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Abstract

Zeolites are typically used as adsorbents for the removal of organic pollutants from water but recently are gaining attention
as catalysts for the activation of persulfates toward contaminants degradation. In this work, the capability of a zeolite Y
(FAU-type) and two zeolites beta (BEA-type) to activate peroxymonosulfate (PMS) toward the degradation of one repre-
sentative pollutant of a pharmaceutical nature (i.e., ciprofloxacin) was tested and compared. Initially, the characterization of
the considered zeolites was carried out, evidencing that they had different Si/Al, surface area, and basicity. Then, the main
degradation pathway involved in the target pollutant degradation was determined and the activating ability of three zeolites
was compared. It was found that among the three tested materials, zeolite Y had the highest activating capability toward
PMS for ciprofloxacin degradation (showing ~90% degradation after 10 min of treatment). The synergy (S) of the systems
followed the order: zeolites beta/PMS (S, 0.5-1.4) < zeolite Y/PMS (S, 3.9), revealing that the Si/Al ratio has a determinant
role in the zeolite/peroxymonosulfate combination, being convenient lower values of such a ratio. In the most adequate
combination (i.e., zeolite Y/PMS), the pharmaceutical was attacked by singlet oxygen (coming from the PMS activation
by the zeolite via basic sites), which modified ciprofloxacin on its piperazyl ring, producing two intermediates. Theoreti-
cal analyses based on the structure suggested that the two intermediates have low toxicity against mammals. Additionally,
experimental tests showed that the zeolite Y/PMS process led to a resultant solution without antimicrobial activity against
S. aureus. Finally, it can be mentioned that ZY/PMS was used to deal with ciprofloxacin in synthetic hospital wastewater,
achieving ~40% pollutant elimination after 60 min of treatment.
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Introduction

Minerals such as zeolites are gaining attention as a new
approach for the activation of peroxides to produce reactive
oxygen species (ROS), which can degrade organic pollut-
ants in water. In fact, zeolite-based systems can overcome
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infections saving millions of people, but at the same time,
these pharmaceuticals have also emerged as environmen-
tal contaminants. Indeed, the continuous input of antibiot-
ics into the environment is considered a source/promoter
of antimicrobial resistance proliferation (Patel et al. 2019).
Nowadays, it is well-known that conventional processes
applied in municipal wastewater treatment plants (WWTPs)
are not capable of degrading most pharmaceuticals (Patel
et al. 2019). Consequently, these organic pollutants reach the
environment. In fact, pharmaceuticals (e.g., antibiotics) are
concerning pollutants in groundwater (Bunting et al. 2021).
Hence, treatment processes efficient for the abatement of
such contaminants are required.

Advanced oxidation processes (AOPs, i.e., processes
based on the generation and use of ROS) are valuable for
degrading recalcitrant pollutants in water (Patel et al. 2019).
Among AOPs, the heterogeneous processes are widely used
for organic pollutants degradation due to their versatility to
involve, in photocatalytic and non-photocatalytic systems,
solid materials from diverse nature (e.g., iron oxides, ZnO,
Co-based zeolite imidazolate frameworks-ZIF, and non-
modified zeolites) (Sheikhmohammadi et al. 2021, 2023,
2024; Serna-Galvis et al. 2023a; Tang et al. 2024). For
instance, ZIF nanostructures have been successfully used
for treating antibiotics in water by photocatalytic systems
(Sheikhmohammadi et al. 2024).

On the other hand, the AOPs based on the activation
of persulfates (i.e., peroxydisulfate or peroxymonosul-
fate), using particular heterogeneous catalysts to obtain
high degrading activity and oxidation rates, are topics of
increasing interest (Tang et al. 2024). Also, the elimina-
tion of organic pollutants with ROS from the activation of
peroxymonosulfate (PMS) is gaining attention due to the
high degradation efficiency of such systems and operational
easiness (Sbardella et al. 2020; Ushani et al. 2020; Wang
et al. 2021; Xiao et al. 2021). Indeed, PMS activation using
zeolites loaded with transition metals, producing ROS for
degrading organic pollutants in water, is common, and these
materials typically evolve electron transfer mechanisms to
produce radical species (Fu et al. 2020; Elmaadawy et al.
2021). However, non-modified zeolites are interesting cata-
lysts because such materials have shown great potential-
ity to activate PMS through the promotion of non-radical
pathways, even leading to selective degradation of organic
pollutants in complex matrices (Serna-Galvis et al. 2023a).

Zeolites are aluminosilicates, which have low-cost extrac-
tion or synthesis (Li et al. 2019; Khaleque et al. 2020). Zeo-
lites and aluminosilicates have been typically utilized as sup-
porting materials for different classes of catalysts (Fu et al.
2020; Liu et al. 2020; Chen et al. 2022; Wang et al. 2022).
Also, zeolite-based materials, such as ZIF nanocomposites,
can be used as photocatalysts in AOPs for antibiotics deg-
radation (Sheikhmohammadi et al. 2024). Furthermore, the

testing of zeolites or other aluminosilicates to activate inor-
ganic peroxides is increasing. Indeed, a kaolinite has been
used for activating PMS to degrade atrazine in water sam-
ples, and such work reports the PMS activation, producing
radical species (Li et al. 2019). Recently, the zeolite 4A was
tested for the activation of PMS, informing the generation of
the non-radical pathway (e.g., the action of singlet oxygen)
to degrade organic pollutants (Serna-Galvis et al. 2023a).
However, the comparison of diverse zeolites (i.e., the effect
of zeolite architecture/type) and the role of the Si/Al ratio on
the activation of PMS has not been explored. These topics
are presented herein.

