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ABSTRACT
Thewidespread occurrence of pharmaceutical contaminants in aquatic environments requires the development of sustainable and
efficient water treatment technologies capable of operating under realistic conditions. In this study, an integrated remediation
system based on chitosan hydrogels embedding TiO2 nanoparticles is investigated, combining pollutant adsorption and
photocatalytic degradation within a single, reusable system. The performance of the composite hydrogels was evaluated for the
removal of sulfamethoxazole (SMX), selected as amodel antibiotic, under simulated and real solar irradiation, usingmineral water
to reproduce environmentally relevant ionic strength conditions. Structural characterization confirms the effective immobilization
of TiO2 within the hydrogel matrix, ensuring material stability and preventing nanoparticle release into water. The hybrid system
exhibits high SMX removal efficiency (>85% for 10−5 m SMX solutions) due to the synergistic interplay between adsorption
and sunlight-driven photocatalysis, with TiO2 showing photocatalytic activity under solar irradiation. Moreover, the hydrogels
show excellent structural integrity, resistance to microbial colonization and biofouling, and stable performance over multiple
adsorption–photocatalysis cycles. These results demonstrate the robustness and practical applicability of TiO2/chitosan-based
hydrogels for solar-driven water remediation and provide a promising platform for the development of advanced multifunctional
materials for the treatment of emerging contaminants.
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Introduction

he increasing scarcity of clean water, exacerbated by rapid
opulation growth, climate change, and depletion of freshwater
esources, has underscored the urgent need for sustainable water
urification strategies [1]. Of particular concern are emerging and
ersistent organic pollutants (EPOPs), such as pharmaceuticals,
esticides, personal care products, dyes, and antibiotics, since
hey are frequently found in aquatic environments and resist
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
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conventional treatment methods. Unfortunately, despite their
environmental prevalence, they are still largely unregulated [2, 3].
Several treatment methods have been developed to address the
limitations of traditional systems, including advanced oxidation
processes (AOPs) [4, 5], membrane-based technologies [6, 7], and
composite adsorbents [8–10]. (AOPs) have emerged as particu-
larly promising due to their capacity to degrade a wide range
of organic pollutants through the generation of highly reactive
species, particularly hydroxyl radicals (∙OH) and superoxide
se, which permits use, distribution and reproduction in any medium, provided the
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TABLE 1 Analysis of the mineral water used for the preparation of
sulfamethoxazole solutions.

Water temperature at the
source 10.8◦C

pH at the water temperature at
the source

7.6

Specific electrical conductivity at
20◦C

91 µS/cm

Total dissolved solids (TDS) 60 mg/L
Hardness 5.9
Oxidizability <0.5 mg/L
Free carbon dioxide at the source 6 mg/L
Contained ions Concentration (mg/L)
𝐶𝑎2+ 11.2
𝑀𝑔2+ 3.5
𝑁𝑎+ 2.0
𝐾+ 0.7
𝐻+ 50
𝑆𝑂4

2− 5.6
𝑁𝑂3

− 3.8
𝐶𝑙− 2.0
𝐹−

<0.1
𝑆𝑖𝑂2 7.1
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nions (O2∙–), whose formation can be boosted by appropriate
atalysts. The use of photocatalysts that can directly operate
nder solar light and mild conditions is a promising route for
aking the overall process effective and environmentally sustain-
ble. Titanium dioxide (TiO2) is widely utilized in photocatalysis
or its high oxidative power, photochemical stability, biocompati-
ility, affordability, and photocatalytic efficiency. However, in the
bsence of doping or structural defects that can extend the optical
bsorption in the visible range, TiO2 has a wide bandgap (3–
.2 eV), whichmakes it more effective under UV-light irradiation.
oreover, the practical application of TiO2 in aqueous systems

