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A B S T R A C T

Composite hydrogels (HGs) based on sodium alginate (Alg), with nanoclay montmorillonite (MMT) and Lapo-
niteRD (Lap) fillers, were synthesized using ionic cross-linking with calcium ions (Ca2+). The HGs structure was 
investigated by SEM-EDX, XRD, and FTIR, whereas сation exchange capacity (CEC) and variable surface charge 
were determined using potentiometric titration. The influence of filler content, cross-linking agent concentration, 
and pH on the swelling and sorption capacity towards cadmium ions (Cd2+) of HGs was analyzed in detail. The 
cross-linking agent concentration influenced the swelling mechanism of the alginate-based composites with clays 
as well as their specific type of water diffusion based on the Fick equation. The CaCl2 concentration (CCaCl2) of 
0.3–0.5 wt% was found as optimal for synthesizing mechanically stable HGs with a large swelling degree and 
sorption ability for Cd2+ ions. The sorption capacities calculated based on the Langmuir model were 1.36, 1.19, 
and 1.33 mmol/g for Alg, Alg/20%MMT, and Alg/20%Lap synthesized using 0.3 wt% CaCl2, respectively. The in 
vitro tests on genotoxicity and cytotoxicity of HGs, performed using the mouse fibroblast cell culture L-929, 
proved the biosafety of the developed composites for the environment.

1. Introduction

Contamination with heavy metals, primarily caused by wastewater 
emissions from industrial enterprises, has become an extremely serious 
environmental problem. These biologically non-essential species are 
extremely toxic to aquatic organisms and humans when they penetrate 
food chains [1–5]. Lead (Pb) and cadmium (Cd) are among the most 
widespread and intractable environmental threats to public health [2,3]. 
Cd, originating from industrial processes, agricultural practices, and 
mining, can persist in ecosystems for extended periods and pose severe 
risks to human health, biodiversity, and agricultural productivity [3–7]. 
The International Agency for Research on Cancer (IARC) classifies Cd as 
a Group 1 carcinogen, associating it with lung and prostate cancers. 
Ingested Cd, primarily through contaminated food and water, 

accumulates in various organs, where it can cause irreversible damage 
[2]. According to the World Health Organization (WHO) guidelines, the 
maximum allowable concentration of Cd in drinking water is 0.003 mg/ 
L, while strict limits are also applied to the Cd levels in wastewater 
discharges due to its high toxicity and environmental persistence [3]. 
Exceeding this permissible concentration can cause health problems 
such as kidney dysfunction [4], bone damage (Itai-Itai disease) [5], and 
carcinogenicity [6]. In plants, Cd interferes with photosynthesis, reduces 
chlorophyll production, and negatively affects root elongation [7].

Recent studies on soils found dangerous Cd levels in various regions 
worldwide [8–22]. In China, a large-scale study across 3388 agricultural 
sites revealed widespread Cd pollution. In Hunan Province, China, Cd 
exceeded the safety thresholds in 16.1 % of agricultural land samples. In 
the upper Yangtze River region, Wushan County, China, the ecological 

* Corresponding author.
E-mail address: k.szewczuk-karpisz@ipan.lublin.pl (K. Szewczuk-Karpisz). 

Contents lists available at ScienceDirect

International Journal of Biological Macromolecules
journal homepage: www.elsevier.com/locate/ijbiomac

https://doi.org/10.1016/j.ijbiomac.2025.145870
Received 2 March 2025; Received in revised form 30 June 2025; Accepted 7 July 2025  

International Journal of Biological Macromolecules 320 (2025) 145870 

Available online 8 July 2025 
0141-8130/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-8682-3491
https://orcid.org/0000-0002-8682-3491
mailto:k.szewczuk-karpisz@ipan.lublin.pl
www.sciencedirect.com/science/journal/01418130
https://www.elsevier.com/locate/ijbiomac
https://doi.org/10.1016/j.ijbiomac.2025.145870
https://doi.org/10.1016/j.ijbiomac.2025.145870
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2025.145870&domain=pdf
http://creativecommons.org/licenses/by/4.0/