This work aimed to study the effect of zeolite type and
the role of the Si/Al ratio to activate PMS (via a non-pho-
tocatalytic process) toward the degradation of a representa-
tive organic pollutant. Hence, the zeolite Y (ZY) and a zeo-
lite beta (ZB) previously synthesized in our research team
(Manrique et al. 2016; Mendoza and Echavarria 2022), plus
a commercial BEA-type zeolite (i.e., CP814C* (Zeolyst
International 2015)), were considered. Initially, a strategic
characterization of the considered zeolites was carried out.
Then, the activating ability of the considered zeolites was
compared. Afterward, ZY (which presented the highest acti-
vating capability) was used to determine the main pathways
involved in the target pollutant degradation. Also, for the
zeolite/PMS system having the best activating performance,
the primary transformations induced on the pollutant, the
antimicrobial activity evolution, and the matrix effects were
assessed. It is important to mention that, based on the chemi-
cal structure of the primary by-products coming from pol-
lutant degradation, theoretical calculations about antibiotic
activity, toxicity, and biodegradability were carried out.
Additionally, the molecular regions on CIP more suscepti-
ble to attacks by the generated ROS were determined using
the net charge on the atoms, which were consistent with the
by-products observed experimentally.

Materials and methods
Reagents

The antibiotic ciprofloxacin (CIP) was selected as a probe
pollutant considering that this pharmaceutical is able to
induce both chronic and acute harmful effects on natural
fauna and flora. CIP is commonly found in environmental
water and the effluents of hospitals and municipal waste-
water treatment plants (Verlicchi et al. 2015; Oliveira et al.
2018; Botero-Coy et al. 2018; Patel et al. 2019). This anti-
biotic can promote the development and proliferation of
antibiotic-resistant bacteria (Sidhu et al. 2021). Furthermore,
CIP has been included in the European watch list of sub-
stances for Union-wide monitoring in water policy (Decision
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2020/1161) (Decision 2020/1161/EU 2020). Besides, to
provide structural diversity and different Si/Al ratios, three
representative zeolites were chosen. Thereby, a zeolite Y
(FAU-type) and two BEA-type zeolites were used herein.

ZY and ZB were previously synthesized and reported
by our research team (Manrique et al. 2016; Mendoza and
Echavarria 2022). CP814C* was obtained from Zeolyts
International. CIP hydrochloride was provided by Laproff
Laboratories. Oxone® (KHSOs, 0.5KHSO,, 0.5K,SO,) was
purchased from Sigma. Ammonium chloride and calcium
chloride dihydrate were obtained from PanReac. Acetoni-
trile, methanol, methyl orange, potassium chloride, sodium
azide, sodium chloride, sodium hydroxide, sodium dihy-
drogen phosphate, sodium sulfate, sulfuric acid, and urea
were obtained from Merck. Formic acid was purchased from
Carlo Erba.

Analyses

The confirmation of the crystalline phase of the zeolites
was done using the X-ray diffraction (XRD) technique in a
PANalytical Empyrean X-ray 2012 powder diffractometer,
operated in reflection transmission spinner geometry with
Cu-Ka radiation at 40 mA and 45 kV, and in the reflection
mode between 3 and 50° (26 angle). The Brunauer, Emmett,
and Teller (BET) method was utilized to calculate the sur-
face area, and the nitrogen adsorption—desorption isotherm
was measured in a Micromeritics ASAP 2020 apparatus at
77 K. Before the BET analysis, the zeolites were degassed
under high vacuum conditions for 8 h at 350 °C.

The basicity of the considered zeolites was determined
through analyses of temperature-programmed desorption
(TPD) of CO,, employing a Chemisorb 2720 by Micromer-
itics. A sample (300 mg) was placed into the quartz reactor,
degassed to 500 °C for 1 h, and saturated with CO, pulse
at room temperature. The desorbed process was carried
out from 30 to 1000 °C at 10 °C min! in a helium flow of
30 mL min™! and the CO, signal was monitored by a mass
spectrometer.

The best material for the PMS activation toward the CIP
degradation was characterized (before and after the reac-
tion) by X-ray photoelectron spectroscopy (XPS) using a
PHOIBOS 150 1D-DLD analyzer and monochromatic Al-K,
radiation (1487 eV) set up at 100 W, with a pass energy of
20 eV and step size of 0.1 eV. A low-energy electron flood
gun (20 mA emission current and 3 eV cathode voltage) was
used for the charge compensation. To calibrate the energy
scale, an adventitious Cls core level line was utilized. A
Gaussian-Lorentzian blend (GL30%) and a Shirley-type
background subtraction were used to analyze the spectra.

The evolution of CIP was followed by utilizing liquid
chromatography. A Thermo Scientific (Ultimate 3000
UHPLC) apparatus, having a diode array detector and an
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Acclaim™ 120 column (C18, 5 um, 4.6 X 150 mm), was
employed. A 15/85 mixture of acetonitrile/formic acid
(10 mmol L™!) at 1.0 mL min~! as mobile phase in isocratic
mode, 20 pL of injection volume, and 278 nm as detection
wavelength were the analytical conditions.

