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Room-temperature synthesis of silver-based
nanoparticle-embedded hydrogel material via
catalytic crosslinking for recyclable dye
degradation applications
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A simple, one-pot, facile room-temperature synthesis method is developed for the fabrication of silver-
based nanoparticles embedded within a hydrazone-based hydrogel matrix. The hydrogel matrix is
prepared under ambient conditions via acid catalysis by mixing aqueous solutions of the molecular
building blocks. The hydrogel network serves as a template for the in situ formation of silver-oxide
nanoparticles (Ag>O NPs) enabling their uniform dispersion and stabilization within the matrix. Ag,O NPs
can subsequently be converted to silver nanoparticles (Ag NPs) by treating them with an aqueous
solution of sodium borohydride (NaBH4). The resulting composite material exhibits rapid catalytic
degradation of Congo red (CR) and methyl orange (MO), achieving over 95% degradation efficiency
within 5 minutes under ambient conditions in both individual and mixed dye systems. Furthermore, the
composite effectively degrades real textile industry wastewater samples. The material also demonstrates
excellent reusability, retaining its catalytic performance over multiple cycles without significant loss of
activity. These findings demonstrate the potential of in situ synthesized nanoparticle-embedded hydrogel
systems as efficient, recyclable, and environmentally friendly platforms for the catalytic degradation of

rsc.li/rsc-advances organic dyes.

Introduction

Sustainable strategies for mitigating environmental pollution
require the development of advanced functional materials
capable of efficiently removing harmful contaminants. Mate-
rials that can be synthesized under ambient conditions, without
the need for high temperatures or complex procedures, offer
significant advantages in terms of cost-effectiveness and prac-
tical applicability, particularly in resource-limited settings. In
this context, hydrogel networks embedded with nanoparticles
(NPs) represent a promising platform for engineering
composite materials with enhanced functional properties.'*®
Due to their unique physicochemical characteristics, such
materials are well-suited for a variety of applications, including
catalysis,” biosensing,® drug delivery,” and environmental
remediation.' In recent years, a variety of composite systems
have been developed by incorporating different classes of NPs
such as metals, metal oxides, non-metals, and polymeric
moieties into polymeric/supramolecular hydrogel matrices.'
Among these, silver (Ag)-based nanoparticle-embedded
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hydrogels have gained particular attention owing to their mul-
tifunctionality and wide-ranging applications across materials
science, environmental engineering, and biomedical fields."”***
However, the unique properties of Ag-based NPs are highly
dependent on their nanoscopic dimensions. Therefore, precise
control over particle size is critical for their effective applica-
tion.”™ One promising strategy to achieve this involves the in situ
synthesis of Ag-based NPs within molecular network architec-
tures such as biological macromolecules, synthetic polymers,
microgels, or hydrogels, which enables the formation of well-
defined nanoparticle morphologies.’** Among these, three-
dimensional (3D) hydrogel networks offer distinct advantages
over conventional non-aqueous or purely polymeric systems.
The porous structure of hydrogels provides confined spaces that
can function as nanoreactors, facilitating the nucleation and
controlled growth of nanocrystals.”***

Hydrogels derived from natural biomaterials such as algi-
nate, lignin, chitosan, and carboxymethylcellulose are particu-
larly attractive due to their abundance, low cost, easy
accessibility, and environmental sustainability.”*** Among
these biopolymers, alginate is particularly promising due to its
ability to form hydrogels under mild aqueous conditions,
combined with excellent biocompatibility and tuneable physi-
cochemical properties. These attributes make alginate-based
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hydrogels especially suitable for applications in both biomed-
ical and environmental fields.*

Conventional approaches for synthesizing Ag-based NPs,
typically involving physical or chemical crosslinking, are often
constrained by the use of toxic reducing agents and/or the
requirement for harsh conditions such as elevated tempera-
tures, high pressures, light irradiation, or specialized
instrumentation.”**® These limitations highlight the need for
greener and more sustainable synthetic methodologies. In this
context, an environmentally friendly approach that enables the
formation of a hydrogel network and the controlled synthesis of
Ag-based NPs within the hydrogel matrix at room temperature,
without the use of toxic chemicals, is highly desirable for
environmental remediation applications.

Herein, we report a green, facile, and in situ synthesis
method for Ag-based nanoparticles within an alginate-based
hydrogel matrix (Alg-Hy, Fig. 1a). We demonstrate that both
the formation of Alg-Hy and the resulting properties of the
hydrogel matrix can be effectively controlled via acid catalysis
under ambient conditions. The hydrogel network serves as
a nanoconfined platform for the nucleation and growth of Ag-
based NPs.