s hindered by challenges related to catalyst recovery, since TiO2
anoparticles are difficult to separate from treated water, giving
ise to possible secondary contamination and limiting their use
n a large scale. To address this drawback, several strategies
ave been proposed and implemented. For example, our group
evelopedmillimetre-sized photocatalytic beads of photocatalytic
natase TiO2, obtained from alginate through ionotropic gelation,
hich allowed for a synergistic combination of efficient photo-
atalysis, recovery, and recyclability [11–13]. Another promising
trategy involves the immobilization of TiO2 within hydrogel
atrices [14–16]. This approach not only allows for easier recov-
ry and reuse of the photocatalyst but also enhances the overall
reatment efficiency through the simultaneous adsorption and
hotocatalytic degradation of pollutants, reducing the environ-
ental impact of the remediation method and supporting the
evelopment of integrated water purification technologies. More
enerally, both synthetic and naturally derived hydrogels are
arnering ever-increasing attention in water treatment research,
ecause of their cost-effectiveness, recyclability/biodegradability,
nd versatility. In particular, hydrogels obtained from biomass
r bio-waste sources offer unique advantages for the circular
conomy and sustainability [17–19].

n this context, chitosan-based hydrogels are intensively inves-
igated for capturing/removing a variety of pollutants, ranging
rom heavy metal ions, polyfluoroalkyl substances (PFAS), and
ifferent types of organic dyes and pesticides [18, 19]. Chitosan is
natural biopolymer derived from the deacetylation of chitin, an
bundant waste material from the seafood industry, representing
sustainable choice for the development of a hydrogel-based
ater treatment system [20]. It is biodegradable and biocompat-
ble, with the major benefits of intrinsic antibacterial activity.
urthermore, it permits the incorporation of various functional
omponents into the hydrogelmatrix, which enables the design of
ultifunctional systems with enhanced adsorption and catalytic
roperties [21].

n this work, we present an integrated system that combines
he photocatalytic activity of TiO2 and the adsorption capacity
f chitosan hydrogel for the removal of sulfamethoxazole (SMX)
rom water.

MX is one of the most utilized sulfonamide-based antibiotics,
hich are widely used in human and veterinary medicine [22].
MX is only partially metabolized by living organisms and
ersists in water systems, contributing to antibiotic resistance
y promoting the development of antibiotic-resistant bacteria
23, 24]. This class of contaminants is notably persistent and
nadequately removed by standard wastewater treatments, mak-
ng it a priority target for innovative remediation approaches.
of 11
In this work, we demonstrate that these hybrid composites
enable decontamination of mineral water even in the presence of
possible ionic interferents under solar light irradiation, operating
under mild conditions. Experiments conducted at different SMX
concentrations demonstrate that TiO2 remains active within the
hydrogel matrix and under solar irradiation, and the resulting
degradation products have been identified and discussed. Fur-
thermore, the recyclability of the hydrogels both as adsorbents
and as photocatalysts has been evaluated, together with their
performance under real sunlight, showing their potential for
practical water treatment applications.

2 Experimental Section

2.1 Materials

All reagents were obtained from commercial suppliers and
used as received. TiO2 powder was purchased from Degussa
Corporation, chitosan was obtained from Biobasic, sulfamethox-
azole, sodium hydroxide (NaOH), acetic Acid (CH3COOH) were
purchased from Sigma–Aldrich. Mineral water, whose chemical
analysis is indicated in Table 1, was used for all the experiments.

2.2 Chitosan-Based Hydrogels Fabrication

A total of 0.9 g of chitosan was dissolved in 30 mL of 5% v/v
acetic acid solution under continuous stirring until complete
dissolution was achieved. The resulting solution was then poured
Advanced Materials Interfaces, 2026
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nto a Petri dish and fully covered with 3 m NaOH to induce
hysical crosslinking. After 6 h, the hydrogel was thoroughly
ashed with distilled water until a neutral pH was reached.
or the preparation of CH/TiO2 hydrogels, 0.3 g TiO2 powder
as dispersed in 30 mL of 5% v/v acetic acid to obtain a
inal concentration of 1% w/v. This loading was selected on the
asis of preliminary tests performed using methylene blue as a
odel pollutant. These experiments showed that a 1% wt TiO2
oading provided the best overall balance between photocatalytic
fficiency, adsorption capability, and the physical characteristics
f the hydrogel in terms of handling, structural integrity, and
ractical usability. To evaluate the potential release of TiO2
rom the CH/TiO2 hydrogel over time, a hydrogel disk weighing
.1± 0.1 g was immersed in demineralized water, and the solution
as subsequently analyzed by a benchtop Total Reflection X-Ray
luorescence (TXRF) spectrometer (Horizon, G.N.R., Italy). The
nstrument is equipped with a molybdenum x-ray tube coupled
ith a W/Si multilayer monochromator to provide a Mo-Kα
eam (17.44 keV) for sample excitation. The fluorescence signal
enerated by the sample was collected by a 40 nm2 silicon drift
etector (KETEK GmbH), featuring a 1 mm graphene window, a
ollimator, and a polymer film. Measurements were carried out
t 40 kV and 15 mA in air using gallium as the internal standard.