For the theoretical calculations about the molecular
regions on CIP more susceptible to attacks by ROS, the
CIP structure was optimized using the polarized continuum
model and water dielectric constant with a B3LYP density
functional (Raghavachari 2001; Tomasi et al. 2005), and a
6 — 31+ g(d) basis set was utilized for the calculations, as
implemented in Gaussian 03 Rev.E01 software to obtain the
net charge on the atoms from the natural bonding orbitals
(NBO) analyses.

The primary degradation products coming from the treat-
ment of CIP by the zeolite/PMS systems were elucidated
using an HPLC Agilent 1200 series, coupled with an Agilent
LC/MSD VL SQ mass spectrometer. The mobile phase and
column were the same used for following the CIP evolu-
tion. Moreover, the sample (10 uL) was injected, and the
mass spectrometer detection was performed in the positive
ion mode.

To provide insights into practical applications of the cata-
lytic process, the reuse test, for the zeolite after multiple
cycles of PMS activation, was carried out following the pro-
cedure detailed in the reference (Serna-Galvis et al. 2023a).
The antimicrobial activity was determined through the inhi-
bition zone method (i.e., Kirby-Bauer method), using Staph-
ylococcus aureus ATCC 6538 as indicator bacteria. This
microorganism was used because it is an important human
pathogen able to develop resistance to diverse antibiotic
classes (Szabd et al. 2016). These experimental tests were
also combined with antimicrobial biological activity predic-
tions of CIP and its primary degradation products, which
were obtained using the PASS software (free online version),
having structure—activity relationships as conceptual bases
(W2D Team - PharmaExpert 2021). The chemical structures
of CIP and its by-products were individually uploaded (in
the SMILE format) to the software. Subsequently, the values
of the probability of biological activities (Pa) for the tried
substances are outputted by the PASS software.

In addition to the analyses related to the antibiotic activ-
ity, the biodegradability and biological toxicity of CIP and its
primary degradation products were also outlined by using the
BiodegPred tool, which provides a prognosis about the toxicity
and the chance of a target substance being catabolized in the
biosphere (Garcia-Martin et al. 2020b, a). In the BiodegPred
tool, the biodegradability criterion is constructed on a test
database from the Ministry of International Trade and Indus-
try-Japan (NITE), which considers that the target substance is
inoculated and incubated with 30 mg L™! of activated sludge,
following the biological oxygen demand (BOD) for 28 days. If
the BOD is > 60% of the theoretical oxygen demand, the target
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substance is considered “ready biodegradable”; otherwise, the
substance is named “non-ready biodegradable”.

The toxicity criterion in BiodegPred is based on mamma-
lian oral toxicity (usually taken as a proxy for human toxic-
ity), which uses the Pesticide Properties Data Base (PPDB)
from the University of Hertfordshire. The toxicity classifi-
cation of PPDB considers the acute oral LD5, in mammals;
i.e., those substances presenting LDs,> 2000 mg/kg have
“low toxicity,” and compounds with LD5, <2000 mg/kg
exhibit “high toxicity” (Garcia-Martin et al. 2020b). Thus, to
carry out the predictions of biological toxicity and biodegra-
dability, the chemical structures of CIP and its by-products,
in SMILE formats, were individually uploaded on the free
online software BiodegPred. This tool generates scores for
the biodegradability or toxicity parameters, allowing us to
discriminate between two categories: “low toxicity” and
“high toxicity” for the toxicity; or “ready biodegradable” and
“non-ready biodegradable” for the biodegradability param-
eter. The two categories are separated by a reference score
(score =0). Thereby, the tested substance lies in “high tox-
icity” for the toxicity parameter and the “non-ready biode-
gradable” category for the biodegradability parameter if the
scores are higher than zero. In turn, scores lower than zero
indicate that the target substance belongs to the “low toxic-
ity” for the toxicity parameter and the “ready biodegradable”
category for the biodegradability parameter (Garcia-Martin
et al. 2020b).

Reaction system

The activation of PMS by the zeolites was carried out in a
beaker under a magnetic stirring system. A solution (50 mL)
of the target contaminant was used, and the PMS and zeolite
were added at 500 umol L™ and 0.2 g L™!, respectively. The
dose of zeolite and PMS concentration were selected taking
into account some previous works, which have utilized PMS
in the range of 50-1000 umol L™" and 0.2-1.0 g L™! for the
solid materials as feasible amounts for a proper activation
process (Guan et al. 2017; Li et al. 2019; Fu et al. 2020; Sun
et al. 2020; Dai et al. 2021; Wang et al. 2022; Serna-Galvis
et al. 2023a). It is important to mention that the experimental
procedures were carried out at least by duplicate, and the
experimental results are presented as the average value with
its corresponding standard deviation.

Results and discussion
Characterization of the zeolites
To confirm the crystalline structure, the XRD analyses of

the considered zeolites were carried out (Fig. 1). The results
showed the typical diffraction pattern for zeolites Y and

BEA types. For instance, peaks at very representative Bragg
angles (26) positions of ZY, such as 6.169, 10.083, 11.829,
and 15.566°, are observed in Fig. 1A for the typical Y struc-
ture (ICSD 94779) (Fowkes et al. 2002). In the case of ZB,
peaks at 260 equal to 7.847, 22.430, 25.360, and 27.183° were
found (Fig. 1B), which allowed to verify the presence of
the BEA structure (ICSD 153253) (Martinez-Ifiesta et al.
2005). Also, CP814C* exhibited the typical peaks for a BEA
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Fig.1 X-ray diffraction spectra (XRD) of the considered zeolites. A
XRD for ZY, B XRD for ZB, and C XRD for CP814C*
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structure (Fig. 1C) as seen for ZB (Fig. 1B) but with the
signals shifted to a high angle due to the elevated Si/Al ratio
(Rajaei et al. 2021).

