrices (144-933
ng L) (Qiu et al., 2024). Moreover, the presence
of antibacterial residues in water bodies facili-
tates the emergence of antibiotic-resistance bac-
teria (ARB) and promotes the spread of antibiot-
ics resistance genes (ARGs) among humans and
other organisms [Srivastava, 2024]. AMR poses a
critical global health challenge, causing over 1.27
million deaths annually. Addressing this issue re-
quires minimizing the misuse and overuse of an-
tibacterials to reduce the development and spread
of AMR (Kim et al., 2024).

The World Health Organization (WHO) cre-
ated AWaRe classification system to promote
responsible antibiotic use, improve global stew-
ardship, and combat AMR. By categorizing an-
tibacterials into three groups — access, watch
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Figure 1. Pathways of pharmaceutical contaminants (based on Samal et al., 2022)

and reserve — the AWaRe framework aims to: 1)
guide prescribing practices; ii) monitor resistance
trends and iii) safeguard critical drugs. The goal
is to ensure effective treatments remain available
while reducing the spread of resistant pathogens
(WHO, 2022). There are many antibacterials that
pose a threat to the environment, but among them,
the ones that stand out in particular include: cip-
rofloxacin (CIP) and vancomycin (VAN). Both
selected antibacterials are placed in the “watch
group” by the WHO. This group includes an-
tibacterials and antibacterial classes that have
higher resistance potential and includes most of
the highest priority agents among the Critically
Important Antimicrobials for Human Medicine
and/or antibacterials that are relatively high-risk
selection of bacterial resistance (WHO, 2022).
CIP is fluoroquinolone and constitutes one of the
most frequently detected antibacterials in WWTP
effluents, and its occurrence was also detected
in environmental samples, such as river water
(299.88 ng L) (Praveena et al., 2018), ground-
water (20.48 ng L) (Arun et al., 2022), soil
(0.32-84.85 ng kg') (Sharifmand et al., 2024),
and sludge (426 ng g') (Li et al., 2013). VAN be-
longs to the glycopeptide class of antimicrobials
and is an antibiotic used to treat Gram-positive
bacterial infections and has also been used for
human prophylaxis (Andriani et al., 2024; Wada
et al., 2024). It has been classified as a “last-re-
sort antibiotic”, and this group includes the an-
tibacterials that should be reserved for treatment
of confirmed or suspected infections caused by
multidrug-resistant bacteria. In France, VAN is
strictly reserved for hospital use and could be a
pertinent marker of hospital discharge as it was
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detected only in the hospital outflows (Louvet et
al., 2017). However, after thirty years of glyco-
peptide use, vancomycin-resistant enterococci
(VRE) emerged in 1986, because of the excessive
exposure to VAN (Taucer-Kapteijn et al., 2016,
Siegel, 2012). Recent findings identify urban and
municipal WWTPs as significant contributors to
the environmental spread of ARGs and ARB, in-
cluding VRE (Biggel et al., 2021; Cherak et al.,
2022; Oravcova et al., 2017; Valenza et al., 2024).

Taking this into account, it is essential to de-
velop efficient wastewater treatment methods to
remove antibacterials. Such approaches aim to
reduce their environmental concentration, miti-
gate their ecological, as well as safeguard aquatic
ecosystems by minimizing harm to fauna and
flora (Szymanska et al., 2019). Conventional
biological and mechanical wastewater treatment
methods are unable to completely degrade cer-
tain micropollutants due to their inherent chemi-
cal stability and toxicity (Al Miad, et al. 2024). A
potential solution to the challenges could involve
the application of Advanced Oxidation Processes
(AOPs), with particular emphasis on photocata-
lytic degradation using semiconductors (Wolski
et al., 2021). At this moment, titanium dioxide
(TiO,) is the most often used semiconductor to
produce charge carriers for photocatalytic pro-
cesses of organic micropollutant degradation, due
to its high effectiveness, non-toxic, and low costs.
Zinc oxide (ZnO) is known as an alternative pho-
tocatalysts to TiO,. One of the main disadvan-
tages of this semiconductor is its photo-corrosion
at low pH and low activity during exposition
to sunlight (Bayan et al., 2021). Nevertheless,
photodegradation of antimicrobials depends on
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turbidity of water, because limited exposure to
light in aquatic matrix, such as municipal waste-
water effluent (MWWE), ZnO-based photoca-
talysis demonstrated higher efficiency than TiO,-
based photocatalysis towards antimicrobials like
sulfonamides (Hussain et al., 2024, Kowalska et
al., 2023). Consequently, ZnO is considered to
have significant potential for applications in more
complex matrices, such as environmental sys-
tems. However, despite achieving higher efficien-
cy in the degradation of antimicrobials, complete
degradation has not been attained in many cases,
indicating that the use of well-known photocata-
lysts remains insufficient.

