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Abstract

Multifunctional hybrid spheres were developed via ionic gelation, using sodium algi-
nate as an encapsulating matrix to integrate TiO,, Fe3O;, activated carbon, hypochlorite-
impregnated clinoptilolite zeolite, and metallic copper, followed by chitosan coating and
glutaraldehyde cross-linking to enhance mechanical stability. The material combines photo-
catalytic, adsorbent, antimicrobial, and magnetic functions in a single system, expected to
support partial treatment of contaminated water. X-ray diffraction confirmed the expected
crystalline phases with no impurities. Physicochemical evaluation showed reductions
in turbidity (1.8 to 0.7 NTU), total hardness (306 to 150 mg/L), iron (0.4 to 0.01 mg/L),
and lead (<0.001 mg/L), while free residual chlorine remained within permissible limits.
Microbiologically, fecal coliforms decreased from 83 to <1.5 CFU/100 mL and total col-
iforms from 839 to 19 CFU/100 mL. Photocatalytic activity, evaluated using methylene
blue, showed an absorbance decrease from 0.38 to 0.17 A.U. over 4 h, corresponding to a
blank-corrected removal of 95.5% relative to clean water, fitted to a pseudo-first-order ki-
netic model (R? = 0.8868). These results demonstrate a synergistic effect among adsorption,
photocatalysis, disinfection, and magnetic recovery, positioning the hybrid spheres as a
promising alternative for sustainable water treatment technologies.

Keywords: multifunctional hybrid spheres; ionic gelation; sodium alginate; photocatalysis;
water treatment

1. Introduction

Access to safe drinking water remains one of the principal challenges for sustainable
development and public health. According to the World Health Organization (WHO) and
UNICEE, around 2.2 billion people lack access to safely managed drinking water services,
while the growing discharge of domestic and industrial wastewater increases the presence
of organic contaminants, pathogenic microorganisms, heavy metals, and microplastics,
among other emerging contaminants in bodies of water [1-3]. This situation has driven the
development of more efficient water purification technologies capable of simultaneously
addressing chemical and microbiological contamination problems. Among the most widely
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used technologies are adsorption, heterogeneous photocatalysis, ion exchange, chemical
disinfection, and magnetic separation processes. However, most of these methods act
on only one specific type of contaminant; this situation implies the implementation of
numerous consecutive treatment stages, increasing operational costs and making recovery
of the materials used more difficult [4]. As a result, in recent years there has been growing
interest in the development of multifunctional hybrid materials capable of integrating
different removal mechanisms within a single structure [5]. Hybrid materials based on
biodegradable polymer matrices represent one of the most promising strategies for this
purpose. Particularly, sodium alginate has been widely used as an encapsulating material
due to its biocompatibility, low cost, ease of processing through ionic gelation, and high
capacity to immobilize functional particles without significantly affecting their activity [6].
Encapsulating active materials within alginate matrices makes it possible to obtain systems
that are easily recoverable, reusable, and pose a lower risk of nanoparticle release into
the environment [7,8]. Among the functional materials most widely used for water treat-
ment, titanium dioxide (TiO;) remains the reference photocatalyst due to its high chemical
stability, low toxicity, and ability to generate reactive oxygen species under irradiation,
promoting the degradation of dyes, organic contaminants, and microorganisms [9,10]. In
parallel, magnetite (Fe;O4) has attracted considerable interest in its magnetic properties,
which allow efficient recovery of the material through the use of external magnetic fields,
reducing losses during operation and facilitating its reuse [11-13]. Activated carbon, for
its part, remains one of the most efficient adsorbents owing to its high surface area and
abundance of micropores, which enable the retention of organic compounds, dyes, pharma-
ceutical residues, and several emerging contaminants [14,15]. Furthermore, natural zeolites,
particularly clinoptilolite, exhibit high ion-exchange and adsorption capacity and are used
to remove heavy metals [16,17] and to incorporate antimicrobial agents through cationic
exchange or chemical impregnation processes [18]. The incorporation of antimicrobial
materials constitutes another relevant aspect of modern water treatment systems. Metallic
copper (Cu) has been extensively studied for its antimicrobial properties, attributed mainly
to the gradual release of Cu*™ and Cu?" ions in aqueous media, as well as to the genera-
tion of reactive oxygen species that can cause oxidative damage to the cell membranes,
proteins, and genetic material of various pathogenic microorganisms [19,20]. Owing to
these characteristics, copper has been used in disinfection and microbiological control
applications, contributing to the inactivation of bacteria, viruses, and other microorganisms
present in water. Similarly, the use of hypochlorite supported on porous materials such
as zeolites represents an alternative for prolonging the release of disinfecting agents and
reducing the direct consumption of chemical products during treatment [21]. To improve
the mechanical stability of alginate matrices, several studies have reported using chitosan
coatings cross-linked with glutaraldehyde. This system increases the structural strength of
the beads, reduces the loss of active particles during operation, and considerably improves
their reusability over multiple treatment cycles [22,23]. In addition, both alginate and
chitosan are biodegradable biopolymers, which favors the development of environmentally
sustainable materials. While numerous studies have individually evaluated photocatalytic,
adsorbent, magnetic, or antimicrobial materials, few studies to date have focused on inte-
grating all of these mechanisms within a single reusable hybrid system that simultaneously
combines photocatalytic degradation, adsorption, disinfection, and magnetic recovery.
The development of this type of material represents a promising strategy for simplifying
treatment processes, increasing the general efficiency of the system, and reducing the costs
associated with operating and recovering the material. In this context, the present study
proposes the development of multifunctional hybrid spheres obtained through ionic gela-
tion of sodium alginate, incorporating TiO,, Fe3Oj, activated carbon, hypochlorite-loaded
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clinoptilolite zeolite, and Cu as functional materials. The spheres are subsequently coated
with chitosan and cross-linked with glutaraldehyde to improve their mechanical stability
and reusability. It is expected that the synergistic combination of adsorption, photocatalysis,
ion exchange, antimicrobial activity, and magnetic separation mechanisms will enable the
development of a biodegradable, reusable, and low-cost material with high potential for
applications in water treatment and sanitation.