.3 Raman and FTIR Characterization of the
ydrogels

aman spectroscopy was performed using a Labram HR-800 µ-
pectrometer from Horiba-Jobin Yvon equipped with an optical
icroscope (BX41; Olympus Optical Co. Ltd.), a 632.8 nm He-Ne
aser source, and a CCD detector (Wright Instruments Ltd.). A
iece of wet CH and CH/TiO2 hydrogels was analyzed using a
0×microscope objectivewith an acquisition time equal to 30 and
20 s. Each measurement has been repeated at least 3 times, on
ifferent areas inside the sample.

TR-FTIR characterization was carried out by acquiring data
n powder specimens with a Nicolet Summit Spectrometer
Thermo-Fisher), equipped with the Everest Diamond ATR
ptics. 64 spectrawere acquired for each specimen,with a spectral
esolution of 4 cm−1.

.4 Adsorption and Photodegradation Tests

he adsorption and photocatalytic efficiency of CH and CH/TiO2
ydrogels were evaluated by assessing their ability to remove
ulfamethoxazole (SMX), considering 10−5 and 10−3 m solutions
n mineral water. In all the experiments, a disk of 1.1 ± 0.1 g
f hydrogel was submerged in 5 mL of pollutant solution and
ept in the dark overnight without stirring to allow adsorption-
esorption equilibrium and to evaluate the adsorption capability
f the system. The system was then irradiated with visible light
llumination using a solar simulator (Abet Technologies, Sun
000 Simulator, model: 11 016) equipped with a Xe arc lamp
power: 550 W) illumination intensity of 1 Sun (irradiance: A.M.
.5 G, spectral match A, working distance: 15 cm, field size:
00 × 100 mm, stability: 1%, uniformity: 1%) or using directly the
olar light (see data reported in Section S4). The variation of the
oncentration of SMX over irradiation time was determined by
dvanced Materials Interfaces, 2026
high-performance liquid chromatography analysis (HPLC), using
a DionexTM UltiMateTM 3000 Thermo Fisher Scientific S.p.A.
(Milan, Italy) instrument equipped with LPG-3400SD quaternary
analytical pump, a WPS-3000SL analytical autosampler, a VWD-
310 UV–vis detector, and a TCC-3000SD thermostated column
compartment. Chromatographic separation was performed using
an Agilent Zorbax Eclipse Plus C18 (100 mm × 2.1 mm ID,
particle size 1.8 µm); the mobile phase composition was (A) TFA
0,05% and (B) methanol; and the mobile phase flow rate was
0.3 mL/min. The gradient program was as follows: 5% B for
0.5 min., from 5% to 95% B in 10.5 min., 95% B for 1 min., from
95% to 5% B in 1 min. and then 5% B for 2 min. All the analyses
were performed at 30◦C, and the detection wavelength was set at
230 nm. The calibration curveswere built using sulfamethoxazole
standard solutionswith the following concentrations: 5, 10, 25, 50,
100, 200, 500, and 1000 ng/mL.

All the experiments were performed in triplicate, in order to
achieve a significant statistic.

The percentage of adsorbed pollutant was determined using the
following equation:

% adsorbed = (A0 − At)∕A0 x 100 (1)

where A0 is the initial value of absorbance of the analyte,
proportional to the initial concentration, and At is the value
of absorbance measured at time t after leaving the solution in
contact with the hydrogel in the dark without stirring.