To overcome these limitations, advanced oxi-
dation processes based on highly reactive sulfate
radicals (SR-AOPs) were proposed, because of
their strong oxidation ability and mineralization
efficiency (Long et al., 2022). Sulfate radicals
(SO,*) have multiple advantages over hydroxyl
radicals (*OH) such as a higher selectivity, lon-
ger half-life and equal or higher redox potential
(EO~ 3.1 V) (Li et al., 2021, Milh et al., 2021).
In SR-AOPs, a diverse range of reactive species,
including *OH, SO,*, superoxide anion (O,*) and
singlet oxygen ('O,), can be generated to degrade
organic compounds into CO,, HO and other
products (Jiang et al., 2022, Tian et al., 2023).

Peroxymonosulfate (PMS) serves as a key
precursor for generating SO, *”in SR-AOPs. How-
ever, efficient radical generation from PMS for the
degradation of most organic micropollutants pos-
es significant challenges, due to high energy costs
and poor activation performance. Therefore, there
is a need to develop effective and environmental-
ly friendly methods for PMS activation (He et al.,
2022, Shen et al., 2020). Photocatalysis-assisted
activation of PMS has emerged as a highly effi-
cient approach for the removal persistent organic
pollutants, such as antimicrobials (Li et al., 2024).
For instance, Liu et al. (2021) demonstrated the
synergistic effect of a (2D/2D) CoAl-LDH/BiO-
Br Z-scheme photocatalyst in combination with
PMS/Vis system, achieving a 96% removal rate
of CIP within 30 min. Moreover, ZnFe O, shows
great potential to activate PMS and responds to
visible light, because nearly complete degrada-
tion of CIP was achieved after 60 min [Zhang et
al., 2022]. From an energy efficiency perspective,
visible light-driven photocatalytic activation of
PMS (Vis/catalyst/PMS) presents a highly prom-
ising strategy [Gu et al., 2024]. However, many
newly proposed photocatalysts, despite their high

efficiency in degrading antimicrobials, are costly
to synthesize. Furthermore, studies are often con-
ducted in simplified matrices, such as distilled
water or Milli-Q water, which do not reflect the
complexity of environmental aquatic medium.

Taking this into account, the main aim of this
study was to assess the effectiveness of CIP and
VAN removal in an environmental matrix — real
municipal wastewater effluent (MWWE), via so-
lar-driven photocatalytic processes, using TiO, -
P25 (as a reference semiconductor) and ZnO as
an alternative photocatalysts. Experiments were
conducted both without and in the presence of
PMS at two different concentrations.

MATERIALS AND METHODS

Chemicals and reagents

Analytical standards of CIP (98%) and VAN-
HC were obtained from Sigma Aldrich (China).
Oxone salt (KHSO,+0.5KHSO,#0.5K,SO,) as PMS
source was obtained from Sigma Aldrich (USA).
Acetonitrile (ACN) for HPLC and formic acid
(FA) 299.9% for LC-MS were supplied by VWR
Chemicals (Poland). The studied photocatalysts:
TiO,-P25 (Titandioxid P25, 99.9%) and ZnO with
purity 99.9% were supplied by Degussa (Germa-
ny) and Sigma-Aldrich (China), respectively. The
solutions for mobile phase were prepared in 18.2
MQ.cm Milli-Q water obtained from Synergy®
Water Purification System (Merck, Germany).