risk assessment showed a potential ecological risk (PER) value of 2051, 
far exceeding the high risk threshold of 1200 [8–12]. A soil study in 
Hamedan, Iran, assessed the distribution of Cd in different soils culti-
vated for wheat, which was in the range of 1.30–2.22 mg/kg. Cd accu-
mulation in wheat plants reached 1.08 mg/kg in roots, 0.65 mg/kg in 
stems, and 0.91 mg/kg in grains [13]. In Tangail District, Bangladesh, 
the average concentration of Cd in topsoil was 2.17 mg/kg. All 60 
examined samples were classified as highly contaminated [14]. In 
Japan, Cd was considered one of the most harmful metals, and its con-
tent in agricultural soils was 3.3 mg/kg [15,16]. Elevated levels of Cd 
were also found in rhizosphere soil in cocoa crops in Colombia, with 
median values of total Cd up to 1.86 mg/kg [17]. Cd contamination was 
reported in cocoa farming systems in Africa, Asia, Central America, and 
South America [18–20]. In France, simulations predicted that the 
continued use of phosphate fertilizers would increase Cd content in 
agricultural soils by 15 % over the next century [21]. Comparative risk 
assessment showed that Cd accumulation is higher in rice and wheat 
than in maize, making these staple crops particularly susceptible to 
contamination. However, the risk associated with maize cultivation also 
remained significant. Cd accumulation in this plant increased when it co- 
occurred with low-density polyethylene microplastics. Then, Cd content 
in shoots was higher by 25.5 % as well as in roots, by 9.1 %, which 
reduced the crop yield [22]. Due to the fact that Cd contamination of 
agricultural soils has reached alarming levels in so many regions, the 
development of remedial measures, such as materials capable of sorbing 
Cd, is urgent and of high importance.

So far, several remediation approaches have been explored, 
including phytoextraction [23], microbial remediation [24], and sorp-
tion [25–32]. Among these methods, sorption stands out as an efficient, 
low-cost, and versatile technique that is extensively studied for water 
and soil purification [25–32]. Adsorbents based on clay minerals 
[33–37] and polymers [37–51] proved a great affinity for Cd2+ ions and 
other toxic metals due to large surface area, high cation exchange ca-
pacity, and adaptability to various environmental conditions. Clays, 
such as natural MMT [33] and synthetic Lap [34], can bind heavy metals 
due to their layered structure and negative surface charge, based on ion 
exchange and surface complexation [33,34]. However, their application 
in practice is accompanied by some problems. Such solids usually form 
stable colloidal suspensions, making their separation from aqueous 
systems extremely labour-intensive [38]. On the other hand, polymer- 
based sorbents offer great design flexibility and reusability, enhancing 
their suitability for practical applications [39–52].

Composite materials combining polymeric and inorganic species 
have been increasingly studied and applied [53–67]. These materials 
can demonstrate better performance in terms of sorption kinetics, ca-
pacity, and reusability than individual components [56]. Composites 
based on alginate (Alg) seem to be particularly promising due to 
carboxyl and hydroxyl groups able to interact with pollutants, namely 
heavy metals and dyes, based on ion exchange or complexation 
[52–55,58,63,67–73]. Furthermore, these materials can form strong 
three-dimensional hydrogel systems by ionic cross-linking, character-
ized by high mechanical resistance, water retention, and stability [74]. 
Alg-based HGs cross-linked with Ca2+ exhibit unique swelling charac-
teristics due to the formation of two-dimensional structure known as the 
“egg-box” model, in which Ca2+ interacts with the guluronic acid units 
of Alg to create a stable gel network. But, the obtained gels have 
insufficient mechanical properties, elasticity as well as high stiffness, 
and fragility. Incorporation of clay fillers can be applied to overcome 
these limitations. Alg-clay nanocomposites, such as Alg/bentonite, Alg/ 
MMT, and Alg/kaolin, offer high efficiency in removal of toxic heavy 
metals like Cu(II), Pb(II), Cd(II), and Ni(II) from water 
[58–61,65,68,69,75–80]. They can also bind uranium [68], which 
makes them versatile, cost-effective sorbents for diverse environmental 
applications. Previous studies confirmed that MMT and Lap incorpora-
tion into hydrogels caused a significant increase in sorption of Cr(VI), Cr 
(III), and Pd(II) [65–67]. Besides good sorption capacity, the prepared 

composites revealed improved structural stability, reproducibility after 
several cycles of use, and better selectivity to heavy metal ions in 
multicomponent systems.