The degradation efficiency under solar-light illumination was
measured every 30 min up to 4 h, and the calculation was made
using the following formula:

% degradation = (C0 − Ct)∕C0 x 100 (2)

where C0 is the initial concentration of the analyte, proportional
to the absorbance measured with UV-HPLC, and Ct is the
concentration measured at time t, after leaving the solution in
contact with the hydrogel under irradiation (30 min-4 h).

2.5 Recyclability Tests

Absorption and photodegradation experiments were performed,
at the end of which the remaining solution was removed and
substituted with Milli Q water for the overnight desorption.
The obtained clean hydrogel was used for new adsorption and
photodegradation tests, as described above. From the second to
the sixth cycle, the experiments were performed consecutively in
the same way.

2.6 Analysis of Degradation Products

The solution obtained at the end of a photodegradation test was
subjected to 1H NMR and mass spectroscopy, in order to identify
the chemical nature of the contained chemical species.

1H NMR experiments were performed on a Bruker Ascend
spectrometer (frequency: 400.13 MHz for 1H) (Billerica, MA).
3 of 11
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or data processing, TopSpin 4.3.0 was used. NMR samples were
repared in a 5 mm NMR tube with a final concentration of 10−3
or 10−5) M and a volume of 500 µL, using a 90/10 original sample:
2O mixture. The water 1H signal was suppressed by using an
xcitation sculpting with perfect echo (Bruker library: zgesgppe)
ulse sequence, with standard parameters.

ass spectrawere recorded by direct infusion on a ThermoFisher
cientific (Waltham, MA) LCQ Fleet ion trap spectrometer and
rocessed with Qual Browser Thermo Xcalibur 4.0.27.13. The
nstrumentwas set both in negative andpositive ionizationmodes
o acquire different spectra, with a sheath gas flow rate = 8,
uxiliary gas flow rate = 0, sweep gas flow rate = 0, 4.5 kV spray
oltage, 250◦C capillary temperature, and a flow rate of 5 µL/min.
he samples were diluted 1:10 in MeOH before the infusion to a
inal concentration of 100 nm.

Results and Discussion

he outline of the experimental preparation of chitosan and
omposite chitosan/TiO2 hydrogels and the assessment of their
erformance in adsorption, recovery, and sunlight-driven pho-
odegradation of SMX in mineral water is shown in Figure 1a.

.1 Characterization of the Chitosan-Based
ydrogels

y exploiting the pH-dependent solubility of chitosan, chitosan
as first dissolved in aqueous acetic acid solutions, while
ydrogel formation was induced by subsequent crosslinking in
he presence of NaOH, leading to the formation of physical
ydrogels. For the preparation of CH/TiO2 hydrogels, a TiO2
uspension in acetic acid was initially prepared, followed by the
ddition of chitosan to ensure homogeneous incorporation of the
hotocatalyst within the polymeric network. Figure 1b,c shows
EM images of the TiO2 nanoparticles dispersed within the gel
atrix. The identification of the TiO2 particles was confirmed by
DX analysis (see the inset of Figure 1c). The incorporation of
iO2 nanoparticles into the acidic chitosan solution significantly
ncreased the viscosity of the precursor and influenced the final
orphology of the resulting hydrogels. In particular, the presence
f TiO2 led to thicker structures and induced a distinct color
hange, as the hydrogels turned white.