In addition to the XRD analyses, the surface area of the
considered zeolites is determined and presented in Table 1.
It can be noted that ZY, ZB, and CP814C* had large surface
areas (324-919 m?/g), which are indicative of their highly
porous nature, which is a common feature among zeolites
with three-dimensional micropore systems (Kenvin et al.
2016).

Besides the surface area determinations, the basicity of
the zeolites was explored using the TPD of CO, (Table 1
and Fig. S1 in the supplementary material). The basicity
analyses evidenced that ZB has the highest number of basic
sites followed by CPE814C*. It can be noted that for the
BEA-type zeolites, the basicity decreases as the Si/Al ratio
increases. As the Si/Al ratio increases, the number of basic
sites decreases due to the lower presence of = Al-O- and
Si—O-Al moieties. However, as the Si/Al ratio increases, the
basic sites change the strongness from medium (420 °C) to
strong (850 °C) due to lower competition between the sites
in the crystal lattice (Li et al. 2022). Also, it can be remarked
that ZY, which has a lower Si/Al ratio than ZB, shows weak
basic sites that are not present in the BEA-type zeolites
(Fig. S1). The CO, adsorbed in the supercages of FAU-
type zeolite can interact mainly with exchangeable cations.
However, in the BEA framework, the probe molecule not
only interacts with exchangeable cations but also engages
with nearby strong basic oxygens along interconnected
channels and pores (Schoonheydt et al. 2012; Otomo et al.
2019).

Capability of the diverse zeolites to activate PMS
for the organic pollutant degradation

A FAU-type zeolite (ZY) and two BEA-type zeolites (i.e., ZB
and CP814C¥*) were evaluated, considering that these kinds
of zeolites are widely utilized in the conventional process of
organic micropollutants adsorption (Jiang et al. 2018). Fig-
ure 2 compares the performances of the three zeolites, present-
ing the CIP removals by PMS and zeolite individually, plus
the action of the zeolite/PMS combination. It can be noted

Table 1 Relevant characteristics of the tested zeolites

Zeolite Si/Al* (molar  Sggr* (m?%/g) CO,
ratio) adsorbed*
(umol g™
7Y 2.7 919 9
ZB 8.6 324 23
CP814C* 19 710 16

*Si/Al, silica/alumina ratio, Sggy, specific surface area, and CO,
adsorbed is an indicator of the basicity of the considered zeolites
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that both ZY/PMS and ZB/PMS synergistically degraded CIP
(i.e., the removal by the zeolite/PMS system was much higher
than the obtained from the arithmetic sum of the PMS and
zeolite acting individually). However, the ZY/PMS showed
higher synergy and degradation efficiency. From Table 1, it
is observed that ZB has higher Si/Al and lower surface area
than ZY, which could explain the differences in the synergy
and CIP degradation efficiency.

To better study the effect of surface area and Si/Al ratio
influence on the treatment of CIP, we considered the case of
zeolite CP814C* in detail. As shown in Table 1, this BEA-type
zeolite has a surface area close to ZY but a higher Si/Al ratio
(i.e., 19). (Fig. 2A). The results showed that the adsorption of
the target pollutant on the zeolite CP814C* was significantly
increased regarding ZY and ZB. However, the CP§14C*/PMS
combination was antagonistic (synergy value, S, 0.48). Despite
ZY having the highest surface area, the CIP adsorption was
lower than on the BEA-type zeolite. The lower CIP adsorp-
tion on ZY can be associated with the aluminum content, and
consequently, with the zeolite hydrophobicity.

As the Al content decreases (see Table 1), the zeolite is
more hydrophobic, thus favoring the organic pollutant-zeolite
hydrophobic interactions (i.e., hydrophobic zeolites prevent
the pore blockage by water clusters, resulting in more pores
available for diffusion and adsorption of pollutants (Jiang et al.
2018)), and thus, the adsorption is higher (Fig. 2A). Further-
more, a competence between CIP and PMS to interact with
the zeolite surface could explain the antagonistic results for
the CP814C*/PMS combination (Fig. 2A).

On the other hand, it can be noted that as the Si/Al ratio
increased, the synergy of the zeolite/PMS combination dimin-
ished (Fig. 2A), suggesting a relevant role of this parameter,
more than surface area, in the PMS activation process. We
should mention that when the Si/Al is lower as in ZY, = Al-O-
and Si—O-Al groups (i.e., basic moieties) are present at the
zeolite surface at higher levels. As shown in the “Characteri-
zation of the zeolites” section, for the two BEA-type zeolites,
the basicity decreased as the Si/Al ratio increased. Moreover,
the ZY, which has the lowest Si/Al ratio, showed accessible
weak basic sites that are not present in the BEA-type zeolites
(Table 1 and Fig. S1). Thus, the basic groups (BG™) on the sur-
face of the zeolites promote the deprotonation of PMS (Eq. 1),
and the deprotonated PMS (SOSZ_) can make a nucleophilic
attack to the peroxide oxygen of PMS, resulting in the forma-
tion of ROS (Eq. 2) (Serna-Galvis et al. 2023a) that lead to
CIP degradation.