Considering the great sorption capacity of individual components 
towards Cd ions as well as the benefits of composite HGs described in the 
literature and our previous results, the current study aimed at devel-
oping highly efficient sorbents of Cd2+ ions based on Alg, filled with 
nanoclays – MMT and Lap. Investigating mechanisms of water/heavy 
metal sorption, we focused on the effects of filler content and type as 
well as cross-linker concentration on sorption properties and physico-
chemical advantages of the final products. Such development offers new 
solutions for removing Cd2+ ions from contaminated waters and soils, 
with significant implications for environmental management and sus-
tainable agriculture. Alginate is a biocompatible, biodegradable, and 
cost-effective biopolymer, whereas nanoclays are easily available and 
cheap solids, with a well-developed structure and many functional 
groups. This makes them highly desirable in the synthesis of adsorbents 
and soil additives. The approach, in which the effects of fillers and cross- 
linker concentrations are studied in such detail, is not popular. Addi-
tionally, the relationship between sorption of water and sorption of 
heavy metal ions in the virtually entire pH range is rarely studied. All 
these aspects were described in this paper, which allowed for effective 
regulation of synthesis conditions and optimization of HGs composition. 
The biosafety tests of the composites are also not performed often, but 
their results are extremely important for the widespread use of all ma-
terials in the environment. Thus, exactly these analyses were conducted 
within this study and the obtained results allowed to conclude about real 
impact of the developed HGs on organisms.

2. Materials and methods

2.1. Materials

Alginic acid sodium salt (>99.0 %, viscosity (1 % in water): 450–550 
cP, molecular weight: 300–500 kDa, Glentham Life Sciences, United 
Kingdom) was chosen as a biopolymer for the creation of composite 
HGs. Calcium chloride anhydrous (CaCl2, pure p.a, Chempur, Poland) 
was used as a cross-linking agent, whereas montmorillonite (K10, 
powder, Sigma-Aldrich) and Laponite RD (Pulver, Kremer Pigmente 
GmbH&Co.KG, Germany) were applied as fillers. Cadmium(II) chloride 
(CdCl2, 99 %, for analysis, anhydrous, Acros Organics, Belgium) was 
used as a source of heavy metal ions.

2.2. Characterization techniques

2.2.1. Scanning electron microscopy (SEM)
Morphological and elemental analyses of the samples were made 

using a MIRA3 LMU high-resolution scanning electron microscope 
(TESCAN GROUP) equipped with Oxford X-Max 80 energy-dispersive X- 
ray spectroscopy system. The samples sprayed with a conductive Au 
layer at an accelerating voltage of 10 kV were investigated.

2.2.2. X-ray diffraction (XRD)
Phase compositions of the solids were characterized by X-ray 

diffraction on a Panalytical XPert Pro MPD. A copper lamp (CuKα =

1.54178 Å) was used as the emission source. The test was carried out in 
the angular range of 2–65◦ 2θ with a step equal to 0.02◦ 2θ lasting 5 s. 
The X’Pert Highscore software was used to process the diffraction data.

2.2.3. Fourier transform infrared (FTIR) spectroscopy
FTIR spectra of the samples were registered in the range of 

4000–400 cm−1 on a ThermoNicolet iS10 FTIR spectrometer equipped 
with ATR attachment with a diamond crystal.

N. Guzenko et al.                                                                                                                                                                                                                               International Journal of Biological Macromolecules 320 (2025) 145870 

2 



2.3. Synthesis of the composite HGs

Alginate-based hydrogels (Alg-HGs) were prepared through ionic 
cross-linking using calcium chloride as a cross-linker. In the initial 
phase, a solution of sodium alginate (Na-Alg) was prepared by 
combining it with MMT or Lap clay. A necessary quantity of the filler 
(0–10 g) was thoroughly mixed with 10 g of Na-Alg. The resulting 
mixture was added in portions to 500 mL of distilled water and dissolved 
with continuous stirring and heating (up to 40–50 ◦C) until the Na-Alg 
was completely dissolved within 3–5 h. Next, 1000 ml of a cross- 
linker (CaCl2) solution with a concentration of 0.25–2 wt% was pre-
pared. Then, previously prepared 500 mL of Na-Alg/clay mixture was 
gradually introduced into the cross-linker solution using a syringe. The 
resulting mixture was kept for 1 h at room temperature. At the next 
stage, the synthesized HGs were washed 3 times with distilled water (to 
remove residual cross-linking agent), transferred onto a tray, and dried 
in an oven at a 50 ◦C for 2–3 days and at room temperature until being 
completely dry. Finally, the resulting samples were crushed using a 
grinder to obtain particles of about 1–3 mm in size. The composition and 
labelling of the composites are given in Table S1. The prepared com-
posite HGs were labelled as: Alg/20%MMT, Alg/20%Lap, Alg/33.3% 
MMT, Alg/33.3%Lap, Alg/50%MMT, Alg/50%Lap, according to the 
amount (20–50 %) and type of nanoclay (MMT or Lap). The hydrogel 
without filler was marked as Alg.