o gain insights into the chemical composition of the obtained
ydrogels and verify the effective embedding of TiO2 nanoparti-
les, both Fourier transform infrared (FTIR) and Raman analyses
ere performed. The effective incorporation of TiO2 within
he chitosan matrix was confirmed by Raman spectroscopy
Figure 2a). The spectrum of the CH/TiO2 hydrogel exhibits the
haracteristic features of anatase (A), with peaks centered at 398
m−1 (Eg), 517 cm−1 (A1g,+B1g), and 639 cm−1 (Eg), together with
peak at 447 cm−1 characteristic of the rutile phase (R). This is
onsistent with the fact that Degussa P25 TiO2 is a mixture of
natase and rutile phases and confirms that the nanoparticles
ere effectively incorporated within the gel matrix [23]. Fur-
hermore, the vibrational modes of chitosan (CH) at 1100 cm−1

representative of the glucosidic backbone, C─O─C/C─O/C─OH
tretching), 1644 cm−1 (amide I, C═O), 2889 cm−1 (C─H stretch-
of 11
ing) and a broad band between 3000 and 3600 cm−1 (O─H and
N-H stretching) are not significantly affected by the presence of
TiO2, as demonstrated by the similarity with the spectral features
of the CHhydrogel. These data are further confirmed by the ATR-
IR investigation. Figure 2b displays the characteristic absorption
bands of chitosan functional groups: ─N─H and ─OH stretching
at 3413, 3281,3166 cm−1, ─C═O stretching at 1642 cm−1 (amide I),
N-H bending and C-N stretching at 1551 cm−1 (amide II), C─N
stretching and N-H bending at 1334 cm−1 (amide III), ─CH2
bending at 1377 cm−1, and─C─O─C stretching, C─Ostretching at
1112, 1075 and 1022 cm−1 (characteristic of polysaccharides). As for
Raman analyses, no significant shifts or intensity changes were
observed betweenCHandCH/TiO2 hydrogels, indicating that the
incorporation of TiO2 NPs does not alter the chemical structure
of the chitosan backbone, confirming that the nanoparticles are
physically embedded within the hydrogel matrix.

3.2 Adsorption and Photodegradation Tests

In order to quantify the adsorption capability of the composite
hydrogels, a disk of 1.1 g was immersed in 5 mL of a 10−5 M
SMX solution overnight, and the variation in pollutant concen-
tration before and after passive adsorption was evaluated using
UV-HPLC. The adsorption performance was calculated using
Equation (1). It is important to underline that the SMX solution
was made using mineral water to increase the complexity of the
system, making it closer to reality, and verify if the presence of
ions could interfere with hydrogel adsorption. The adsorption
efficiency of hydrogels functionalized with TiO2 (CH/TiO2) was
compared with that of pure chitosan hydrogel (CH), as shown in
Figure 3a. The overnight adsorption for CHwas 17.28± 1.92% and
17.64 ± 4.90% for CH/TiO2. These results demonstrate that the
chitosan hydrogel matrix is mainly responsible for the adsorption
processes, but the incorporation of TiO2 does not significantly
reduce it. Similar adsorption capability is maintained when the
concentration of SMX solution is increased to 10−3 m. This
observation suggests that the key factor that rules the maximum
adsorption capability of the hydrogels is the partition equilibrium
between the hydrogel (entrappedwater) and solution (freewater),
and there are no significant specific interactions between the
chitosan network and SMX molecules. Two major points should
be highlighted in this regard. First, the adsorption tests were
carried out at near-neutral conditions. Literature reports that pH
influences the adsorption efficiency, as well as the type of trans-
formation products achieved upon radical-assisted degradation of
SMX [25–27].However, the aimof the present study is to assess the
performances of the composite gels in real working conditions,
avoiding any pre-treatment of water. As will be discussed later,
these materials are intended to be applied for outdoor, point-of-
use remediation, where the pH is that of mineral water (lakes,
rivers, in general any freshwater streams). For the same reason,
all the experiments were carried out in the presence of cationic
and anionic species that are commonly found in mineral water,
to assess any possible interferences. These results demonstrated
that these gels are not negatively affected by the presence of these
species.

Upon 4 h of solar light irradiation, the concentration of SMX in
solution in presence of CH/TiO2 hydrogel is significantly reduced,
and the removal efficiency of CH/TiO2 hydrogel reaches a value
Advanced Materials Interfaces, 2026
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FIGURE 1 Experimental scheme illustrating the preparation of chitosan (CH) and chitosan/TiO2 (CH/TiO2) hydrogels and their application in
SMX adsorption, recovery, and/or sunlight-driven photodegradation. SEM images at low (b) and high (c)magnification of the interior of a dried CH/TiO2
hydrogel, with EDX analysis in the inset, comparing two selected regions: one containing (yellow) and one without TiO2 nanoparticles.