Each of stock solutions of selected antimi-
crobials (10 mg L) were prepared by dissolv-
ing 10 mg of its analytical standards in 1000 mL
MWWE. CIP solution had to be stirred through 16
h in volumetric flask until analytical standard was
completely dissolved. Working standard solutions
in the concentration of 2 mg L were prepared by
dilution of 200 mL stock solutions in MWWE to
appropriate concentration immediately before the
use. Stock solutions were kept in the refrigerator
(2°C) and were stable for at least 3 weeks.

Aquatic matrix

In the studies, real treated wastewater, i.e. mu-
nicipal wastewater secondary effluent (MWWE),
was selected as an environmental matrix for the tests.
MWWE was collected from a municipal wastewater
treatment plant (WWTP) located in Southern Poland,
the area of Upper Silesia — one of the most urbanized
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regions of the country. To remove suspended solids,
the MWWE was pre-treated using filter paper. Char-
acteristic physicochemical properties of the MWWE
are presented in Table 1.

Analytical methods
Quantification of CIP and VAN

Selected antimicrobials were quantified us-
ing high-performance liquid chromatography
(HPLC) equipped with a UV variable wave-
length detector (UltiMate 3000 system; Dionex
Corporation, Sunnyvale, CA, USA). All ana-
lyzed samples were filtered with MCMF-Mil-
lipore® membrane filters (0.22 pm pore size,
Merck, Germany). C18 Hypersil™ Gold column
(250 mm x 4.6 mm; 5 um) utilized as the station-
ary phase, was purchased from Thermo Scientific
(Polygen, Poland). The mobile phase consisted
of 0.1% FA solution and ACN in a 77:23 (v/v)
volumetric ratio. Analyses were performed at the
maximum absorption wavelengths: 278 nm for
CIP and 232 nm and 280 nm for VAN. The reten-
tion time (RT) of the target contaminants were
9.3 +0.5 min and 5.5 = 0.8 min for CIP and VAN,
respectively. The limit of quantification (LOQ)
for the selected antimicrobials were 0.2 mg L'
for CIPand 0.1 mg L' for VAN, set as the first
calibration points on the calibration curve (linear
regression, R2 > 0.98 ). Data were processed us-
ing Dionex Chromeleon™ 6.8 software.

Physicochemical properties of MWWE

Total organic carbon (TOC) and total nitro-
gen (TN) were determined in the filtered environ-
mental sample with TOC-L Total Organic Carbon
Analyzer and TNM-L Total Nitrogen Measuring

Table 1. Physicochemical properties of MWWE

Parameter MWWE
TOC, mg L 71.33
TN, mg L 0.98
N-NH,, mg L 30.5+2.12
N-NO,, mg L' 0.41£0.02
N-NO,, mg L' 224 +£0.18
P-PO,, mg L 0.55+0.17
$0,%, mg L 116.11 £ 9.55
Cl, mg L’ 177.65 + 17.61
Br, mg L’ 0.29 £ 0.02
F, mgL" 0.36 £ 0.06
pH 8.2
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Unit (Shimadzu, Japan), respectively. Ammoni-
um nitrogen was measured using a Spectroquant
NOVA 60™ spectrometer (Merck, Germany) and
a spectrophotometric test purchased from Merck
(kit no. 14752, Germany). The pH of the environ-
mental sample was measured using a Multi 3510
IDS pH-meter (WTW, Germany). Other chemical
properties were analyzed using lon Chromatogra-
phy Dionex Aquion (Thermo Scientific, Poland).

Experimental set-up

Sorption tests

To quantify the effect of adsorption of select-
ed antibiotics onto photocatalysts surface, control
experiments were performed under dark condi-
tions. The experiments were carried out sepa-
rately for each CIP and VAN, in beakers sealed
tightly with aluminum foil to prevent any light
exposure. Each test utilized a solution volume
of 250 mL, with photocatalyst concentration of
20 mg L, consistent with the conditions used in
photocatalytic experiments. Antibiotics were con-
tinuously stirred using magnetic stirrers, and the
tests were conducted over 60 minutes. Samples
were collected at the same time intervals as in the
photodegradation tests for consistent comparison.