2.4. Swelling studies

Swelling was tested applying the weight method at room tempera-
ture (22 ◦C) by determining the mass of the swollen gels depending on 
the time of their exposure to water. To conduct the experiment, the 
sample of dried hydrogel (0.015–0.02 g) weighed with an accuracy of 4 
digits was placed in a glass jar, and 10 mL of distilled water was added 
and left to swell. At the controlled intervals, the HG sample was filtered 
using a fine sieve, and residual moisture was carefully removed with a 
lint-free paper filter. In the next step, the HG sample was weighed. Then 
it was put back into the jar with 10 mL of distilled water for further 
swelling, after which the experiment was repeated until an equilibrium 
state was reached (when the mass of the sample remained stable). To 
study the kinetics of swelling and the mechanism of solvent diffusion 
into HGs, all experiments were conducted at least three times. The 
experimental data were presented as the mean values, with the standard 
deviations not exceeding 10 % of their mean values in all tests.

The swelling degree Q was determined gravimetrically according to 
the formula [81]: 

Q =
(wt − w0)

w0
(1) 

Q∞ =

(weq − w0
)

w0
(2) 

where w0 is the weight of a dried hydrogel, wt is its weight at the swelling 
time t, and w∞ is the weight of a completely swollen hydrogel at an 
equilibrium state.

To analyze the effect of clay content on the swelling behaviour of 
composite HGs, they were immersed in distilled water at pH 6.5–7.0. 
Swelling tests of Alg, Alg/50%MMT, and Alg/50%Lap synthesized using 
0.3 wt% CaCl2 were carried out in the pH range of 2–11. The pH value of 
HG solutions was adjusted by adding a small amount of 0.1 M or 1 M HCl 
or KOH. The samples were kept under constant stirring in the solutions 
with appropriate pH at room temperature, for 24 h, until swelling 
equilibrium was established.

To evaluate the mechanism of water diffusion in the synthesized 
HGs, according to the Korsmeyer-Peppas model, the following equation 
was used: 

F =
Mt
M∞

= ktn (3) 

where F denotes the amount of solvent fraction at time t; Mt and M∞ 

correspond to the amount of solvent diffused into the gel at time t and at 
time ∞ (in the equilibrium state) respectively; k is the constant associ-
ated with the structure of the HG network; the swelling exponent n is the 
number that determines the type of diffusion [82].

2.5. Potentiometric titration

The variable surface charge (Qvar) of the tested HGs synthesized 
using 0.3 wt% CaCl2 was determined by potentiometric titration. This 
charge is derived from the dissociation and association of H+ ions pre-
sent on the surface of the studied material.

In the titration process, the addition of hydroxyl ions (OH−) neu-
tralizes the protons (H+) of the acidic functional groups present on the 
surface of the tested material. As a result, there is an increase in the 
negative surface charge. The obtained curves represent the variation of 
surface charge occurring in the solid phase ΔQv, depending on pH: 
ΔQv = Nsus −Nsol (4) 

where: Nsus – the amount of base consumed during titration (mol), Nsol – 

the number of moles of base consumed during titration of the equilib-
rium solution [83,84].

Cation exchange capacity (CEC) was estimated as the number of 
moles of base consumed during titration to pH 7 [85]. Higher CEC values 
indicate a stronger interaction between the adsorbent and the adsorbate 
[86].

The assumption that the surface activity of protons is equal to their 
activity in solution and the total number of functional groups corre-
sponds to the maximum increase in the variable charge was used to 
determine the fractions of surface functional groups relative to the 
apparent surface dissociation constant, pKapp: 

fi
(

pKapp,i
)

=

1
Qmax [ΔSO−(pHi+1)−ΔSO−(pHi) ]
(

pKapp,i+1 − pKapp,i
) (5) 

where: pKapp,i is the pH value, Qmax is the maximum increase in the 
surface charge, and SO− is the amount of surface charge that comes from 
the dissociation of surface functional groups at a given pH.