By simply mixing aqueous solutions of the precursor
building blocks under ambient conditions, silver oxide nano-
particles (Ag,O NPs) are formed in situ within the alginate-based
hydrogel matrix (Ag,O NPs/Alg-Hy, Fig. 1b). The hydrogel matrix
stabilizes the Ag,0 NPs and prevents their aggregation. Notably,
this synthesis does not require external reducing agents,
elevated temperatures, or specialized instrumentation.
Furthermore, the embedded Ag,O NPs can be readily reduced to
metallic silver nanoparticles (Ag NPs) within the hydrogel
matrix upon treatment with an aqueous solution of sodium
borohydride (NaBH,). The resulting composite (Ag NPs/Alg-Hy,
Fig. 1b) exhibits rapid catalytic activity, achieving over 95%
degradation efficiency of Congo red (CR) and methyl orange
(MO) in individual dye solutions, mixed dye systems, as well as
textile dye-containing wastewater, all under ambient condi-
tions. Moreover, the composite displays excellent recyclability,
retaining high catalytic performance over multiple degradation
cycles without significant loss of activity.

acid catalyst

Funct d Cre mixing at ambient
alginate conditions
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Functionalized- K NaBH,
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conditions
Ag NPs/Alg-Hy
crosslinker Ag,0 NPs/Alg-Hy composite

Fig. 1 Schematic illustration of the preparation of Ag NPs-integrated
alginate hydrogel material: (a) in situ formation of the alginate hydrogel
matrix (Alg-Hy) via acid-catalysed crosslinking, (b) incorporation of
Ag>O NPs into the Alg-Hy matrix by mixing precursor solutions under
ambient conditions, followed by in situ reduction of Ag,O NPs to Ag
NPs using NaBH.
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Overall, the Ag-based NPs/Alg-Hy system exemplifies the
effective synergistic integration of catalytic nanoparticles within
a hydrogel matrix for the efficient removal of dye pollutants. The
development of such multifunctional and recyclable composite
materials offers a promising and sustainable strategy for tack-
ling complex environmental pollution challenges in a sustain-
able and scalable manner.

Experimental
Materials and methods

In situ preparation of Alg-Hy material. The alginate-based
hydrogel material was prepared by mixing aqueous solutions
of the precursor components at room temperature. Briefly,
aqueous solutions of Alg-A (10.0 mg for 1.0 wt%) and GH
(7.0 mg, 50.0 mM) in phosphate buffer (0.1 M) were combined at
room temperature. Gelation was assessed using the vial inver-
sion method. To determine the minimum gelation concentra-
tion (MGC) of Alg-Hy, various concentrations of Alg-A (0.5 wt%
and 1.0 wt%) were mixed with GH at different concentrations
(27 mM, 28 mM, 30 mM, 40 mM, and 50 mM). The MGC for GH
to form stable hydrogel material with Alg-A (1 wt%) at pH 5 was
28 mM, whereas it was 40 mM at pH = 7.

In situ preparation of Ag,0 NPs/Alg-Hy material. The Ag,O
NPs/Alg-Hy composite was prepared under ambient conditions
by mixing aqueous solutions of the precursor components.
Specifically, aldehyde-functionalized alginate (1.0 wt% in 1.0
mL), GH (7.0 mg, 50.0 mM), and AgNO; (5.1 mg, 30.0 mM) were
combined at room temperature. The resulting mixture was kept
in the dark. Hydrogel formation was observed after 1 hour and
confirmed using the vial inversion method. A pale-yellow
coloration of the hydrogel developed within 2 hours, which
remained unchanged over a 24 hour period. This characteristic
pale-yellow color is indicative of the formation of Ag,0O NPs
within the Alg-Hy matrix.

Catalytic degradation of organic dyes. The composite mate-
rial was evaluated for its catalytic activity in the degradation of
CR and MO as textile dyes. In a typical experiment, an aqueous
dye solution (1.0 mM) and NaBH, (10.0 mM) were added to the
Ag,0 NPs/Alg-Hy composite (1.0 mL) in a vial. The mixture was
gently shaken and then allowed to stand under ambient
conditions. Aliquots were collected at certain time intervals for
analytical measurements. The absorbance spectra were recor-
ded using a UV-visible spectrophotometer. As a control, the
absorbance of the dye solution without the catalyst was
measured under identical conditions. After the completion of
each catalytic cycle, the reduced dye solution was decanted, and
a fresh mixture of dye and NaBH, (vide infra) was added to the
same vial to initiate the next cycle.