2. Materials and Methods
2.1. Manufacturing of Multifunctional Spheres

The multifunctional beads were synthesized through an ionic gelation process us-
ing sodium alginate (Alday Ingredientes, Puebla, México) as the encapsulating matrix
to integrate materials with photocatalytic, adsorbent, antimicrobial, and magnetic prop-
erties. Beforehand, 0.10 g of natural clinoptilolite-type zeolite (10 pum, 99%, Mexsert SA,
Aguascalientes, Mexico) was washed with distilled water to remove impurities and sub-
sequently impregnated in 50 mL of a 2% sodium hypochlorite (Sigma-Aldrich, St. Louis,
MO, USA) solution for 2 h. At the end of this process, the zeolite was drained to preserve
the disinfecting agent adsorbed within its porous structure. For the preparation of the
polymeric matrix, 0.60 g of sodium alginate was dissolved in 25 mL of distilled water
under constant stirring until a homogeneous solution was obtained, which was left to
hydrate for 30 min. Subsequently, 0.10 g of TiO; (5 um, 99.9%, Sigma-Aldrich, St. Louis,
MO, USA), 0.06 g of Fe3O4 (5 um, 99.9%, Sigma-Aldrich, St. Louis, MO, USA), 0.15 g
of activated carbon, 0.10 g of hypochlorite-impregnated zeolite, and 0.02 g of metallic
copper (~1 pm, 99.9%, SkySpring Nanomaterials, Inc. Houston, TX, USA) were gradually
incorporated, homogenizing the suspension until a uniform distribution of the materials
was achieved. The resulting mixture was transferred to a syringe and added dropwise into
100 mL of a 2% (w/v) CaCl, (Sigma-Aldrich, St. Louis, MO, USA) solution, where immedi-
ate gelation of the alginate occurred, forming spheres, which remained in the solution for
7 min to complete cross-linking and were subsequently washed with distilled water. The
obtained spheres were coated by immersion in a 0.1% chitosan (Encapsuladoras México,
CDMX, México) solution prepared in 1% acetic acid for 5 min under gentle stirring and
were then subjected to treatment with 0.05% glutaraldehyde for 5 min in order to increase
their mechanical stability. Finally, the spheres were rinsed twice with distilled water to
remove residues of the cross-linking agent, dried at room temperature (35-40 °C), and
stored in airtight containers protected from moisture and light until subsequent charac-
terization and evaluation. Figure 1. Presents a schematic illustration of the preparation
route for multifunctional hybrid spheres composed of TiO,, Fe304, Cu, activated carbon,
and hypochlorite-loaded zeolite. The synthesis procedure includes precursor preparation,
powder mixing, incorporation into a sodium alginate matrix, ionic gelation in a CaCl,
solution, chitosan coating, glutaraldehyde crosslinking, and final drying to obtain the
multifunctional composite spheres.
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Figure 1. Production process for multifunctional spheres.