FIGURE 2 Characterization of the CH and CH/TiO2 hydrogels: (a) Raman spectra of wet chitosan hydrogels with (blue) or without (violet) TiO2
nanoparticles; (b) FTIR-ATR spectra of dry chitosan hydrogels with (blue) or without (violet) TiO2 nanoparticles.
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f 85.48 ± 6.61% for the 10−5 m SMX solution and a value of
2.3618 ± 5.16% for the 10−3 m SMX solution, suggesting that
H/TiO2 hydrogels are characterized by a significant photocat-
lytic activity. Systematic photocatalytic tests allowed this effect
o be investigated in more detail.

he variation of the concentration of SMX upon irradiation by a
olar simulator at an irradiance of 1 sun for 4 h in the presence
f different types of hydrogels is shown in Figure 3b. First of
ll, it is visible that both the self-degradation of SMX and the
egradation of SMX by CH hydrogels are negligible since the
emoval of SMX from water for CH hydrogels is only caused by
dsorption. During the photoirradiation, the hydrogels remained
table, and the removal of SMX from water for the CH hydrogel
s only caused by adsorption.

n the other hand, the presence of TiO2 confers to the hydrogel
ystem a photodegradation activity. The photocatalytic activity
f TiO2 relies on the production of e−/h+ pairs upon absorption
f light with energy commensurate with the optical bandgap,
hich is around 3 eV. According to previous studies on analogous
ystems, the photogenerated holes (h+) are able to promote the
xidation of the pollutant through the generation of ∙OH species,
hereas the photogenerated electrons (e−) can reduce atmo-
pheric O2 to produce

∙O2
− species [16, 24–36]. The employed

iO2 is undoped, thus the photoactivity is supposed to be mainly
romoted by the UV, which is only a small portion (4%–5%) of
olar irradiation. The efficiency of photodegradation depends on
he concentration of the initial solution: SMX removal is less effi-
ient at higher concentration (10−3 m) andmore efficient at lower
oncentration (10−5 m). These results mirror the overall process
f SMX abatement. In the dark, part of SMX has been distributed
ithin the gel network, as shown by adsorption data. Upon
rradiation, the SMX molecules within the gel are progressively
egraded by radical species produced by TiO2, and new SMX
olecules can be uptaken from solution to continue the process
24]. The small oscillations of SMX concentration observed
of 11

t

during irradiation (for example, concentration data acquired after
240 min.) are probably due to the release of unreacted SMX from
the gel. This dynamic diffusion-uptake-reaction-back diffusion
process rules the efficiency of the pollutant removal, and the
diffusion of SMX molecules from the solution toward the gel
and the availability of TiO2 active sites are the main limiting
factors for the reaction rate. At the outset of the irradiation, the
diffusion rate from the solution to the gel is high, driven by the
concentration gradient generated by the consumption of SMX
molecules within the gel. However, as the reaction proceeds, the
kinetics progressively slow down, and the concentration of SMX
inside the gel can become higher than that in solution. At this
stage, part of the unreacted SMX molecules is released back to
the solution to restore the equilibrium.

For a comparison, the same amount of TiO2 contained in the
composite hydrogel, but in the form of free powder were put in
direct contact with the same volume of SMX solution (10−5 m).
Figure 3b shows that the SMX removal process is accomplished
within 30 min, which means that in the absence of gel matrix,
the reaction could proceed about seven times faster. However, as
we will deeply discuss later, in view of practical application, the
lower efficiency of hydrogel systems is not a major limitation and
is counterbalanced by other advantages in terms of safety (the
TiO2 catalyst is not released in water) and recyclability.

Finally, an experiment to compare the degradation under simu-
lated solar light and real solar light irradiation was performed.
A solution of SMX 10−5 m was put in contact with a hydrogel
of CH/TiO2 and exposed to the sunlight. After 4 h, the rate of
degradation was 81.60 ± 0.86%, which is close to the degradation
data obtained with the solar simulator (85.48 ± 6.61%). Thus,
direct solar irradiation can effectively activate the system and
promote the degradation of the SMX molecules.