Kinetics of dye degradation. NaBH, (10.0 mM) was mixed
with an aqueous solution of CR, MO or mixture of dyes (CR and
MO) to study the degradation process (vide infra). The reduction
followed pseudo first order kinetics and the following equation
was used to analyse the reaction kinetics:

A\
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where, k = pseudo 1st order rate constant, ¢ = reaction time, A,
= absorbance of the dye at time ¢, and A, = absorbance of the
dye at the time ¢ = 0.

Quantitative analysis of dye degradation. The degradation
efficiency of CR and MO dyes was calculated using the following
formula:

Ay — A,

0

% Degradation = x 100

where, A, = the initial absorbance dye solution before treat-
ment, and 4, = the absorbance of the treated solution obtained
at specified time/after degradation.

Results and discussion
Catalytic control over Alg-Hy preparation

The strategy for synthesizing Ag-based NPs within an alginate-
based hydrogel matrix is guided by the following consider-
ations: (i) the hydrogel should form under ambient conditions
and would provide suitable space for nucleation and growth of
the Ag-based NPs, thereby enabling control over their size and
morphology, (ii) the embedded Ag-based NPs should remain
stable within the hydrogel matrix, minimizing agglomeration,
(iii) the combination of Ag-based NPs and the hydrogel network
is expected to exhibit synergistic and unique properties that are
not attainable from the individual components alone, and (iv)
the synthesis process should be straightforward and yield
a biocompatible material, making it suitable for applications in
biomedicine and environmental remediation.

Following these design principles, we first synthesized the
alginate-based hydrogel (Alg-Hy, Fig. 2a) in situ by mixing
aqueous solutions of two components. Modified sodium algi-
nate (Alg-A), containing aldehyde functionalities on its back-
bone (Scheme S1), was used in combination with guanidine
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hydrazine (GH, Fig. 2a and Scheme S2) as a crosslinker. Both
Alg-A and GH were water-soluble and formed colourless solu-
tions. Upon mixing at room temperature, a hydrogel (Scheme
S3) was formed via a reaction between the aldehyde groups of
Alg-A and the hydrazine groups of GH, resulting in the forma-
tion of hydrazone bond. Notably, the formation of these
hydrazone bonds can be modulated through acid catalysis.****

Formation of hydrogel material was significantly influenced
by the pH of the reaction medium. At pH 5 (0.1 M phosphate
buffer), hydrogel formation was rapid, with gelation occurring
within approximately 140 minutes. In contrast, at pH 7 (0.1 M
phosphate buffer), gelation required approximately 12 hours.
Furthermore, the minimum gelation concentration (MGC) of
GH required to form a stable hydrogel with 1.0 wt% Alg-A was
28 mM at pH 5, compared to 40 mM at pH 7 (Table S1). These
results are consistent with the acid-catalysed mechanism of
hydrazone bond formation between the aldehyde groups of Alg-
A and the hydrazine functionalities of GH.**** The presence of
H" ions at pH 5 facilitated faster crosslinking, resulting in
accelerated hydrogel formation. Conversely, in the near-neutral
environment at pH 7, the absence of acid catalysis led to slower
reaction kinetics and delayed gelation. To investigate the
surface morphology of the hydrogel materials, field emission
scanning electron microscopy (FESEM) was performed. The
hydrogel prepared at pH 5 exhibited a disk-like structure with
a rough, heterogeneous surface (Fig. 2b), whereas the hydrogel
formed at pH 7 displayed a more homogeneous surface char-
acterized by an interconnected fibrous network (Fig. 2c).
Rheological analysis was conducted to evaluate the viscoelastic
properties of the hydrogels. The hydrogel synthesized at pH 7
(1.0 wt% Alg-A, 50 mM GH) exhibited a higher storage modulus
(~500 Pa), indicating a mechanically stronger material. In
contrast, the hydrogel prepared at pH 5 showed a significantly
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lower storage modulus (~100 Pa) (Fig. 2d). This difference is
likely due to the faster reaction kinetics at acidic pH, which may
lead to partial and inhomogeneous crosslinking. In contrast,
the slower gelation process at neutral pH allows for more
uniform and extended network formation, resulting in
enhanced mechanical properties. Fourier-transform infrared
(FTIR) spectroscopy provided further insights into the network
structure. Characteristic N-H stretching bands associated with
unreacted hydrazine groups were observed around 3321 cm ™"
and 3197 cm ™" (Fig. 2e). These peaks were more pronounced in
the hydrogel formed at pH 5, suggesting incomplete
consumption of the hydrazine groups under acidic conditions.
In contrast, fewer unreacted hydrazine functionalities were
observed in the hydrogel formed at pH 7, indicating a more
complete crosslinking process. Collectively, these results
demonstrate that the properties of the hydrazone-based
hydrogel (Alg-Hy) can be effectively tuned by adjusting the pH
of the reaction medium. The degree of crosslinking, network
morphology, and mechanical strength are all governed by the
rate of hydrazone bond formation, which is pH-dependent.