Photodegradation experiments

Laboratory-scale experiments were conduct-
ed to investigate the removal of CIP and VAN in
MWWE, under artificial sunlight conditions. A
Solarbox 1500e solar simulator (Co.fo.me.gra,
Italy), equipped with a 1500 W polychromatic
xenon lamp was used to simulate solar radiation.
The irradiation intensity was set at 500 W m™.

The study evaluated both photolytic and pho-
tocatalytic degradation of the selected antimicro-
bials under solar-driven conditions. Photocata-
lytic experiments were conducted using TiO,-P25
and ZnO as photocatalysts, each at a concentra-
tion of 20 mg L''. PMS was applied at concentra-
tions of 20 mg L' and 200 mg L™ to investigate
the effect of the sulfate anion precursor concen-
tration on CIP and VAN degradation. In parallel,
photolytic removal studies were performed to
assess the susceptibility of CIP and VAN to de-
composition under sunlight alone, without the ad-
dition of photocatalysts. These photolytic experi-
ments were carried out under identical conditions
to the photocatalytic processes. The effect of ar-
tificial solar irradiation on antimicrobial removal
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was evaluated in selected matrix spiked with CIP
and VAN (2 mg L'). For all experiments, the total
solutions volume was 250 mL, and the irradiated
area was 0.03 m. Continuous stirring on magnet-
ic stirrer was maintained throughout the process.
Samples were collected at predetermined time in-
tervals: 0, 5, 10, 20, 30, 45, 60, 90 min, and ana-
lyzed to monitor the degradation of antibiotics.
The removal efficiency of CIP and VAN (R
R,,,) was calculated using following Eq. (1):

CIP

Rerp,Ryay = (@) - 100%

0

(1)

where: C, and C, are the initial and residual anti-
biotics concentrations at time ¢ (mg L),
respectively.

Kinetics calculations

The degradation kinetics of CIP and VAN fol-
lowed a first-order model presented by Eqgs. 2-3:

(o K
— = —k¢t
In ( Co) exp (2)
In2
iz =7— (3)

t
where: C and C, are the concentration of selected
antibiotics (mg L) at time ¢ and time 0,
respectively; kt is the pseudo-first-order
rate constant (min') and ¢ time (min). The
time to achieve 50% antibiotics removal
(t,,» min) was estimated in accordance

RESULTS AND DISCUSSION

Sorption tests

For ZnO, a slight decrease in the concentra-
tion of CIP was observed over 60 minutes [Fig-
ure 2]. This suggests that the interaction between
CIP and ZnO is weak, potentially due to unfavor-
able surface chemistry. Meanwhile, Wolski et al.
(2021) reported ca. 10% removal of CIP through
sorption in deionized water within 60 minutes.
Differences in the results may stem from the in-
fluence of a more complex matrix on the sorp-
tion process. In contrast, for CIP/TiO,, a decrease
in concentration was observed within the first 10
minutes, reaching approx. 16% removal. This
indicates initial sorption of CIP onto TiO,-P25.
However, the concentration of CIP gradually in-
creases, returning to values close to 100%. Du
et al. (2019) similarly proved that TiO, demon-
strated inferior adsorption efficiency towards CIP
with 21.1%. This increase suggests desorption
phenomena, where adsorbed CIP molecules are
released back into the solution. The observed de-
sorption may result from the dynamic equilibrium
between sorption and desorption processes, likely
driven by competition for active sites, or other en-
vironmental factors.