BG™ + HSO5™ — BGH + SO5*~ 1)

SOs*~ + HSOZ — ROS )

To test the versatility of the ZY/PMS system toward
another class of pollutants, the degradation of methyl orange
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(MO, which is a representative molecule of the azoic dyes
family, Fig. S2A (Pandey et al. 2024)) was assessed. The
MO removal by ZY/PMS and its corresponding subsystems
(ZY and PMS) is presented in Fig. 2B. It can be observed
that the catalytic system achieved 71% degradation at 10 min
of treatment. In turn, no adsorption of MO on the zeolite was
observed, but the PMS alone promoted the direct oxidation
of MO (55%). However, the ZY/PMS system led to a higher
degradation of the dye (Fig. 2B).

The anionic sulfonate group of the azo-dye experiences
electrostatic repulsions with the negatively charged moie-
ties on the ZY surface; then, the MO adsorption is ruled
out (Fig. 2B). In the case of PMS, this oxidant directly

Pollutant removal at 10 min of treatment (%)

promotes attacks on the azo group on MO, thus decreasing
the dye concentration. Meanwhile, the ZY/PMS combina-
tion led to a higher MO degradation due to the action of
ROS, whose production is associated with the interaction
between the zeolite and peroxymonosulfate (Serna-Galvis
et al. 2023a).

When comparing the degradations of MO and CIP by ZY/
PMS, we find that the synergy for the CIP degradation was
higher (Fig. 2B). This difference is explained by consider-
ing the dye has a much higher degradation by the direct
action of PMS that decreases the synergy. Then, the results
in Fig. 2B suggest that the ZY/PMS combination is more
useful/efficient for organic pollutants with low adsorption
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on the zeolite, low oxidation by PMS, and high reactivity
toward the ROS formed by the combination.

Degradation routes in the treatment
of the pollutant by the combination of PMS
with zeolite Y

After evidencing the highest capability of the zeolite Y
to activate peroxymonosulfate toward the degradation of
CIP (Fig. 2A), the ZY/PMS process was considered more
deeply. Figure 3A depicts in detail the treatment of the target
compound using ZY. The evolution of the target pollutant
under the action of PMS and ZY individually and the ZY/
PMS combination is presented herein. It can be noted that
the PMS alone degraded ~ 18% of CIP. Also, it was found
that ZY alone showed low adsorption of the probe pollutant
(less than 10% after 10 min of treatment). In contrast, the
ZY/PMS combination achieved 88% of CIP removal after
10 min of the process action.

Zeolites are classified according to their Si/Al ratio as
high siliceous (Si/Al ratio > 10), intermediate (Si/Al ratio
from 2 to 5), and aluminous ones (Si/Al ratio between 1.0
and 1.5) (Cataldo et al. 2021). Zeolites having a high Si/
Al ratio are hydrophobic and organophilic materials widely
used in adsorption-related applications (Braschi et al. 2010;
Cataldo et al. 2021; Feng et al. 2021). Indeed, high-silica
zeolites show favorable characteristics for the adsorption of
neutral and anionic organic contaminants in aqueous solu-
tions, because such zeolites have a limited number of cati-
ons and negative charges around Al sites, and most of the
framework structures remain neutral (Jiang et al. 2018). Our
ZY is not a hydrophobic zeolite as evidenced by its Si/Al
ratio equal to 2.7 (Table 1), which disfavors the adsorption
by hydrophobic interactions. Then, the observed adsorption
on ZY can be associated with some electrostatic interac-
tion between CIP (which at the experimental pH has posi-
tively charged the piperazyl ring, Fig. S2B) and the nega-
tive=AIl-O~ groups on the zeolite Y surface. On the other
hand, peroxymonosulfate has a high redox potential (E°=
1.82 V (Kiejza et al. 2021)) and this can directly oxidize
organic compounds such as CIP. Therefore, partial removal
of the pollutants by direct oxidation was observed in Fig. 3A.
In fact, the literature reports that PMS can react with amine
moieties as those present in CIP (Zhou et al. 2018; He and
Shea 2020).

The ZY/PMS combination led to a synergistic removal
of the pollutant (Fig. 3A), which can be associated with the
formation of ROS from the interaction of peroxymonosul-
fate with the zeolite. As the used ZY has no metals such as
Fe, Cu, Co, or Mn (Table S1, in the Supplementary mate-
rial), the PMS activation can be mainly associated with non-
radical species. Previous works have also informed that the
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activation of PMS by zeolites produces non-radical ROS
such as singlet oxygen (Egs. 1 and 3) (Serna-Galvis et al.
2023a).

SOs*™ + HSO; —» HSO,™ + S0, +'0, (3)

To elucidate the participation of singlet oxygen, the
CIP treatment by the ZY/PMS system, in the presence of
sodium azide (NaN, which is a scavenger of 'O, (Lee et al.
2020; Serna-Galvis et al. 2023a), was performed (Fig. 3B).
When NaN; was present in the solution, the degradation of
the pollutant was strongly inhibited (only 15% of CIP was
degraded after 30 min, Fig. 3B). Despite sodium azide can
also directly react with PMS (Lee et al. 2020; Serna-Galvis
et al. 2023a), the strong inhibition observed in Fig. 3B indi-
cates the participation of singlet oxygen in the target pollut-
ant degradation. It is important to mention that the formation
of only two primary degradation products (Fig. 4A) also
supports the action of a non-radical ROS (i.e., l02) because
this is more selective than radical species (which can induce
the formation of several by-products (Serna-Galvis et al.
2023a)). Also, extra analyses such as electron-paramagnetic
resonance (EPR) could be used in future works with zeolites
to assist in the identification of ROS types involved in cata-
lytic systems (Tang et al. 2023, 2024).