Figure 2a shows the multifunctional hybrid spheres produced by the ionic gelation
process developed in this study for the partial treatment and sanitation of contaminated
water. The particles exhibit an approximately spherical morphology, a relatively uniform
size, and good structural integrity, features that facilitate their handling, recovery, and
reuse over five treatment cycles. Nevertheless, a partial decline in their water-cleaning
effectiveness was observed as the reuse cycles progressed. The formation of a solid,
stable matrix confirms the viability of the encapsulation method for integrating adsorbent
(activated carbon and zeolite), photocatalytic (TiO,), antimicrobial (Cu and hypoclorite),
and magnetic (Fe3O,4) components into a single hybrid system. This provides a promising
platform for sustainable water treatment technologies. Figure 2b presents a schematic of
the sphere’s interior, illustrating its constituent components.

Sphere structure (b)

TiO2
(Photocatalysis)

. Fe3O4
(Magnetic separation)

Activated carbon
‘ (absorption of
contaminants)

o+ Zeolite-C10™
“* (adsorption + controlled
release of hypochlorite)

@ Copper (Cu)
(microbial activity)

Alginate matrix
(biocompatible scaffold)

Figure 2. Multifunctional hybrid spheres. (a) Hybrid spheres and (b) interior of hybrid spheres.

2.2. Powder Characterization

Before encapsulation with chitosan, the particle size distribution of the homogenized
powders was determined by laser diffraction using a Mastersizer 2000 (Malvern Panalyti-
cal, Almelo, The Netherlands). Powder morphology was examined by scanning electron
microscopy (SEM) with a JEOL 6300 microscope (Akishima, Tokyo, Japan). Crystalline
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structure was analyzed by X-ray diffraction (XRD) using a Bruker D8 Advance diffrac-
tometer (Billerica, MA, USA), with data collected over a 20 range of 10-100°, a step size
of 0.016°, and a counting time of 10 s per step. Diffraction patterns were analyzed using
X'Pert HighScore Plus software (version 2.2b).

2.3. Absorbance Measurements

Optical absorbance measurements were performed using a compact CCD spectrometer
(Thorlabs CCS200, Newton, NJ, USA) with a deuterium lamp as the UV-Vis light source,
operating over the 200-1000 nm wavelength range. The UV-Vis spectrum recorded in
transmission of distilled water in a standard quartz cuvette (10 mm optical path length) was
first recorded as the reference, followed by acquisition of the UV-Vis spectrum recorded in
transmission of multifunctional sphere suspensions in distilled water using identical quartz
cuvettes. Absorbance values were then calculated from the reference and sample spectra
using the spectrometer software. The photocatalytic activity of multifunctional spheres was
evaluated by monitoring the degradation of methylene blue (MB), used as a model organic
pollutant, under solar irradiation for 5 h, every day in March, from 9:00 a.m. to 2:00 p.m.,
23°44’ N, 99°08’ W. The experiments were carried out in a glass beaker containing 200 mL
of distilled water, 5 g of the multifunctional spheres, and 0.05 mL (0.25 mg/L) of methylene
blue. The suspension was magnetically stirred at 400 rpm throughout the experiment.
Aliquots were collected at 60 min intervals to monitor the degradation kinetics and assess
water decontamination efficiency. Before irradiation, the spheres were kept in contact with
the MB solution in the dark for 1 h to allow the adsorption—desorption equilibrium to
be established.

2.4. Microbiological Test

Microbiological analyses were performed at 0 and 150 min in accordance with the
applicable Mexican standards [24] to evaluate the effect of the photocatalytic material on
water decontamination (methylene blue was not used in these experiments). Water samples
collected before and after treatment were stored under refrigerated conditions (5 £ 2 °C)
and protected from light to preserve sample integrity. In addition, water hardness was
determined in accordance with Mexican standard NMX-A A-072-SCFI-2001 [25], and iron
content was determined in accordance with standard NMX-AA-051-SCFI-2016 [26]. All
water analyses were conducted within 1 h of sample collection.