Both under solar simulator and real sun, SMX photodegradation
follows a first-order kinetics, characterized by rate constants
Advanced Materials Interfaces, 2026
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FIGURE 4 (a) Comparison of the photodegradation activity under solar simulator (blue) and sunlight (orange) of CH/TiO2. Error bars are within
the experimental point size; (b) Comparison between the SMX 10−5 m removal efficiency after 4 h of irradiation under solar simulator (blue) and solar
light (orange).
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qual to 0.0112 min−1 (simulator) and 0.0074 min−1 (real sun)
Figure 4).

he photodegradation activity under direct solar light opens
mportant perspectives in view of outdoor applications. In this
egard, the most noteworthy aspect is related to the reduc-
ion of energy impact. Sunlight avoids the use of other light
ources, which represents a constant drawback in terms of
nergy consumption. Although the reaction kinetics is far from
hat achievable using advanced oxidation processes integrated
n water-treatment plant, like those involving plasma generated
y dielectric breakdown discharge (DBD) [26, 27], which are
ery competitive in terms of energy efficiency, in the present
ase this does not represent a major issue, since the composite
els can be utilized outdoor as point-of-use tandem adsor-
ents/photocatalysts, without any particular time and processing
onstraints. Their stability and safety (see the next paragraph)
ould allow them to be placed in the location where they
eed to be utilized for an extended period of time, contributing
o mitigating the concentration of antibiotics and, in general,
merging pollutants that will be conveyed into a treatment plant
r, in the worst case, released in the environment.

.3 Recycling/Reuse and Safety Issues

he reusability of CH and CH/TiO2 hydrogels, both for adsorp-
ion and photocatalysis, is a key factor in evaluating their
ost-effectiveness and practical applicability in water treatment.
fter pollutant adsorption, the hydrogel can be removed from the
olution using tweezers and subsequently resuspended in water.
e tested the release of the adsorbed SMX in a volume of 5 mL
illi-Q water by measuring the concentration of SMX during
n overnight incubation after the addition of a contaminated
H hydrogel disk. As shown in Figure 5a, SMX desorption is
uccessfully and quantitatively achieved simply by soaking the
ontaminated CH hydrogel in Milli Q water, demonstrating that
lmost all the adsorbed pollutant is released overnight and can
e recovered. Figure 5b presents the results of six consecutive
euse cycles, and the data indicate that only a slight decrease
n adsorption efficiency for the CH hydrogel can be observed.
dvanced Materials Interfaces, 2026
In parallel, the recyclability of CH/TiO2 hydrogels as an efficient
photocatalyst was also studied, and the results are summarized in
Figure 5c. Again, six consecutive cycles were performed, showing
only a minor reduction in photocatalytic activity for the CH/TiO2
hydrogel, suggesting only minimal deactivation. These results
confirm the structural stability and functional reusability of both
hydrogels as adsorbent and photocatalytic materials, respectively.
To assess the suitability of these hydrogels for real application,
we performed stability tests aimed at evaluating their resistance
to illumination and microbial growth during prolonged storage
under ambient conditions. During photoirradiation, all the tested
hydrogels remained stable, preserving their shape and size even
after six cycles of utilization. Figure S1 illustrates the evolution
of chitosan hydrogels after 7 and 14 days of exposure to air, and
compares their behavior with that of similar hydrogels based
on another common biopolymer, alginate. While the alginate
samples show evident microbial colonization, with progressive
mold growth over time, the chitosan hydrogels remain intact and
free of visible contamination. This remarkable difference high-
lights the intrinsic antimicrobial properties of chitosan, which
effectively inhibit microbial proliferation, thereby enhancing the
stability and durability of the material compared to alginate.
TXRF analysis (Figure S2) was employed to directly assess the
potential release of TiO2 nanoparticles from the gel into the
aqueous medium. The results showed no detectable titanium
signals in the analyzed solutions, indicating that, within the
detection limits of the technique, no TiO2 release occurred. This
result supports the effective immobilization of the nanoparticles
within the gel matrix and confirms the material’s stability upon
contactwithwater. Importantly, preventing TiO2 release is crucial
for the applications of this kind of system, since uncontrolled dis-
persion of nanoparticles into water would not only compromise
the catalytic performance of the system, but also contribute to
secondary environmental contamination.