As mentioned above, the basic groups on ZY may be
involved in the PMS activation, Hence, to confirm the acti-
vation mechanism proposed in Eqgs. 1-3, X-ray photoelec-
tron spectroscopy (XPS) analyses were made to ZY before
and after the interaction with PMS (Fig. 3C-D). As the basic
groups on the zeolites involve oxygenated moieties, the XPS
high-resolution spectra for the superficial oxygen on ZY and
their corresponding deconvolution were considered. Signals
of the oxygen atoms belonging to three different environ-
ments: AI-O~ (aluminate anions), Si—O-(Si-Al) bonds, and
Si—O~ (silanolate groups) are found in Fig. 3C. Moreover,
Table S2 presents the quantitative results of the deconvolu-
tion of Ols spectra for the basic groups on the ZY surface
(i.e., Al-O™ and Si-O").

The comparison between basic groups on the ZY surface
before and after interaction with PMS (Table S2) revealed
a diminution of the Al-O™ and Si—O™ moieties. This sup-
ports the first step of the PMS activation, i.e., acquisition
of a proton by the basic sites of ZY from the PMS (Eq. 1).
Then, to verify the role of the basic moieties, in addition to
the XPS analyses, an experimental degradation test at pH
3.0 was performed. Thereby, the treatment of MO by the
ZY/PMS system at pH 3.0 was carried out and the results
are shown in Fig. S3. It was found that the pollutant removal
by the ZY/PMS system was lower at pH 3.0. This acidic pH
allowed us to protonate some of the basic moieties on the
zeolite (Munthali et al. 2014), thus limiting the initial proton
transfer from PMS (Eq. 1). All the above results support
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Fig. 3 Elucidation of the routes
involved in the treatment of CIP
by the activation of PMS by
ZY. A Degradation of CIP by
the ZY/PMS system. B Effect
of a singlet oxygen scavenger.
C XPS high-resolution spectra
for orbital Ols of superficial
oxygens on ZY before interac-
tion with PMS. Experimental
conditions: [Zeolite] =0.2 g
L~!, [PMS]=500 pmol L™,
and [CIP]=30.6 umol L™},
[NaN,]=3060 umol L=!, and
initial pH=5.6
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Fig.4 A Primary transformations of CIP by the singlet oxygen generated from the ZY/PMS system obtained by LC-MS analyses. B Net charge

on CIP atoms obtained by the NBO computational analysis

the PMS activation mechanism summarized by Eqs. 1-3.
However, we also suggest developing further research to bet-
ter clarify the superficial interactions between ZY and PMS
using experimental techniques such as in situ ATR-FTIR
and/or theoretical calculations about electronic density dif-
ference (EDD) analysis and transition state (TS) via molecu-
lar dynamics simulations (Tang et al. 2023, 2024).

The role of singlet oxygen in the CIP elimination is also
evidenced in the formation of the two transformation prod-
ucts (Fig. 4A). These two primary by-products could come
from the attack of the singlet oxygen to the piperazyl moiety
on CIP. The reactivity of the piperazyl moiety is also sup-
ported by NBO analyses (Fig. 4B), where it is shown that
such functional group of CIP had the highest negative net
charges, denoting that the piperazyl moiety is very reactive
toward electrophilic reactive species such as singlet oxygen.
Indeed, it is proposed that the P1 and P2 formations begin
through an electron transfer from the piperazyl moiety to 102
(Clennan and Pace 2005; Liang and Su 2009; Matzek and
Carter 2016; Salma et al. 2016). The singlet oxygen attacks
the tertiary amine on the piperazyl ring leading to a cation
radical species that reacts with water, forming a secondary
hydroxylamine. This hydroxylamine evolves to a di-imine
intermediate; and afterward, water can promote di-imine
hydrolysis yielding P1 (Dennis et al. 1967). Besides, from
the attack of 'O, to the secondary amine on the piperazyl
ring, a cation radical is produced. The cation radical experi-
ences an o-deprotonation (Hu et al. 2013), generating an
intermediate alcohol. Afterward, such intermediate alcohol
evolved into imine and aldehyde groups, and the subsequent
imine hydrolysis yields P2.

@ Springer

Regarding the MO transformation by the ZY/PMS sys-
tem, we can say that this dye also reacts with singlet oxygen
and/or PMS inducing the cleavage of the central azo moiety
(as supported by the UV-spectra in Fig. S4). The breakdown
of the azo-benzene bond produces 4-diazonium-benzene-
sulfonate and 4-dimethylaminophenol (DMAP). The diazo-
nium-benzene compounds react with water, thus forming
benzene-sulfonic acid and/or p-hydroxy-benzene-sulfonic
acid, having absorption at wavelengths below 280 nm. In
turn, DM AP may also be oxidized by singlet oxygen or PMS
forming the p-nitrophenol product that has a typical UV-
light absorption band centered at ~318 nm (as shown in Fig.
S4) (Nihemaiti et al. 2020; Lee et al. 2020; Serna-Galvis
et al. 2023a).