In situ preparation of Ag,0 NPs/Alg-Hy composite material

We envisioned that the unreacted hydrazine functionalities of
GH could serve as active sites for further functionalization, such
as the in situ formation of metal-based NPs within the hydrogel

network. To explore this, silver nitrate (AgNOs3)

was
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incorporated as an additional precursor during the mixing of
Alg-A and GH, whereby GH served both as a reducing agent for
the in situ formation of silver-based nanoparticles and as
a crosslinker for the alginate chains. Initially, the addition of
AgNO; to the phosphate buffer solution led to the formation of
a brown precipitate. To this end, deionized water was used
instead of buffer to prepare the aqueous solutions of the
building blocks. Upon mixing Alg-A, GH, and AgNO; under
ambient conditions (Fig. 3a, and Scheme S4), an opaque
hydrogel formed, which gradually turned pale yellow over time
(Fig. 3b and Video SV1). This colour change suggested the
formation of Ag,0 nanoparticles (NPs) within the hydrogel
matrix. The individual aqueous solutions of Alg-A and GH were
neutral (pH = 7), whereas AgNO; solution was acidic (pH = 5).
The mixture of all three components yielded an acidic pH (~5),
thus providing acidic conditions that catalysed the formation of
hydrazone bonds. The observed transformation, from opaque
to pale yellow material over time, indicated that hydrazone
crosslinking occurred faster than the formation of Ag,O NPs.
FTIR spectroscopy confirmed hydrazone bond formation in
the Ag,O NPs/Alg-Hy material (Fig. 3c). The characteristic
aldehyde peak of Alg-A at 1612 cm ™" disappeared, while a new
band corresponding to C-N stretching appeared at 1684 cm ™,
indicating successful hydrazone linkage formation. Ultraviolet-
visible (UV-Vis) spectroscopy further supported Ag,0 NP
formation, as the composite hydrogel showed a distinct
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Fig. 3 Preparation and characterization of Ag,O NPs/Alg-Hy composite material. (a) Schematic representation of the in situ synthesis of Ag,O

NPs/Alg-Hy by mixing aqueous solutions of Alg-A, GH, and AgNOs at

room temperature. (b) Photographs showing the appearance of the

material at different time intervals. (c) FTIR spectra of Ag,O NPs/Alg-Hy (violet), compared with its individual components: Alg-Hy (orange), GH
(green), and Alg-A (black). (d) UV-Vis absorption spectra of Ag,O NPs/Alg-Hy (orange), Alg-A (yellow), GH (grey), and AgNOs (pink), indicating
successful incorporation of silver species. (e) Rheological analysis (frequency sweep at 1% strain) comparing Ag,O NPs/Alg-Hy and Alg-Hy
prepared at pH 5. (f) FESEM image of Ag,O NPs/Alg-Hy, showing the surface morphology (scale bar: 40 um).
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absorption maximum at 325 nm, absent in the spectra of the
individual components (Fig. 3d). A concentration of 30 mM
AgNO; was found to be optimal, as further increases did not
enhance absorbance at 325 nm (Fig. S2), suggesting saturation
in Ag,O NP formation. Importantly, control experiments
involving only AgNO; with either Alg-A or GH resulted in either
no observable change (transparent solution for 3 hours) or rapid
precipitation (white AgCl within 2 minutes), indicating that the
hydrogel matrix plays a critical role in controlling nanoparticle
formation and stabilization. Hence, 30 mM AgNO; was used in
subsequent studies unless otherwise stated. The presence of
Ag,0 NPs within the Alg-Hy network did not disrupt hydrogel
formation. FTIR analysis showed that the hydrazone bond
structure remained unchanged upon incorporation of nano-
particles. However, rheological measurements revealed that the
Ag,O NPs/Alg-Hy composite exhibited lower mechanical
strength compared to the Alg-Hy prepared at pH 5 (Fig. 3e).
FESEM revealed a layered structure for the Ag,0 NPs/Alg-Hy
material, similar to that observed for Alg-Hy at pH 5 (Fig. 3f,
and Fig. S3). Numerous bright spots were observed, indicative of
embedded nanoparticles. Energy-dispersive X-ray (EDX) spec-
troscopy confirmed the presence of silver along with carbon,
nitrogen, oxygen, and chlorine in the composite (Fig. S4), and
elemental mapping verified uniform silver distribution within
the hydrogel matrix (Fig. S5).