3.4 Degradation Products Analysis

To elucidate the degradationmechanism and catalytic fragmenta-
tion pathway of SMX,NMR and ESI-MS analysis were performed.
NMR analysis (Figure 6) showed that the photodegradation by
7 of 11
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FIGURE 5 SMX release and reusability of the hydrogels. (a) Schematic representation of the experimental procedure for hydrogel reuse as an
adsorbent (top) and catalyst (bottom); (b) Comparison between SMX adsorption (pink) onto the CH hydrogel and its desorption inMilli-Qwater (green).
Error bars are within the experimental point size; (c) Adsorption and photocatalytic performances of CH (pink) and CH/TiO2 (blue) hydrogels during
SMX removal over six consecutive reuse cycles.
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H/TiO2 hydrogels promotes the conversion of the molecule into
ther compounds, in particular, as can be observed in the reported
pectra, while signals of sulfamethoxazole are still present, some
ew peaks appear, suggesting the formation of a new aromatic
ystem and another methoxazole ring. This observation is in line
ith previous studies investigating degradation pathways of this
ompound [28, 29].

he ESI-MS analysis (Figure 7) further confirmed these results:
he spectra acquired in positive and negative ionization mode
howed the presence of several methoxazole-based degradation
roducts and of a benzene sulfonamide, respectively. Again, these
esults are in agreement with literature data [25, 29–31].

he photo-induced generation of byproducts is a critical issue
or all the remediation processes associated with the removal
f emerging pollutants and deserves special attention. On one
and, further efforts should be addressed to the design and
of 11
synthesis of specific (photo)catalysts that are able to completely
mineralize the organic pollutants without damaging the hydrogel
network. On the other hand, the possibility to generate and
recover new small molecules originated from pollutants can
open interesting perspectives for green chemistry and waste-to-
treasure repurposing strategies [37].

4 Conclusions

In this work, we assessed an integrated water remediation
system that combines the photocatalytic activity of TiO2 with
the adsorption capability of a chitosan-based hydrogel in true-
to-life conditions. We demonstrated that TiO2 is effectively
embedded inside the hydrogel matrix, limiting the risk of
uncontrolled release of potentially harmful nanoparticles, and
remains photoactive under both simulated and real solar light
irradiation. SMX was chosen as an example of a pharmaceutical
Advanced Materials Interfaces, 2026
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FIGURE 6 NMR analysis showing the 1H spectrum of sulfamethoxazole reference (red) in comparison with the sample after 5 h of
photodegradation (blue).

FIGURE 7 ESI-MS analysis of the SMX solution after 5 h of photodegradation. In the left panel, the spectrum obtained through positive ionization
is reported, while the right panel depicts the negative ionization spectrum. Note: chemical structures of neutral species have been reported.
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ontaminant, and its photodegradation proceeds under solar light
hile occurring simultaneously with adsorption. This results
n a high overall removal efficiency (∼85%). Furthermore, the
ystem exhibits notable structural stability and reusability; it
an be employed repeatedly (at least, 6 consecutive cycles) for
oth adsorption and photocatalysis without significant loss of
erformance. In particular, the composite hydrogels are not
ffected by microbial colonization and biofouling formation, and
heir adsorption/removal capability is maintained in mineral
ater, i.e., in ionic strength conditions that are commonly found
n water courses.

verall, the combination of recyclability, robustness, and efficient
peration under real sunlight highlights the potential of this
ybrid chitosan hydrogel-TiO2 system for practical water treat-
ent applications [38]. This system can set the basis for further
evelopment of more selective and efficient catalysts that will
e able to achieve the complete mineralization of the emerging
ollutants or their transformation into valuable products.
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