Figure 3 shows the experimental setup used to evaluate the performance of the multi-
functional hybrid spheres in the partial treatment and sanitation of contaminated water.
The system consisted of a 1000 mL beaker equipped with a magnetic stirring plate, which
maintained constant agitation and promoted contact between the spheres and the con-
taminants in the aqueous medium. The tests were carried out using methylene blue as
a model contaminant to evaluate photocatalytic activity, as well as stagnant water and
water with a microbiological load to analyze the material’s adsorption and disinfection
capacity. Incorporating magnetite (Fe3Oy) into the alginate matrix allowed the spheres to
be recovered using an external magnetic field at the end of each trial, facilitating separation
from the liquid medium and potential reuse in subsequent cycles. This experimental setup
enabled controlled laboratory conditions to evaluate the overall response of the hybrid
system and the synergistic interaction among the adsorption, photocatalysis, disinfection,
and magnetic recovery processes.
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Figure 3. Scale-model prototype of water treatment using photocatalytic spheres under
laboratory conditions.

3. Results
3.1. Particle Size

Figure 4 shows the particle size distribution of the powder, with the red lines indicating
the corresponding quartiles. The particles exhibit a size range of approximately 1-50 pm,
with a median particle size of about 10 um. About 50% of particles fall between 1 and
10 pm, while the remaining 50% range from 10 to 50 um. The distribution also indicates that
approximately 25% of the particles have sizes below 5 pm, while another 25% exceed 20 pm.
These results indicate a relatively broad particle size distribution, with a predominance of
particles in the micrometer range. However, the larger particles (>10 um) may result from
agglomeration during processing or incomplete powder dispersion.
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Figure 4. Particle size distribution.
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3.2. Powder Morphology

Figure 5 presents scanning electron microscopy (SEM) micrographs of the mixed
powders (zeolite, Cu, TiO,, Fe304, and C) at different magnifications. The micrographs
reveal that the primary particles exhibit a predominantly spherical to irregular morphology,
with a broad particle size distribution ranging from approximately 1-2 pm to over 20 pm.
This heterogeneity in particle size is consistent with the multi-component nature of the
powder mixture, where each constituent phase retains its characteristic size range. A
notable degree of particle agglomeration is also observed, which can be attributed to
two main factors: (i) the intrinsically high surface energy of the fine particles, which
promotes cohesive interactions to minimize surface free energy, and (ii) the presence of
Cu species, which appear to enhance interparticle interactions and may induce localized
bridging effects between adjacent particles. This agglomeration behavior is particularly
relevant for subsequent processing steps, as it can influence powder flowability, packing
density, and the homogeneity of the final consolidated material.

10.0kV 10.0mm x1.50k

Figure 5. SEM micrographs of mixed powders (zeolite, Cu, TiO,, Fe30,, and C) at different magnifications.

3.3. Mappings

Figure 6 presents the elemental mapping of the mixed powders (zeolite, Cu, TiO,
Fe;04, and C) that were placed inside the hybrid spheres. The maps clearly reveal the
characteristic signals of all chemical elements comprising the powder mixture, confirming
that its fundamental chemical composition is preserved after the modification process.
Oxygen signals are consistently observed together with the metallic elements (Ti, Fe, K,
Ca, Mg, Al), indicating the oxide nature of these components. Additionally, Cu is detected
outside the oxide-rich regions. The images show a homogeneous spatial distribution of all
elements throughout the mixture. Furthermore, the absence of additional elemental signals
indicates that no significant impurities were introduced during synthesis, supporting the
chemical purity of the composite. The elemental maps also reveal a strong spatial correlation
between the different metals and oxygen, consistent with the expected stoichiometry of the
oxide phases, while the Cu signal appears to be finely and uniformly distributed rather than
localized in discrete clusters, a desirable feature for enhancing surface-related properties
such as photocatalytic activity. Complementary Energy-Dispersive X-ray Spectroscopy
(EDS) spectra reinforce these findings, displaying the characteristic peaks of the constituent
elements, thereby confirming the formation of a composite system.
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Figure 6. EDS element distribution maps of mixed powders (zeolite, Cu, TiO,, Fe304, and C).
3.4. X-Ray Diffraction Analysis of Powders

The powder mixture was homogenized in a porcelain mortar and then character-
ized by X-ray diffraction (XRD) to confirm the presence of the crystalline phases of the
components selected for the manufacture of the multifunctional spheres. The resulting
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diffractogram is shown in Figure 7. As shown, the reflections corresponding to graphite,
copper, zeolite, magnetite, and TiO, were clearly identified. No additional peaks associated
with secondary phases or impurities were observed, confirming that the mixture contains
the expected crystalline phases and has a composition suitable for incorporation into the
multifunctional spheres.