Transmission electron microscopy (TEM) was used to
determine the nanoparticle size distribution (Fig. 4a), revealing
average particle diameters of approximately 10 nm. High-
resolution TEM (HRTEM) images showed interplanar spacings
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of 3.04 A (Fig. 4b). X-ray diffraction (XRD) patterns further
confirmed the formation of crystalline Ag,O within the Alg-Hy
hydrogel. While Alg-Hy alone exhibited an amorphous pattern
(Fig. 4c, black line), the Ag,O NPs/Alg-Hy composite showed
sharp diffraction peaks at 28.1°, 32.5°, 46.5°, 55.2°, and 57.8°,
corresponding to the (110), (111), (211), (220), and (310) planes
of cubic Ag,0, as per JCPDS file no. 01-076-1393 (ref. 35 and 36)
(Fig. 4c, purple line). The intense peak at 32.5° suggested
preferential orientation. The average crystallite size, calculated
using the Debye-Scherrer equation, was ~16 nm, consistent
with TEM data. X-ray photoelectron spectroscopy (XPS) was
performed to analyse surface composition (Fig. 4d). The XPS
spectrum revealed prominent peaks corresponding to O 1s (531
eV), N 1s (398.8 eV), C 1s (284.2 eV), and CI 2p (197.4 eV). In
addition, characteristic signals for Ag in 3d region were
observed at ~365 eV and ~372 eV, which corresponds to
Ag,0.%7** High-resolution XPS spectra showed two peaks at
365.8 eV and 371.5 eV, assigned to Ag 3ds, and Ag 3d;,,
respectively, with a spin-orbit splitting of 5.7 eV (Fig. 4e), con-
firming the presence of Ag(i) in the Ag,0 NPs.** Thermogra-
vimetric analysis (TGA) was conducted to evaluate thermal
stability (Fig. 4f). The Ag,O NPs/Alg-Hy composite demon-
strated enhanced thermal stability compared to Alg-Hy alone,
with a 73.5% mass loss at 600 °C versus 81.3% for Alg-Hy. Based
on the difference in organic mass loss, the Ag,0O content was
estimated to be ~7.8 wt%. Brunauer-Emmett-Teller (BET)
surface area analysis indicated that the Ag,O NPs/Alg-Hy
composite had a high surface area of 589.92 m* g ', with an
average pore diameter of 2.18 nm. The typical N, adsorption
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Fig. 4 Characterization of Ag,O NPs/Alg-Hy material. (@) TEM image of Ag,O NPs/Alg-Hy, with inset showing particle size distribution and
Gaussian fitting, (b) HRTEM micrograph showing Ag,O NPs, (c) XRD patterns of Ag,O NPs/Alg-Hy and pristine Alg-Hy, indicating the crystalline
structure of Ag,O, (d) XPS of Ag,O NPs/Alg-Hy, (e) HR-XPS showing spin-orbital components (3ds/, and 3ds,,) of Ag, and (f) TGA analysis of Ag,O
NPs/Alg-Hy (pink line) and Alg-Hy (grey line) demonstrating thermal stability of the composite.
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isotherms of Ag,O NPs/Alg-Hy showed a superimpose adsorp-
tion and desorption isotherms (Fig. S6), indicating the
adsorption of the samples mostly occurred in the micropores.

These results collectively demonstrate that Ag,O NPs can be
controllably synthesized and embedded within the Alg-Hy
matrix under mild, and ambient conditions. Furthermore, the
system allows for tuneable nanoparticle loading simply by
adjusting the concentration of AgNO;. Hydrogel network of Alg-
Hy serves as both a structural support and stabilizing matrix for
in situ Ag,0 nanoparticle formation, supported by the reducing
capability of hydrazine-functionalized crosslinker GH. Its three-
dimensional porous structure confines nanoparticle growth,
preventing aggregation, as confirmed by TEM analysis. This
results in a stable, well-dispersed nanocomposite with strong
potential for catalytic applications in environmental
remediation.