For VAN, sorption on both ZnO and TiO,-P25
was insignificant, with the antibiotic concentra-
tion remaining close to 100% throughout the ex-
periment. In the case of VAN sorption on TiO,-
P25, a slight decrease of approx. 5% was observed
within the first 10 minutes, followed by a gradual

with Eq. (3). return to initial concentration value. The weak
1,00
0,80
& 060
S
0,40 —&— CIP/ZnO
~--A=-- CIP/TiO,
0,20 —e— VAN/ZnO
---e--- VAN/TIO,
0,00
0 10 20 30 40 50 60

Time, min

Figure 2. Removal of CIP and VAN from MWWE by sorption process using TiO,-P25 and ZnO

163



Journal of Ecological Engineering 2025, 26(5), 159-169

interactions between VAN and photocatalysts
might be attributed to steric factors associated
with larger molecular structures of VAN or a lack
of specific binding interactions with the surface.
Overall, the results indicate that both TiO,-
P25 and ZnO exhibit a higher sorption capacity
for CIP compared to VAN. However, the desorp-
tion behavior for both antibiotics highlights the
dynamic nature of the sorption-desorption equi-
librium, which may be influenced by factors such
as surface chemistry, molecular interactions, and
environmental conditions. While ZnO demon-
strates potential as a sorbent for removing antibi-
otics such as CIP from aqueous solutions, TiO -
P25 shows promise for partial removal of CIP,
albeit with limited retention due to desorption.

Photolysis

The photolysis of CIP and VAN was investi-
gated under visible light, both in the presence and
absence of PMS. The results indicate that photol-
ysis alone archives moderate removal efficiency,
with complete removal of CIP and only 22% re-
moval of VAN after 30 minutes [Figure 3ab]. The
kinetic parameters reveal a pseudo-first-order rate
constant of 0.085 min! for CIP, whereas for VAN,
k is significantly lower at 0.009 min' [Table 2].

The addition of PMS enhances photolytic
degradation significantly. At a PMS concentration
of 20 mg L', CIP removal reaches 95% within 20
minutes, with an increased & value of 0.217 min
!, VAN removal also improves, achieving 90%
after 30 minutes, with pseudo-first-order con-
stant increasing to 0.026 min’'. Further increas-
ing the PMS concentration to 200 mg L' results
in near-complete degradation of both antibiotics.
CIP exceeds complete removal within 5 minutes
(k= 0.738 min'), while VAN achieves over 98%
removal (k = 0.845 min'). These findings high-
light the synergistic effect of PMS in enhancing

a 100

090 | —a—Photolysis

0,80 —#— Photolysis/PMS20
0,70 Photolysis/PMS200
0,60

g 0,50
()

030
0,20
0,10

0 10 20 30 40 50 60 70 80 90
Time, min

°
Q 0,50
&3

photolytic degradation, particularly for the more
resistant VAN molecule.

The results obtained in this study differ signif-
icantly from those reported in previous research.
For instance, Zeng et al. (2021) reported ca. 3%
removal rate of CIP after 150 minutes of photoly-
sis in deionized water. Similarly, Du et al. (2019)
observed negligible direct photodegradation of
CIP in the absence of photocatalysts. Photolysis
was also deemed ineffective for VAN removal,
with <5% removal reported by Lofrano et al.
(2018). These discrepancies can be attributed to
various factors, including differences in the initial
concentration of antibiotics and the complexity of
the sample matrix.

In contrast, the current study demonstrated
that photolysis can be highly efficient, even for
compounds considered resistant to degradation,
such as VAN. However, the effectiveness of pho-
tolysis is strongly influenced by the presence and
concentration of PMS — the higher concentration
of PMS, the greater the efficiency of antibiotic
degradation. Specifically, complete degradation
of both CIP and VAN were achieved within 5
minutes via photolysis in the presence of PMS
at concentration of 200 mg L'. Supporting this
finding, Jia et al. (2024) showed that increasing
concentration of PMS enhanced the degradation
rate of CIP, achieving removal rates of 39.2% and
93.1% after 80 minutes at PMS concentrations of
0.3 and 1 mM, respectively.