T
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Figure 7. X-ray diffraction pattern of the powder mixture to be incorporated into the microspheres.

3.5. Physicochemical and Microbiological Results

To evaluate the overall performance of the developed multifunctional hybrid system,
physicochemical, microbiological, and spectroscopic analyses were conducted before and
after treatment of contaminated water with the photocatalytic spheres (methylene blue was
not used in these experiments). These tests determined the material’s capacity to remove
contaminants, improve water quality, and reduce the microbiological load. The results
presented in Table 1 showed a significant improvement in the quality of the treated water.
From a physicochemical standpoint, a substantial decrease in turbidity was observed,
indicating efficient removal of suspended particles and colloidal matter. Likewise, the
reduction in total hardness suggests partial adsorption of the ions responsible for this pa-
rameter, while the decrease in iron and lead concentrations confirms the system'’s ability to
immobilize and remove potentially toxic metals through combined surface adsorption and
ion-exchange mechanisms, favored by the presence of activated carbon and clinoptilolite.
On the other hand, the free residual chlorine concentration remained within acceptable
limits throughout the treatment process, demonstrating that the calcium hypochlorite-
impregnated clinoptilolite acted as a controlled-release system for the disinfectant. This
behavior is favorable, as it maintains a continuous bactericidal effect without generating ex-
cessive chlorine concentrations that could affect water quality or promote the formation of
disinfection by-products. The microbiological results showed a highly significant reduction
in fecal coliforms (Escherichia coli), with concentrations falling below the detection limit
of the analytical method used. This behavior demonstrates the high disinfecting efficacy
of the hybrid system, attributable to the synergistic effect between the oxidizing action
of the gradually released chlorine, the photocatalytic activity of TiO, under irradiation,
and the antimicrobial properties of the copper incorporated into the matrix. These results
demonstrate that the multifunctional hybrid spheres constitute a promising alternative for
water treatment, combining adsorption, photocatalysis, and disinfection processes within a
single material. The complementary action of their components enabled the simultaneous
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reduction in physical, chemical, and biological contaminants, evidencing a synergistic effect
that improves the overall efficiency of the system.

Table 1. Results of physicochemical and microbiological analyses of treated and untreated water.

Maximum Allowable

Parameter Before Treatment After Treatment Limit (NOM)
pH 8.1 7.2 6.5-8.5
Turbidity 1.8 NTU 0.7 NTU 3.0NTU
Total hardness (CaCO3) 306 mg/L 150 mg/L 300 mg/L
Iron (Fe) 0.4mg/L 0.01 mg/L 0.30 mg/L
Lead (Pb) 0.003 mg/L <0.001 mg/L 0.01 mg/L
Free residual chlorine 1.1mg/L 0.4mg/L 0.2-1.5mg/L
Fecal coliforms 83 CFU/100 mL <15 CFU/100 mL absence
(E. coli)
Total coliforms 839 CFU/100 mL 19 CFU/100 mL absence

NOM (Mexican official standard by its Spanish acronymes).

