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ABSTRACT

This study presents the synthesis and characterization of spherical hydrogel
materials based on alginate cross-linked with Ca®* cations, with particle
diameters ranging from 0.20 to 0.25 cm. The structural properties of the
synthesized materials were evaluated using X-ray diffraction, scanning
electron microscopy (SEM), energy-dispersive X-ray mapping (EDX-
mapping), Fourier-transform infrared spectroscopy (FT-IR), and Brunauer-
Emmett-Teller (BET) surface area analysis. The water vapor adsorption
capacity of the Alginate/CaCl, hydrogel spheres reached 220 — 270 wt%
relative to the dry weight, depending on ambient humidity conditions, with
equilibrium sorption capacity reaching 80% of the saturation value within 4
hours. Furthermore, the material demonstrated excellent regeneration
capability at 140°C, maintaining 80-90% of its original sorption capacity after
3 cycles regeneration cycles. These results indicate the potential of alginate-
based hydrogel spheres as efficient and recyclable sorbents for sustainable
atmospheric water harvesting applications.

Introduction

gradually overcoming the drawbacks of durability and
regenerability found in traditional materials [5,6].
Among them, alginate, a natural polysaccharide, is an

Atmospheric water harvesting (AWH) has emerged as a
promising technology for freshwater production,
particularly valuable for remote, arid regions and for
marine emergency applications [1]. Current AWH
systems rely on various moisture-adsorbing materials,
including metal-organic frameworks (MOFs), zeolites,
and hygroscopic salt-containing hydrogels [2-4].
However, these materials often face limitations in terms
of regeneration efficiency and cycling stability [1].

In this context, hydrogel materials have emerged as a
superior solution. With their three-dimensional cross-
linked polymer networks capable of holding vast
amounts of water (up to 90% by weight), hydrogels
possess unique properties such as swelling-deswelling,
superabsorption, and responsiveness to external stimuli,
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ideal candidate. The structure of Alginate, composed of
interconnected B-D-mannuronic (M) and a-L-guluronic
(G) blocks, allows it to form cross-links with divalent or
trivalent metal cations.

The gelation mechanism of alginate with calcium ions
(Ca®*)is of particular interest and is widely described by
the "Egg-box model" [7]. According to this model, Ca®*
ions act as bridges, selectively binding to the guluronic-
rich blocks (G-blocks) of different Alginate chains. This
coordination creates a stable three-dimensional
structure, imparting the material with both necessary
mechanical strength and flexibility. The Ca®" ions from
the salt CaCl, are also potent hygroscopic agents
themselves, promising a synergistic effect that both
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enhances the system's water-absorbing capacity and
stabilizes the hydrogel bead structure [8,9]. Theoretical
studies have also indicated that factors such as the ionic
radius and valence of the cations can influence the cross-
linking density and the structure of the gel network [10,11].
More recently, molecular dynamics simulations have
highlighted the importance of water-polymer interactions
in determining the gel's properties [12].

Despite the recognized potential of the Alginate/CaCl,
system, a systematic investigation into the effect of CaCl,
concentration on the morphology, structure, and
especially the water harvesting performance of the
hydrogel beads remains limited. Therefore, this study
focuses on the synthesis of spherical Alginate/CaCl;
hydrogel beads with varying CaCl, contents. The
properties and morphology will be characterized and
their moisture sorption capabilities will also be evaluated
under atmospheric conditions, aiming to identify the
optimal formulation for atmospheric water harvesting
applications.

Experimental
Materials

Sodium Alginate (alginic acid sodium salt from brown
algae, Merck) and anhydrous calcium chloride (granular,
Merck), which served as the Ca®* ion source for hydrogel
cross-linking, were used. Deionized (DI) water (TDS < 5)
was used as a solvent and for washing. Filter paper (@
110 mm) was purchased from Whatman Ltd. (UK). All
chemicals were of analytical grade and used as received.

Methods
Synthesis of Alginate/CaCl, Hydrogel Beads

Sodium Alginate solutions were prepared by dissolving
Alginate powder in DI water to achieve concentrations
ranging from 1% to 5% (w/w), with dissolution assisted
by an ultrasonic bath (Sonics & Materials - VCX500; 500
W, 20 kHz). The cross-linking solutions were prepared
by dissolving CaCly2H,O in DI water to obtain
concentrations ranging from 30 g/100 mL to 80 g/100 mL.

The hydrogel beads were formed by the dropwise
addition of the Alginate solution (at a rate of 3 mL/min)
into a petri dish containing 30 mL of the CaCl, solution.
This process was conducted at room temperature
(approx. 25 °C) with gentle agitation of the petri dish to
ensure the formation of spherical beads and to prevent
agglomeration. After gelation was complete, the
hydrogel beads were collected by filtration and
subsequently washed thoroughly with distilled water
multiple times to remove excess CaCl; from the surface.