Preparation of Ag NPs/Alg-Hy from Ag,O NPs/Alg-Hy

Anthropogenic activities, particularly the direct discharge of
industrial contaminants into aquatic ecosystems, have led to
a rapid decline in global freshwater resources. These pollutants
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they can bioaccumulate in the food chain, ultimately affecting
human health.*** Therefore, water reclamation and reuse
strategies have become essential to meet the rising global
demand for clean water.* In this context, the rapid and efficient
removal of pollutants from wastewater is of paramount impor-
tance. Among various remediation strategies, nanoparticle
(NP)-based heterogeneous catalysis has emerged as an envi-
ronmentally benign and economically viable approach.***” In
particular, silver nanoparticles (Ag NPs) have gained wide-
spread attention for the catalytic degradation of organic dyes
due to their high catalytic efficiency.**** However, their practical
application is hindered by issues such as aggregation, poor
stability, limited recyclability, high cost, and susceptibility to
self-corrosion in aqueous media. To address these limitations,
we proposed the use of Ag NPs embedded within the Alg-Hy
hydrogel network (Ag NPs/Alg-Hy) as a stable, recyclable, and
effective catalytic system for dye degradation. The hydrogel
matrix not only offers a stabilizing environment that prevents
NP aggregation but also allows for multiple catalytic cycles. To
generate Ag NPs within the hydrogel matrix, the previously
synthesized Ag,O NPs/Alg-Hy composite was treated with
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facilitated the in situ reduction of Ag,O NPs to metallic Ag NPs,
as confirmed by UV-Vis spectroscopy and pXRD analyses. UV-Vis
spectroscopy of the composite material after NaBH, treatment
showed a distinct absorption maximum at 390 nm (Fig. 5a),
corresponding to the surface plasmon resonance (SPR) of Ag
NPs. In contrast, the Ag,O NPs/Alg-Hy composite exhibited an
absorption maximum at 325 nm (Fig. 5b), confirming the
successful conversion of Ag,O to Ag°. The pXRD pattern of the
resulting material revealed sharp diffraction peaks at 38.1°,
44.1°, 64.3°, 77.3°, and 81.5°(Fig. 5c¢), which correspond to the
(111), (200), (220), (311), and (222) planes of face-centered cubic
(fec) metallic silver, in agreement with JCPDS file no. 00-004-
0783.> These results confirmed the crystalline nature of the in
situ-formed Ag NPs. TEM was used to examine the size and
morphology of the Ag NPs (Fig. 5d). The average particle size
was determined to be ~15 nm, which is slightly larger than that
of the precursor Ag,0 NPs (Fig. 5e). XPS was also performed to
analyse the surface composition of the Ag NPs/Alg-Hy
composite (Fig. 5f). While the survey spectrum appeared
similar to that of the Ag,O NPs/Alg-Hy, the high-resolution XPS
spectra in the Ag 3d region displayed two distinct peaks at
368.2 eV and 374.3 eV, corresponding to the Ag 3ds,, and Ag 3d;,
, orbitals, respectively, with a spin-orbit splitting of 6.1 eV
(Fig. 5g). This energy separation is characteristic of metallic
Ag(0), confirming the successful formation of zero-valent silver
nanoparticles.?*>*

Catalytic dye degradation

Degradation of Congo red. To evaluate the catalytic potential
of the Ag NPs/Alg-Hy composite in aqueous media, we investi-
gated its performance in the degradation of organic dyes. We
hypothesized that the addition of aqueous NaBH, would facil-
itate the in situ generation of catalytically active Ag NPs, which
would act both as electron mediators and as a source of hydride
ions (H") for the reduction of organic pollutants such as azo
dyes. Congo red (CR), a widely used azo dye known for its high
toxicity to animals and carcinogenic potential in humans, was
chosen as a model pollutant. Its efficient removal from indus-
trial effluents is of significant environmental importance.**® To
monitor the degradation process, we recorded UV-Vis absorp-
tion spectra of an aqueous CR solution (1.0 mM) mixed with
Ag,0 NPs/Alg-Hy and NaBH, (10 mM). A distinct visual color
change from red to colorless was observed within 5 minutes,
indicating rapid decolorization (Fig. 6a). The degradation
process was further confirmed by time-dependent UV-Vis
spectral analysis (Fig. S7). The complete decolorization of CR
occurred within 5 minutes in the presence of both Ag,O NPs/
Alg-Hy and NaBH,. In contrast, control experiments showed
significantly slower degradation: over 6 hours in the presence of
NaBH, alone and similarly prolonged in the presence of Ag,O
NPs/Alg-Hy alone (Fig. 6b). These results suggest a synergistic
effect between the hydrogel-embedded Ag NPs and the reducing
agent. Kinetic analysis revealed that the CR degradation fol-
lowed pseudo-first-order kinetics, with a rate constant of
0.79 min~' when both Ag,0 NPs/Alg-Hy and NaBH, were
present. In comparison, the rate constants for control reactions
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using only Ag,O NPs/Alg-Hy or NaBH, were significantly lower
(0.001 min~" and 0.0008 min~", respectively; Table S2). Over
95% of the dye was degraded within 5 minutes under catalytic
conditions, whereas only ~30% degradation occurred over 360
minutes in the control setups.