3.6. Analysis of Absorbance

Figure 8 presents the linear optical intensity spectra obtained using a Thorlabs optical
spectrum analyzer (OSA) for clean water, water contaminated with methylene blue, and
samples subjected to different treatment times with the multifunctional hybrid pheress.
The spectrum of clean water, with an absorbance of approximately 0.16 A.U., was used
as a reference to establish the optical behavior of the medium without contaminant. By
comparison, the contaminated sample showed an initial absorbance of 0.38 A.U., indicating
the presence of methylene blue and lower UV-Vis spectrum recorded in transmission of
optical radiation through the medium. As the treatment time increased, a progressive
decrease in absorbance was observed. After 1, 2, 3, and 4 h, the recorded values were
0.33, 0.26, 0.20, and 0.17 A.U., respectively. This trend indicates a gradual reduction in
the concentration of methylene blue present in the water, since, under conditions where
the Beer-Lambert relationship holds, absorbance is proportional to the concentration of
the absorbing species. The decrease in absorbance was particularly significant during the
first three hours of treatment. Comparing the initial value of 0.38 A.U. with the value
obtained after 4 h (0.17 A.U.), a reduction of approximately 55.3% of the initial absorbance
is observed. Likewise, the final value is very close to that of clean water (0. 0.16 A.U.),
differing by only 0. 01 A.U. This behavior indicates that, after 4 h, the system achieved
considerable recovery of the water’s optical characteristics. The greatest decrease occurred
between 1 and 3 h, when absorbance dropped from 0. 33 to 0. 20 A. U. Subsequently,
between 3 and 4 h, the decrease was less pronounced, from 0. 20 to 0. 17 A.U., suggesting
a tendency toward stabilization of the process. This behavior may be associated with the
progressive decrease in the concentration of the contaminant available in the medium and
with the occupation of the active adsorption sites present on the spheres. Additionally, as
the methylene blue concentration decreases, fewer molecules are available to participate
in the photocatalytic processes. In terms of optical removal, the results demonstrate that
the multifunctional hybrid spheres exhibit a significant capacity to reduce the presence of
methylene blue in water. The decrease in absorbance can be attributed to the combined
action of adsorption and photocatalytic mechanisms, in which the functional components
of the spheres initially promote contaminant capture and subsequently facilitate its trans-
formation through photocatalytic processes. It is important to note that the decrease in
absorbance provides evidence of the removal and/or transformation of the species re-
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sponsible for the coloration; however, it does not, by itself, demonstrate the complete
mineralization of methylene blue. Therefore, to confirm the complete degradation of the
contaminant and determine the possible formation of intermediate products, it would
be advisable to complement these results with additional analytical techniques. Overall,
the results show a favorable treatment trend, characterized by a continuous decrease in
absorbance from 0. 38 to 0. 17 A. U,, reaching a value very close to that of clean water after
4 h. This confirms that the developed hybrid spheres have a positive effect on reducing the
model contaminant and promoting the recovery of the water’s optical properties.

—— Oh
0.4 A ——1h
2h
—— 3h
4h
pure water

Intensity (A.U)

500 520 540 560 580 600 620 640 660 680 700 720 740
Absorbance (nm)

Figure 8. Trend in the sample’s absorbance spectra (A.U.), showing the gradual decrease in the
contaminant peak centered at 660 nm.

Using the absorbance data presented in Figure 8, Table 2 was constructed to quantify
the apparent concentration or the decrease in absorbance relative to the initial value,
considering that an absorbance of 0.16 A.U. corresponds to clean water. Since clean
water exhibits an absorbance of 0.16 A.U., the most appropriate approach is to correct the
absorbance values for the blank before calculating (C/Cy). Table 3 presents the corrected
absorbance as a function of the initial value of water absorbance.

Table 2. Absorbance data for each time and apparent concentration with respect to the initial value.

Time (h) Absorbance Decrease Compared to 0 h
0 0.38 0%
1 0.33 13.2%
2 0.26 31.6%
3 0.20 47 4%
4 0.17 55.3%
Clean water 0.16 —

https:/ /doi.org/10.3390/suschem7040064
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Table 3. Corrected absorbance as a function of the initial value of water absorbance.
Corrected
Time (h) Abf‘zrg“)nce Absorbance (CICy) Re:{,‘/")"al
e (A¢ - 0.16) ?
0 0.38 0.22 1.000 0.0
1 0.33 0.17 0.773 22.7
2 0.26 0.10 0.455 54.5
3 0.20 0.04 0.182 81.8
4 0.17 0.01 0.045 95.5
According to Beer—Lambert’s law:
£ . A — Ap
Co Ao—Ap

where
At = absorbance at time t
Ay = initial absorbance = 0.38 A.U.
Ay, = clean water absorbance = 0.16 A.U.
Therefore:
Ag — A, =0.38 — 0.16 =0.22
C/Cy calculation
Thus, after 4 h of treatment, the result is

C/Cy=0.045
and the relative removal calculated from the corrected absorbance is
Removal = 95.5%

This is considerably more representative than the 55.3% obtained by directly compar-
ing the absorbances without correcting for the blank.