On the other hand, contradictory results have
been observed in other studies. Another study re-
ported only ca. 10.1% CIP degradation in deion-
ized water within 60 minutes, even with a higher
PMS concentration of 0.30 g L. This limited
efficiency has been attributes to the low redox
potential of PMS under certain conditions (Yi et
al., 2025). It is hypothesized that the presence
of pre-existing sulfate ions in the sample matrix

1,00
0,90
0,80
0,70
0,60

—&— Photolysis
—a— Photolysis/PMS20
Photolysis/PMS200

0,40
0,30
0,20
0,10
0,00

0 10 20 30 40 50 60 70 80 90
Time. min

Figure 3. Solar-driven photolytic removal of (a) CIP; and (b) VAN from MWWE, both with and without PMS
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may significantly influence the photodegradation
process. This assumption is supported by results
indicating that PMS exhibits greater efficiency in
more complex matrices, where the interplay of
matrix components may enhance photodegrada-
tion dynamics.

Photocatalysis in the presence of PMS

The photocatalytic degradation of CIP and
VAN was examined using TiO,-P25 and ZnO,
with and without PMS (Fig. 4). For CIP, TiO,
alone achieves a removal efficiency of 99%
within 30 minutes, with a kinetic rate constant
of 0.085 min! [Table 2]. The addition of PMS
at 20 mg L' significantly enhances degradation,
achieving over 80% removal within 10 minutes
(k=0.226 min'). At 200 mg L' PMS, complete
degradation of CIP was achieved within 5 min-
utes (k= 0.921 min™'). For VAN, TiO? alone re-
sults in only 55% after 90 minutes (k = 0.017
min'). With PMS at 20 mg L', removal efficiency
increases to over 83% (k= 0.032 min!). At 200
mg L' PMS, complete removal was achieved af-
ter 5 minutes (k = 0.764 min'), demonstrating
the strong oxidizing power of PMS in conjunc-
tion with TiO,-based photocatalysis.

For CIP, ZnO-based photocatalysis achieves
a removal efficiency of 99% within 30 minutes
(k=0.086 min!). The addition of PMS at 20 mg

L' further increases the removal efficiency to ap-
prox. 80% within 5 minutes (k = 0.226 min™). At
200 mg L' of PMS concentration, near-complete
degradation occurs within 5 minutes (k = 0.921
min"). For VAN, ZnO alone achieves a modest re-
moval of 66% after 60 minutes (k= 0.017 min™).
The presence of 20 mg L' PMS enhances remov-
al t0 99% (k= 0.032 min™'), while at 200 mg L' of
PMS, removal improves to complete degradation
after 5 minutes (k= 0.764 min™).

The results demonstrate that PMS signifi-
cantly enhances the degradation of both CIP and
VAN during photolysis and photocatalysis, with
ZnO and TiO, performing comparably. However,
CIP degradation is consistently more efficient than
VAN due to the differences in molecular structure
and reactivity. TiO, and ZnO exhibit strong poten-
tial as photocatalysts, particularly when combined
with sulfate anion radical precursor, such as PMS.

In principle, photocatalysis addresses the
limited efficiency of photolysis by significantly
enhancing the degradation rate. For instance, ad-
dition of TiO, has been shown to increase the effi-
ciency of CIP degradation from ca. 0 to 42-47.1%
(Zeng et al., 2020, Du et al., 2019). TiO,-based
photocatalysis has also demonstrated high photo-
degradation activity under visible light, achieving
approx. 70% removal of CIP (Yang et al., 2016).
Similarly, a ZnO-based photocatalysis system
achieved 70-85% VAN degradation in deionized
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Figure 4. Solar-driven photocatalytic degradation of (a) CIP using TiO,-P25 and (c) ZnO;
(b) VAN using TiO,-P25 and d) ZnO
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water within 10 minutes and TiO,-based photo-
catalysis system yielded 59-73% degradation
within 90 minutes (Lofrano et al., 2018). Rahro-
van et al. (2024) further reported remarkably high
VAN degradation efficiencies using ZnO photo-
catalysts, although the efficiency declined signifi-
cantly in real raw sewage matrices (13 and 24%).