The enhanced degradation efficiency is attributed to the in
situ formation of Ag NPs, which promote effective electron
transfer from BH, ions (electron donors) to the dye molecules
(electron acceptors).”” The proposed mechanism involves
adsorption of BH,  onto the Ag NP surface, followed by electron
transfer to the dye, facilitating its reduction. The high surface
area of Ag NPs likely contributes to the increased rate of
decolorization. To confirm dye degradation and identify the
resulting products, mass spectrometric (MS) analysis was per-
formed. The MS spectrum of the degraded solution exhibited
peaks at m/z values of 316, 184, 158, and 130 (Fig. S8). The
absence of high-molecular-weight fragments and the appear-
ance of multiple low-mass peaks suggest cleavage of the azo and
sulfonate groups of CR. A proposed fragmentation pathway is
presented in Fig. S9.

The recyclability of the composite material was also evalu-
ated, as this is a critical parameter for practical applications.*® A
fresh CR solution (1.0 mM) was treated with Ag,0 NPs/Alg-Hy
(1.0 mL) and NaBH, (10.0 mM), and complete decolorization
was again observed within 5 minutes. After each cycle, the
solution was filtered, and the recovered composite was reused
with a fresh dye and NaBH, solution. The reusability was
monitored by UV-Vis spectroscopy, tracking the absorbance at
500 nm (Fig. 6¢). The composite retained its catalytic efficiency
for at least nine consecutive cycles, achieving ~96% degrada-
tion. However, a noticeable increase in the reaction time (>5
minutes) was observed after the ninth cycle, likely due to partial
nanoparticle agglomeration or leaching of Ag NPs from the
hydrogel matrix (vide infra).

Degradation of methyl orange. The dye degradation perfor-
mance of the Ag NPs/Alg-Hy composite was further evaluated
using methyl orange (MO), another representative azo dye. UV-
Vis spectroscopy was employed to monitor the decolorization
process (Fig. 6d). Upon treatment with Ag,0O NPs/Alg-Hy in the
presence of aqueous NaBH, (10.0 mM), a 1.0 mM aqueous
solution of MO exhibited a rapid colour change from orange to
colourless within 5 minutes (Fig. S10). The degradation kinetics
followed a pseudo-first-order reaction with a rate constant of
0.78 min~' (Table S3). Approximately 99% of the MO was
degraded within 5 minutes under catalytic conditions, whereas
control experiments showed only ~13% degradation in the
presence of NaBH, alone and ~3% in the presence of Ag,0 NPs/
Alg-Hy alone after 360 minutes (Fig. 6e, and Table S3). The
corresponding rate constants for these control conditions were
significantly lower (0.0002 min~"', and 0.0001 min~" respec-
tively), highlighting the synergistic role of both the composite
material and the reducing agent in achieving efficient dye
degradation. MS analysis of the degraded solution further
confirmed the breakdown of the MO dye. The MS spectrum
exhibited prominent peaks at m/z 133, 96.4, and 80 (Fig. S11),
with the absence of high-molecular-weight fragments. This
indicates the cleavage of the azo bond and formation of lower-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Dye degradation with the Ag NPs/Alg-Hy composite material. (a) Optical absorbance spectra of CR solution, (b) relative rate of CR dye
degradation in presence of Ag,O NPs/Alg-Hy material and NaBH, (black square), only in presence of Ag,O NPs/Alg-Hy material (red circle), and
only in presence of NaBH, (blue triangle), (c) recyclability test of the composite material for CR degradation following the absorbance at 500 nm,
(d) optical absorbance spectra of MO solution, (e) relative rate of MO dye degradation in presence of Ag,O NPs/Alg-Hy material, and NaBH,
(black square), only in presence of Ag.O NPs/Alg-Hy material (red circle), and only in presence of NaBH, (blue triangle), (f) recyclability test of the
composite material for MO dyes following the absorbance at 463 nm, (g) optical absorbance spectra of mixture of CR and MO dyes before and
after the treatment with the composite material, (h) recyclability test of the composite for mixture of CR and MO dyes following the absorbance

at 475 nm. Lines in b, ¢, e, f and h are drawn to guide the eyes.

mass degradation products.® To assess the recyclability of the
composite material, repeated dye degradation cycles were con-
ducted. In each cycle, the MO solution (1.0 mM) was treated
with Ag,0 NPs/Alg-Hy (1.0 mL) and NaBH, (10.0 mM), followed
by filtration of the decolorized solution and reuse of the
composite material with fresh reagents. UV-Vis spectroscopy
was used to monitor the absorbance at 465 nm (Fig. 6f). The
composite retained its catalytic activity over more than 10
successive cycles, maintaining a degradation efficiency of
~96%.