Although the absorbance decreased from 0.38 to 0.17 A.U. during the treatment, the
final value was very close to that of the clean-water blank (0.16 A.U.). Therefore, after
correcting the measurements by subtracting the clean-water background, the absorbance
attributed to methylene blue decreased from 0.22 to 0.01 A.U., corresponding to an approx-
imate 95.5% reduction. Accordingly, the (C/Cy) ratio, calculated from the blank-corrected
absorbance values, decreased progressively throughout the treatment, confirming the effec-
tive removal of methylene blue from the aqueous solution. The (C/Cy) value decreased
from 1.00 at the beginning of the treatment to 0.773, 0.455, 0.182, and 0.045 after 1, 2, 3, and
4 h, respectively. Consequently, after 4 h of treatment, an approximate 95.5% reduction in
the apparent methylene blue concentration was achieved. This behavior confirms the high
capacity of the multifunctional hybrid spheres to remove the model pollutant through the
combined effects of adsorption and photocatalysis.

3.7. Kinetic Absorbance

The temporal evolution of methylene blue (MB) absorbance under solar irradiation
is shown in Figure 9. A pronounced decrease in absorbance was observed, from approxi-
mately 0.22 A.U. initially to 0.01 A.U. after 4 h, indicating a substantial reduction in MB
concentration during the treatment. The experimental data were well fitted by an expo-
nential decay function (y = 0.314e~076%; R? = 0.8868), indicating that the degradation rate
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was higher during the initial stages and decreased with irradiation time. This behavior
can be attributed to the photocatalytic activity of TiO, and the contribution of metallic Cu,
which can promote charge separation and the generation of reactive oxygen species, mainly
eOH and O,e™. These species favor the oxidation and transformation of MB molecules at
the surface of the hybrid spheres. The residual absorbance observed at longer irradiation
times suggests the possible formation of intermediate oxidation products, indicating that
although MB removal was significant, complete mineralization may require longer treat-
ment times. Overall, the results demonstrate the effectiveness of the hybrid spheres for the
solar-assisted degradation of MB in aqueous media.
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Figure 9. Degradation kinetics of the contaminant at 660 nm fitted to the pseudo-first-order exponen-
tial model (A = 0.314e~0763t RZ = 0.8868).

Figure 10 shows the visual appearance of the contaminated water sample before
treatment (0 min), with 0.10 mL of methylene blue added as an indicator compound to
qualitatively evaluate the adsorption and degradation capacity of the multifunctional
hybrid system. The intense blue coloration initially observed confirms the presence of the
dye in solution and provides a reference for assessing treatment efficiency. After 4 h of
treatment with the multifunctional hybrid spheres, a noticeable decrease in the intensity of
the blue coloration is observed, accompanied by increased water transparency. This visual
change suggests the removal and degradation of methylene blue through the synergistic
action of the adsorption mechanisms provided by activated carbon and zeolite, together
with the photocatalytic activity of TiO,, which promotes the oxidation of the organic
compounds present in the solution. The visual results were consistent with the laboratory
analyses, which confirmed a significant improvement in the quality of the treated water. An
approximate reduction of 98% in total coliforms and greater than 95% in fecal coliforms was
achieved, along with reductions of 61% in total hardness and 97.5% in iron concentration.
These results demonstrate that the hybrid system is not only capable of degrading visible
organic pollutants but also of removing microorganisms indicative of fecal contamination
and reducing inorganic species present in the water.
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Figure 10. (a) Water contaminated with methylene blue before treatment. (b) Water after 4 h of
exposure to sunlight in the presence of the multifunctional hybrid system.

As shown in Figure 11, the spheres were successfully recovered after treatment. The
magnetite (Fe3Oy) incorporated into their composition imparts magnetic behavior, allowing
rapid separation from the aqueous medium under an external magnetic field. This facilitates
recovery of the material, suggesting potential for reuse in successive cycles. The black
color of the spheres is attributable to their magnetite content. Each sphere measures
approximately 3 mm in diameter, a size that balances ease of magnetic recovery with
sufficient surface area for water sanitization.

’ 1cm

Figure 11. Magnetic recovery of multifunctional hybrid spheres using an external magnet after
photocatalytic treatment.