Also, it is important to mention that the reuse test for the
MO treatment was carried out (Fig. S5). It was found the
ZY/PMS system achieved degradations higher than 90% of
the dye, even after the third cycle of reuse. The high reus-
ability of the zeolite is supported by the involved mechanism
(Egs. 1-3), which comprises a proton transfer, as the initial
step of the PMS activation; and in such a route, the surface
is not modified significantly. Therefore, ZY remains useful
during the three cycles to activate PMS toward the produc-
tion of '0, for degrading MO. Besides, the high reusabil-
ity also is an indirect indicator of the ZY stability during
the catalytic process. On the other side, we should mention
that the identification of optimal operational conditions in
future work, by applying machine learning models along
with response surface methodology (Sheikhmohammadi
et al. 2024), could maximize the pollutant degradation and
the zeolite performance for several reuse cycles.
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Treatment extent: biodegradability, antibiotic
activity removal, matrix effects, and comparison
with other catalytic systems

Considering the highest capability of ZY to activate PMS
for CIP degradation, the extent of the ZY/PMS system for
the pollutant treatment was assessed. We must mention that
singlet oxygen has a low mineralizing capability, i.e., total
organic carbon-TOC removal, because this ROS typically
has lower reactivity toward the by-products compared to
the parent compounds (Paredes-Laverde et al. 2023). This
contrasts with processes that form non-selective radical spe-
cies such as hydroxyl radical or sulfate radical, which are
mineralizing systems (He et al. 2014; Hinojosa Guerra et al.
2019). Then, for the treatment extent of processes based on
non-radical ROS (e.g., the ZY/PMS), it is better to consider
aspects such as biodegradability, toxicity, antibiotic activ-
ity removal, and matrix effects; which were evaluated as
detailed below.

The BiodegPred system was employed to predict biodeg-
radability (related to the action of aerobic microorganisms)
and toxicity to mammals (which can be acquired through
exposure via ingestion of water polluted with pharmaceu-
ticals or their transformation products). Then, predictions
(based on the chemical structure) for the primary transfor-
mation products are presented in Table 2. According to the
predictions, the primary degradation products (P1 and P2)
would be non-ready biodegradable but they would have low
toxicity. These by-products would have a low change in the
biodegradability parameter regarding CIP due to the small
structural modifications induced by the ZY/PMS process
concerning the initial pharmaceutical. It is important to
remark that these theoretical results are an initial approach
(Garcia-Martin et al. 2020b) and future work should
test experimentally the biodegradability and toxicity of the
treated solution.

On the other hand, to analyze the risk of the resultant
solution to the proliferation of antibiotic-resistant micro-
organisms, the experimental evolution of antimicrobial
activity (AA) during the treatment was followed. The pro-
cess led to a significant decrease in AA after 30 min of
treatment (Fig. 5A). The decrease in AA is related to the

primary transformations induced on CIP by the ZY/PMS
system (Serna-Galvis et al. 2023a). The treatment changed
the piperazyl ring structure of the target pollutant (Fig. 4A),
which controls the antibacterial potency and efflux inhibition
(Andersson and MacGowan 2003). Besides, the piperazyl
ring opening (P1) and ring cleavage plus oxidation (P2) can
modify the acid/base speciation and decrease the lipophilic-
ity, diminishing cell permeability (Paul et al. 2010) and the
antibiotic binding to bacterial DNA topoisomerases or DNA
gyrase (Alovero et al. 2000). Thereby, the AA is decreased.
The AA results were also reinforced by theoretical analyses
about the probability of being active (Pa) for the transfor-
mation products. Pa values for biological activities such as
anti-infective substance, antibiotic quinolone-like, DNA
synthesis inhibitor, DNA topoisomerase IV inhibitor, DNA
gyrase inhibitor, and topoisomerase II inhibitor (which are
known as the main antimicrobial action mechanisms of CIP
(DrugBank 2023)) were calculated. Figure 5B summarizes
the Pa numbers for CIP and the primary products. It can
be remarked that all the Pa values for the transformation
products were lower than the corresponding numbers for the
parent antibiotic, thus supporting the diminution in the AA
after the treatment as observed in Fig. SA.

In addition to the analyses of toxicity, biodegradabil-
ity, and antimicrobial activity, the degrading action of the
ZY/PMS process on CIP in simulated hospital wastewater
(HWW, composition presented in Table S3) was assessed
and compared to the process action on the pollutant in
distilled water (DW). The degradation of the antibiotic in
HWW after 30 min of treatment was ~40%. From Fig. 5C, it
can also be noted that the degradation in the complex matrix
was lower than in DW, which is linked to the interfering
effects of the HWW components. For instance, urea can
quench singlet oxygen (Michaeli and Feitelson 1995), affect-
ing CIP degradation. Also, cations, such as Mg>*, Ca**, Na*,
K*, or NH,*, can interact with the ZY surface (Neddenriep
1968; Tahraoui et al. 2020), decreasing the activation of
PMS (Egs. 1 and 2), and consequently, this diminishes the
CIP elimination in HWW regarding DW.