Finally, the beads were dried at 140 °C for 24 hours. The
resulting material consisted of light-brown, spherical
beads with a diameter of approximately 0.20-0.25 cm,
which were stored in sealed glass vials to protect them
from moisture (Fig 1).
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Fig 1. Synthesis scheme of the Alginate/CaCl,
composite

Characterization Methods

The phase structure of the materials was identified using
an X-ray diffractometer (XRD, AERIS, Netherlands). The
molecular structure was investigated using a Fourier-
Transform Infrared Spectrometer (FT-IR, Thermo
Scientific - NICOLET iS50). Brunauer-Emmett-Teller
(BET) analysis for surface area and porosity was
conducted on a Tristar Il 3030 plus instrument. The
microstructure of the materials was observed using a
scanning electron microscope (SEM, JEOL JSM-IT200)
equipped with an energy-dispersive X-ray spectroscopy
(EDS) system, operating under an accelerating voltage
of 10 kV.
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The water vapor adsorption capacity and reusability of
the material were evaluated as follows: The dynamic
equilibrium adsorption capacity of the Alginate/CaCl,
composite was investigated at room temperature (25—
27 °C) under two relative humidity (RH) conditions: 60%
and 90%. After each adsorption cycle, the material was
regenerated via thermal treatment at 140 °C for 8 hours.
The process was repeated for three cycles to assess
reusability.

Results and discussion
Optimization of Synthesis Parameters
Effect of Alginate Concentration on Material Morphology

The effect of Alginate concentration on the
microstructure and morphology of the hydrogel beads
was investigated using SEM (Fig 2). For this experiment,
the CaCl; solution concentration was held constant at 60
g/100 mL, while the Alginate solution concentration was
varied from 1% to 5% (w/w).

Alg 1% /

IMS-NKL 50KV 6.0mm x50.0k SE(M)

|MS-NKL 5.0kV 6.7mm 150.0k SEIM

Fig 2: SEM images of Alginate/CaCl, composite

The results show that at a low Alginate concentration
(1%), the material forms a film-like layer with random
cracks and low porosity. As the Alginate concentration
was increased to 2% and 3% the material's surface
transformed significantly into a three-dimensional
structure with numerous pores and cavities. This change
is attributed to the higher concentration of carboxyl
groups provided by the increased Alginate content,
which enhances the cross-linking density between Ca®*
https://doi.org/10.62239/jca.2025.041
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ions and the polymer chains, thereby forming a more
porous network. Notably, the 3% Alginate sample
exhibited a hierarchical structure with optimal porosity,
featuring a system of large, interconnected pores,
channels, and continuous grooves. This morphology is
expected to increase the specific surface area and
adsorption capacity of the material. However, upon
further increasing the Alginate concentration to 4 % and
5% the porous structure collapsed, and the surface
became denser with fewer pores. This is likely due to an
excessively high cross-linking density, which renders the
structure brittle and prone to collapse during the drying
process.

Structural Characterization of Alginate/CaCl> composite

X-ray Diffraction (XRD) Analysis: The XRD pattern of the
optimized sample (Fig 3) displays a broad, featureless
halo at 26 angles below 20°, which is characteristic of
the amorphous nature of the Alginate polymer matrix.
In contrast, a series of sharp diffraction peaks are
observed in the 26 range of 25° to 50°, with prominent
peaks at 29.5°, 32.0°, 45.5°, and 56.5°. These peaks
correspond to the crystalline planes of CaCl, [13]. During
the complete dissolution of CaCl, in deionized (D)
water, Ca’* ions undergo partial hydrolysis, which can
lead to the formation of Ca(OH), after heat treatment.
This phenomenon can explain the appearance of weak,
unusual peaks around 15°, 35°, 40°, and 50° in the XRD
spectra. The high intensity and narrowness of the peaks
indicate that the CaCl, exists in a highly crystalline form.
This result confirms the successful formation of a
composite system, where crystalline CaCl; is dispersed
within an amorphous Alginate matrix.

Alginate/CaCl,
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Fig 3: XRD pattern of Alginate and Alginate/CaCl,
composite

Fourier-Transform  Infrared  (FT-IR)  Spectroscopy
Analysis: The FT-IR spectrum of the material (Fig 4a)
exhibits characteristic absorption bands. A broad band
in the 3400-3500 cm™ region corresponds to the
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vibrations of -OH groups (from Alginate and adsorbed
water molecules). Notably, a peak at 1612 cm™ is
characteristic of the bending vibration of physically
adsorbed water molecules, indicating the material's
strong affinity for moisture, which is primarily due to the
hygroscopic nature of CaCl,. Furthermore, peaks in the
400-600 cm™ region can be attributed to Ca-O bonds
formed during the cross-linking process, confirming the
interaction between calcium ions and the Alginate
chains [14,15].
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Fig 4: FTIR spectrum of Alginate and Alginate/CaCl,
composite

Surface Area (BET) Analysis: The results from the N;
adsorption-desorption isotherm showed that the
specific surface area of the composite material,
calculated using the BET method, is 129 m%/g .