4. Discussion

The integration of TiO,, Fe3Oy, activated carbon, hypochlorite-impregnated clinoptilo-
lite zeolite, and metallic copper into an alginate-chitosan matrix produced a multifunctional
system with synergistic performance. X-ray diffraction confirmed that the crystalline phases
of each original component were preserved without impurities, validating the feasibility of
the encapsulation method. Regarding physicochemical removal, the reductions in turbidity
(61%) and iron (97.5%) are attributable to the combined action of activated carbon and
zeolite as adsorbents and ion exchangers. This performance aligns with reports for natural
clinoptilolite, where iron removal rates of up to 95.4% [27] and efficiencies of 95-99% for
heavy metals have been documented when the zeolite is combined with other materi-
als [28,29]. Free residual chlorine remained within the regulatory range, validating the
controlled-release design of the hypochlorite impregnated into the zeolite. However, the
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hypochlorite will eventually be depleted and cease to be effective; the maximum number of
cycles for the spheres was 5, which is consistent with similar studies [30]. Microbiological
efficacy (fecal coliforms below the limit of detection) results from the combined action of
chlorine oxidation, reactive species generated by TiO,, and the bactericidal effect of copper.
This finding is consistent with previous studies in which alginate beads loaded with 4%
Cu inactivated 99.97% of bacteria in 90 min, compared with only 44.2% for free, dispersed
copper [31], suggesting that immobilization in a polymer matrix enhances the antimicrobial
effect compared with free metal. For photocatalytic degradation, the pseudo-first-order
kinetic fit (R? = 0.8868) and the corrected removal rate of 95.5% in 4 h are competitive
with other supported TiO, systems: TiO,/alginate spheres have achieved up to 98% in
180 min [32,33], whereas TiO, /SBA-15 composites achieved only 67% in 90 min [34]. TiO,
spheres in polysulfone-alginate have shown greater long-term stability, maintaining >99%
degradation over 25 cycles [35], suggesting room for improvement in the durability of
the system developed here. Correcting the absorbance relative to the clean water blank
was key to avoiding underestimation of the actual efficiency (55.3% uncorrected vs. 95.5%
corrected). However, the decrease in absorbance alone does not confirm complete min-
eralization; therefore, it is recommended to supplement the analysis with HPLC, TOC,
or mass spectrometry. Finally, the incorporation of Fe3O, enabled the magnetic recovery
of the spheres, an advantage over the TiO, /alginate or zeolite systems reported in the
literature, which typically rely on filtration or centrifugation. Unlike comparative studies
that focus on a single mechanism, the system developed integrates adsorption, photocatal-
ysis, disinfection, and magnetic recovery into a single reusable platform, which explains
the observed synergistic effect and positions it as a promising alternative for sustainable
water treatment.

5. Conclusions

A multifunctional hybrid sphere system was successfully developed through ionic
gelation, using sodium alginate as an encapsulating matrix to incorporate TiO,, Fe3Oy,
activated carbon, hypochlorite-impregnated clinoptilolite zeolite, and metallic copper, with
a chitosan coating and cross-linking with glutaraldehyde. The process yielded spheres
with uniform morphology and good structural integrity, confirming the feasibility of
encapsulating multiple functions in a single material.

O  X-ray diffraction confirmed that the crystalline phases of all components were pre-
served during the manufacturing process, with no evidence of impurities or secondary
phases, ensuring that the individual functional properties (photocatalysis, magnetism,
adsorption, antimicrobial activity) remain available within the polymer matrix.

O  The system demonstrated a significant ability to improve the physicochemical quality
of the water, with substantial reductions in turbidity (61%), total hardness (61%), iron
(97.5%), and lead, while maintaining free residual chlorine within regulatory limits
thanks to the controlled-release design of the hypochlorite impregnated in the zeolite.

O  Highly effective microbiological disinfection was achieved, with fecal coliforms re-
duced to below the limit of detection and total coliforms reduced by approximately
98 percent, a result attributable to the synergistic action of gradually released chlo-
rine, reactive oxygen species generated by TiO,, and the intrinsic bactericidal effect
of copper.

O  The photocatalytic activity against methylene blue, as a model contaminant, showed
an actual removal rate of 95.5% in 4 h (corrected for the clean water blank), with a satis-
factory kinetic fit to a pseudo-first-order model (R? = 0.8868), representing competitive
performance compared to supported TiO, systems reported in the literature.
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O The incorporation of Fe3O4 enabled the magnetic recovery of the spheres at the end
of each treatment cycle, addressing a common operational limitation in powdered
adsorbent and photocatalytic materials and opening up the possibility of reuse in
subsequent treatments.

O As alimitation, the decrease in absorbance indicates the removal or transformation
of the model dye, but does not in itself confirm its complete mineralization. For
future work, it is recommended to supplement the characterization with additional
analytical techniques (HPLC, total organic carbon, mass spectrometry) to identify
possible degradation byproducts, as well as to evaluate the stability and reusability of
the material over multiple treatment cycles.
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