To investigate the observed decline in degradation efficiency
after the 10th cycle, FESEM analysis of the used composite was
performed. The images revealed that while the hydrogel main-
tained a layered morphology (Fig. S12), significant nanoparticle

agglomeration into larger clusters was observed. This

© 2025 The Author(s). Published by the Royal Society of Chemistry

aggregation likely reduced the effective surface area available
for catalysis. Additionally, partial loss of nanoparticles during
filtration steps may have contributed to the reduced activity.
While the possibility of Ag NP leaching into the aqueous
medium cannot be excluded, a quantitative evaluation of silver
release is required to assess long-term environmental safety, an
aspect identified for future study.

Finally, the dye degradation performance of the Ag NPs/Alg-
Hy system was compared with other reported catalyst systems
(Table S4).°%> The present method, which enables the prepa-
ration of the composite material under mild, ambient condi-
tions, stands out for its operational simplicity, high catalytic
efficiency in aqueous media, and excellent recyclability across
multiple cycles.
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Degradation of dye mixture. To further validate the appli-
cability of our composite material for real-world wastewater
treatment, we investigated its performance in degrading
a mixed dye solution, as actual industrial effluents often contain
multiple dye pollutants.”® A mixture of Congo red (CR, 1.0 mM)
and methyl orange (MO, 1.0 mM) was prepared and treated with
the Ag NPs/Alg-Hy composite. Upon treatment, a distinct colour
change from dark red to colourless was observed, indicating
successful degradation. The decolorization process was moni-
tored via UV-Vis spectroscopy (Fig. 6g), which showed complete
degradation of the dye mixture within 5 minutes under ambient
conditions. The recyclability of the composite was also assessed
for the mixed dye system. The material maintained high cata-
Iytic efficiency (~98%) over 10 consecutive degradation cycles
without significant loss of activity (Fig. 6h). These findings
further support the suitability of the Ag NPs/Alg-Hy composite
for practical wastewater remediation, offering rapid, efficient,
and reusable dye degradation under mild, environmentally
friendly conditions. It is noteworthy that all catalytic experi-
ments were performed under consistent laboratory ambient
conditions, and natural light was found to have no appreciable
effect on the degradation process.

Degradation of real textile wastewater. To evaluate the real-
world applicability of the Ag NPs/Alg-Hy composite, waste-
water samples were collected from a textile industry in Salem,
Tamil Nadu, and used directly in laboratory experiments to
assess the degradation efficiency of the composite material.
Upon treatment with the Ag,O NPs/Alg-Hy composite in the
presence of NaBH,, a rapid colour change from navy blue to
colourless was observed within 5 minutes. The degradation
process was monitored using UV-Vis spectroscopy (Fig. 7a). The
composite material demonstrated good reusability, maintain-
ing approximately 82% degradation efficiency over 10 cycles
(Fig. 7b). These findings highlight the potential of the
composite material as a highly effective, reusable, and
sustainable material for textile wastewater treatment under
ambient condition.

Conclusions

In summary, we have developed a facile, one-pot, ambient-
condition method for the preparation of Ag,O nanoparticle
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(NP)-embedded biopolymer-based hydrogel composite. The
hydrogel matrix (Alg-Hy) was formed in situ through hydrazone
bond formation between aldehyde-functionalized alginate (Alg-
A) and guanidine hydrazine (GH), where GH crosslinked the
alginate chains. Hydrogelation and the properties of hydrogel
was tuneable via acid catalysis. Acidic conditions significantly
accelerated hydrogel formation, while neutral pH led to slower,
uncatalyzed crosslinking. Importantly, the unreacted hydrazine
functionalities within the hydrogel network provided reactive
sites for further functionalization. We demonstrated the in situ
formation of Ag,O NPs within the hydrogel matrix by simply
mixing aqueous solutions of Alg-A, GH, and AgNO;. This elim-
inates the need for external reducing or stabilizing agents,
surfactants, or specialized equipment (e.g., heat, light, or
ultrasound). This templated-growth strategy effectively pre-
vented nanoparticle aggregation and enabled direct preparation
of the composite material at the point of application. Subse-
quent reduction of Ag,O NPs to Ag NPs using aqueous NaBH,
generated a catalytically active composite (Ag NPs/Alg-Hy),
which was employed for the rapid degradation of organic dyes
in water. Model azo dyes such as Congo red (CR), methyl orange
(MO), their mixtures, and textile wastewater sample were effi-
ciently degraded within 5 minutes. The composite also exhibi-
ted excellent reusability over multiple degradation cycles
without significant loss of activity.

Overall, this work presents a simple, scalable, and environ-
mentally benign method for fabricating nanoparticles-
embedded hydrogel composite under ambient conditions.
The strategy holds significant promise for environmental
remediation, particularly for dye-laden industrial wastewater,
and could be extended to incorporate various biopolymers and
(non-)metallic nanoparticles for broader applications,
including those in resource-limited settings or biomedical
contexts.
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