Finally, a comparison of our ZY/PMS system (for degrad-
ing CIP) with previous works in the literature was done.
Table 3 presents such a comparison. It can be noted that

Table 2 Predicted

. . .. Compound
biodegradability and toxicity

(NITE)

Biodegradability *

Toxicity*
(PPBD)

to mammals for the primary
transformation products coming CIP
from the CIP treatment by the
ZY/PMS system

Non-ready biodegradable (reliability, 94.22%)
P1 Non-ready biodegradable (reliability, 94.14%)
P2 Non-ready biodegradable (reliability, 94.23%)

Low toxicity (reliability, 70.99%)
Low toxicity (reliability, 71.05%)
Low toxicity (reliability, 72.57%)

*Biodegradability and toxicity were predicted using a support vector machine (SVM), discriminating
between two categories (i.e., “ready biodegradable” and “non-ready biodegradable” for the biodegradabil-
ity parameter; or “low toxicity” and “high toxicity” for the toxicity parameter according to the reference

(Garcia-Martin et al. 2020b))
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Fig.5 Extent of the CIP treatment by the ZY/PMS system. A Evo- » A
lution of the antimicrobial activity (AA). B Theoretical calculations

of biological activity for CIP and its by-products (*Pa, probability 12
to be active). C Comparison of CIP degradation in distilled water
(DW) and a complex matrix (simulated hospital wastewater (HWW),
the composition is detailed in Table S3). Experimental conditions:
[ZY]=0.2 g L', [PMS]=500 pumol L', and [CIP]=30.6 umol L.
Note: the predictions of the biological activity were carried out on the 0.5
free online version of PASS software (W2D Team - PharmaExpert
2021)
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our catalytic process has a superior capability to degrade
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an analogous way to the UV/hematite/sulfite, UV/TiO,, or
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et al. 2020; Serna-Galvis et al. 2023b; Sheikhmohammadi

et al. 2023). In contrast to the other processes mentioned in Time (min)
Table 3, our catalytic system degraded the target pollutant by
attacks of a non-radical species. However, similar to the UV/
hematite/sulfite (Sheikhmohammadi et al. 2023), in the ZY/
PMS system, the matrix component reduces the efficiency ——
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the comparison with other catalytic systems revealed that
the ZY/PMS process can be an alternative to other cata-
lytic AOPs for degrading recalcitrant antibiotics such as
ciprofloxacin.
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Zeolites having diverse structures and compositions were c

tested, showing that those materials with low Si/Al ratio
presented the highest capability for the activation of PMS 100

toward CIP degradation. Thereby, we can inform that Si/Al
is a key factor that determines the presence of basic groups in 80 4
the zeolite structure, which can activate PMS toward singlet )
oxygen. In the case of ZY, which showed the best degrad- .
ing performance, it predominated the non-radical pathway,
mainly the action of singlet oxygen. The singlet oxygen led .
to transformations on the piperazyl ring on CIP and this 40 1 I
was consistent with the attacks of electro-rich moieties on
the target pharmaceutical (according to NBO analyses). The 20 |
zeolite/PMS process produced non-toxic substances from the
CIP degradation and decreased the antimicrobial activity of .
DW

the treated solution. In comparison with CIP, its by-products HWW
had lower biological activities, according to the theoretical Matrix
predictions carried out in this work. Finally, it is important

CIP degradation at 30 min (%)
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Table 3 Comparison of the CIP degradation by diverse heterogeneous catalytic systems

Degradation system Main results

References

UV/hematite
(a-Fe,O5)/sulfite

UV/TiO,

Mixed oxides of
Co, Cu, Cr/PMS

ZY/PMS

-Higher removal of CIP compared with their control subsystems (i.e., UV alone, UV/
hematite, and UV/sulfite processes)

-The main degradation mechanism involved hydroxyl and sulfate radicals

-The presence of anions (C1~, SO,*~, NO,~ and HCO;") in the reaction medium
decreased the antibiotic degradation

-Significant direct photodegradation of CIP is obtained when UVC (254 nm) is used.
However, antibiotic degradation is superior by using the UV/TiO, process

“The degradation routes involve direct photolysis and attack '0,, O,e~, and HObs,
generated in the photocatalytic system

-The process leads to primary transformations on the piperazyl ring and C-F bond
mainly

-The TiO,-photocatalytic processes are able to decrease the AA associated with CIP

-Low adsorption of CIP on the catalyst, low oxidation by PMS, and faster degradation
by the catalyst/PMS combination

-Sulfate radicals played the main degrading role in the catalytic process

-Several primary transformation products from attacks to the piperazyl ring and C-F
bond

-Good performance of the catalytic process in the HWW matrix (close to the obtained
in DW)

-Superior degradation of CIP by the catalytic system compared to the control subsys-

(Sheikhmohammadi et al. 2023)

(Salma et al. 2016; Hu et al. 2020)

(Serna-Galvis et al. 2023b)

This work

tems (i.e., ZY or PMS acting alone)

-Main degradation pathway: attacks of singlet oxygen
-Primary transformation products revealed modifications on the piperazyl ring

-The ZY/PMS decreased the AA associated with CIP

-Degradation in a complex matrix (HWW) but slower than in distilled water

to mention that the ZY/PMS systems achieved a partial deg-
radation of CIP in HWW, which was lower than in distilled
water due to some competence of the matrix components by
the singlet oxygen and/or a blocking of the active sites on the
zeolite. Additionally, the comparison (in terms of intrinsic
abilities of the processes) with other catalytic systems indi-
cated that the ZY/PMS process can be an interesting option
to other catalytic AOPs for degrading recalcitrant antibiotics
such as ciprofloxacin.
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