In contrast, the current study indicates that
the addition of photocatalysts alone does not
enhance the degradation rates of CIP and VAN.
Instead, the presence of PMS improves removal
efficiency. However, other studies suggest limita-
tions in certain systems. For example, Yi et al.
(2025) reported that a ZnO/PMS system achieved
less than 30% CIP removal, while Longfei et al.
(2024) observed only 7.2% CIP degradation us-
ing a TiO,/PMS system in deionized water. No-
tably, only the Vo-CTNs system with 1 mM PMS
achieved a 97.5% removal rate. Furthermore, the
same study demonstrated that increasing PMS
concentrations beyond 1 mM did not result in
further efficiency improvements.

It is important to note that the research dis-
cussed was conducted in pure aquatic matrices,
such as deionized water. The studies examining
the effects of environmental matrices on photo-
degradation efficiency driven by visible light,
especially with PMS, remain scarce. This study
highlighted the potential of a properly optimized
PMS concentration to efficiently degrade even
complex molecules such as VAN in MWWE
within 5 minutes. These findings underscore the
high potential of PMS as a sulfate radical precur-
sor for combating organic micropollutants, in-
cluding antimicrobials.

CONCLUSIONS

This study highlighted the efficiency of ZnO
and TiO,-P25 photocatalysts in the degradation of
CIP and VAN under various conditions, including
sorption, photolysis, and photocatalysis, with and
without the presence of PMS.

ZnO and TiO,-P25 showed higher sorption
affinity for CIP compared to VAN, as evidenced
by the initial decrease in CIP concentration. How-
ever, desorption phenomena were observed, indi-
cating a dynamic sorption-desorption process in-
fluenced by molecular interactions. VAN exhibits
negligible sorption on both ZnO and TiO,-P25,
possibly due to steric hindrance and lack of strong
binding interactions.
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The photolysis process demonstrated moder-
ate removal efficiency, with complete degradation
of CIP and 22% removal of VAN after 30 min-
utes. The addition of PMS significantly enhanced
photolysis, particularly for the more resistant
VAN molecule. At a PMS concentration of 200
mg L', near complete degradation of both antibi-
otics was achieved within 5 minutes, demonstrat-
ing the synergistic effect of PMS in generating
reactive oxidizing species.

TiO,-P25 and ZnO exhibited strong photo-
catalytic activity, with the removal efficiencies
for CIP and VAN being significantly enhanced
by the presence of PMS. Without PMS, TiO,-P25
achieved 99% removal of CIP within 30 minutes
and 55% removal of VAN within 90 minutes.
ZnO-based photocatalysis showed comparable
results. The addition of PMS (20 mg L") signifi-
cantly increased removal rates for both antibiotics,
achieving over 80% removal within 10 minutes
for CIP and over 83% removal for VAN. At 200
mg L' PMS, both antibiotics were completely de-
graded within 5 minutes, with TiO,-P25 and ZnO.

CIP degradation was consistently more effi-
cient than VAN under all conditions, highlighting
the influence of molecular structure on reactivity.
The larger, more complex structure of VAN re-
duces its interaction with photocatalysts, and ROS
generated during photolysis and photocatalysis.

These results underscore the strong potential
of photodegradation of antibiotics in complex
aqueous environments, like MWWE. The addi-
tion of PMS as a sulfate radical precursor sig-
nificantly enhances the degradation efficiency,
making it a promising strategy for mitigating the
environmental impact of pharmaceutical micro-
pollutants. The synergistic use of PMS with ZnO
or TiO,-based photocatalysis represents a highly
effective strategy for the removal of antibiotics
from environmental aquatic matrices, with im-
plication for sustainable water purification prac-
tices. However, the study results indicated that
the use of PMS alone, but at higher concentra-
tions, enabled effective removal of both CIP and
VAN from a complex aqueous matric, specifically
treated real municipal wastewater. This suggests
the potential application of PMS as a standalone
treatment in environmental matrices for the re-
moval of micropollutants, such as antibiotics.

Future research should focus on identify-
ing and analyzing the degradation pathways and
transformation products formed during photo-
degradation processes, as these intermediates
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may exhibit higher toxicity than the parent com-
pounds. Additionally, comprehensive ecotoxicity
assessments of post-process solutions are crucial
to ensure that the treatment method is safe, and
produced byproducts do not exhibit higher toxic-
ity than the parent compounds.
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