EDX-Mapping analysis: SEM-EDX elemental mapping
(Fig 5a) revealed uniform distribution of oxygen (O Ka1)
and calcium (Ca Kal) across the hydrogel surface,
confirming successful formation of calcium alginate
networks through ionic crosslinking mechanisms
[16]. The sparse distribution of carbon (C Kal_2) and
minimal presence of sodium (Na Kal_2) and chlorine (Cl
KaT) indicated effective ion exchange during gelation,
where Ca®* ions replaced Na* ions in the alginate matrix
[15]. The corresponding EDX spectrum (Figure 5b)
demonstrated characteristic peaks for Cl (~2.6 keV) and
Ca (~3.7 keV), with lower intensity signals for C, O, and
Na, consistent with the chemical composition of calcium
alginate hydrogels formed via the "egg-box" model
crosslinking mechanism [17]. The Ca/Cl peak intensity
ratio and elemental distribution patterns confirmed the
structural integrity and homogeneous  crosslinking
density throughout the alginate/CaCl, hydrogel matrix,
validating successful hydrogel formation through
divalent cation coordination with guluronic acid blocks
in the alginate backbone [18].
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Fig 5: Mapping scan images (a) and EDX data (b) of
Alginate/CaCl,

Water Vapor Adsorption and Regeneration Performance

The water vapor adsorption capacity of the
Alginate/CaCl, composite material was evaluated under
dynamic conditions at two relative humidity (RH) levels:
70% and 90% (Fig 6).
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Fig 6: Water vapor adsorption kinetics of the
Alginate/CaCl, composite at RH 70% and RH 90%,
showing performance during the 1** cycle and after

regeneration

The results indicate that the material's adsorption
capacity is strongly dependent on the ambient humidity.
At 90% RH, the material achieved an equilibrium
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adsorption capacity of around 2.91 g/g, whereas at 70%
RH, the capacity reached 2.58 g/g. Kinetically, the
adsorption process was rapid in the initial phase,
reaching over 80% of its maximum capacity within just
4-5 hours, and approached saturation after
approximately 100 hours.

Table 1: Comparison the water uptake performance of
various AWHs materials.

Water Relative
Type Name uptake  humidity ~ Year
(9/9) (%)
MQOF-808/ 2023
CaCly/Fes0y4 102 7 [21]
UiO-66- 2024
MOFs NH,/C/ LiCl 2.4 90 22]
2023
PCGF-MMOF 0.36 90 23]
2020
Hicsand MO B8 g
derivatives LiCLACFF 36 90 2021
[25]
NIPAM,CNT, 2018
CaCl, 175 80 [26]
AAm,PPy, 154 90 2020
Hydrogel dopamine [27]
yarog AETMA, : - 2021
acetate [28]
Alginate/CaCl 2.91 90 This
> hydrogel 2.58 70 work

Similarly, the reusability of the material was investigated.
After the first regeneration cycle via thermal treatment,
a slight decrease in the material's adsorption capacity
was observed. Specifically, the capacity decreased to
2.79 g/g (a 4.1% reduction) at 90% RH and to 2.20 g/g
(@ 14.7% reduction) at 70% RH. Although the time
required to reach equilibrium did not change
significantly, this loss in capacity can be attributed to
minor alterations in the material's porous microstructure
under thermal stress, or to a partial loss of Ca®* ion
cross-links  during the sorption-desorption process
[19,20]. As discussed, the experimental procedure was
conducted with replicates to calculate the error and
assess the accuracy of the data. An interesting
observation was that the error increased after the
material regeneration process at both humidity levels. In
the 1 cycle, the error ranged from 1.5% to 2.5%, but in
the 2" cycle, the error increased to the range of 2.0%
to 3.5%. This finding suggests that although the
regeneration process achieved relatively high efficiency,
it was not completely thorough. Nevertheless, when
compared to other types of AWHs materials (shown in
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Table 1), the Alginate/CaCl, material demonstrates
significant potential for practical applications in
atmospheric water harvesting due to its high adsorption
capacity under the same humidity conditions.

Conclusion

In this study, the spherical Alginate/CaCl, composite
hydrogel was successfully developed and characterized
for atmospheric water harvesting applications. The
composite with 3% alginate
concentration produced optimal  hierarchical  porous
morphology, and the formation of crystalline CaCl,
dispersed within an amorphous alginate matrix
was confirmed through comprehensive XRD, FT-IR, and
SEM-EDX analyses. The findings demonstrate that the
composite achieves exceptional water vapor adsorption
capacities of 2.91 g/g and 2.58 g/g at 90% and 70%
relative humidity, respectively, with rapid kinetics
reaching 80% saturation within 45 hours. The material’s
regeneration capability was also
validated, maintaining good reusability with only 4.1 -
14.7% capacity reduction after thermal cycling, thereby
establishing the viability of this bio-based composite for
practical atmospheric water harvesting in water-scarce
regions.
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