The average value of pKapp (pKapp,av) was calculated as: 

pKapp,av =
∑

n

i=1
pKapp,i fi pKapp (6) 

Strongly acidic groups, i.e., carboxylic ones, are characterized by low 
pKapp value (about 3.2), which means that they may dissociate at low pH 
values. Lactonic groups are of medium pKapp value (about 5.7), whereas 
phenolic ones – of high pKapp value (about 9.7). The titration was per-
formed in the pH range from 3 to 10. As the pH increases, the charge 
becomes greater, due to the deprotonation of the surface functional 
groups.

2.6. Sorption experiment

A series of tests was carried out to examine parameters influencing 
the sorption of Cd2+ ions, including contact time, pH, adsorbent quan-
tity, and initial adsorbate concentration.

The sorption isotherms were determined for the initial concentra-
tions of 50–1000 mg/L. The samples were prepared using 20.0 mg of the 
solid and 20 mL of the CdCl2 solution, and pH value was adjusted to 
6.5–7.0 for all systems. The sorption process was conducted at 22 ◦C, for 
48 h to establish equilibrium, under shaking conditions (30 rpm, Rotator 
Multi RS-60, Biosan, Poland). After its completion, HG particles were 
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separated by centrifugation (1000 rpm, 10 min, SBS-LZ-4000/20–6, 
Steinberg Systems). The Cd2+ ions concentration was determined in the 
obtained supernatants by ion-selective electrode (S.A. Electrochemical 
Equipment detector) connected with pH/Ion METER SPI-505 (ELME-
TRON, Poland).

Kinetic sorption experiments were conducted for initial Cd2+ ions 
concentration of 200 mg/L. 1.0 g of the solid was immersed in 500 ml of 
the Cd2+ ions solution and agitated at 800 rpm with magnetic stirrer 
(SBS-MR-1600/6, Steinberg Systems). At specified intervals, 5 mL of the 
analyzed solution was extracted, and the Cd2+ ions concentration was 
quantified using the method described above. To study the effect of pH 
value, sodium hydroxide (0.01 and 0.1 M) or hydrochloric acid (0.01 
and 0.1 M) were used to adjust the pH of the reaction mixture.

The sorbed amounts of Cd2+ ions (mmol/g) determined per unit mass 
of the dry sorbent at time t (qt) (7) and at the equilibrium (qe) (8) were 
calculated according to the equations: 

qt =
(C0 − Ct)V

m (7) 

qe =
(C0 − Ce)V

m (8) 

where C0, Ct, and Ce are the initial, the final at time t, and at the equi-
librium concentrations of Cd2+ ions in the solution (mmol/L); V is the 
volume of the tested solution (L); m is the mass of the dry sorbent (g).

The removal efficiency (R, %) was calculated as follows: 

R =
C0 − Ce

C0
100% (9) 

Two most frequently used isotherm models, of Langmuir and 
Freundlich, as well as two kinetics equations, pseudo-I- and pseudo-II- 
order ones [87–89], were chosen to model experimental data. Each 
experiment was conducted three times and the mean values were pre-
sented on the charts.

2.7. Biosafety testing

The genotoxicity and cytotoxicity of HGs were investigated using the 
mouse fibroblast cell culture L-929 (ATCC: CCL-1™), a classic model for 
in vitro studies. DMEM/F12 cell culture medium, fetal bovine serum, 
antimycotic antibiotic, trypsin-EDTA solution, DMSO, crystal violet, and 
thiazolyl blue tetrazolium bromide (MTT) were used to treat L-929 cell 
culture. To obtain the medium of HG and conditioned culture, the HG 
samples were placed in Dulbecco’s phosphate-buffered saline (DPBS, 
Sigma, USA), and 10 wt% HG in DPBS was prepared. Then, the cyto-
toxicity and genotoxicity of 1 wt% HGs in the culture medium were 
investigated. The cytotoxicity was determined after 24 h of exposure of 
L-929 cell culture to HG. The results were expressed as a percentage of 
the number of metabolically active and adherent intact cells cultured 
under the identical conditions in the 96-well plates simultaneously.

To determine the cell viability after their contact with HGs, two key 
indicators were tested: metabolic activity (MTT test) and total number of 
adherent cells (crystal violet (CV) test) [90–92]. These tests are based on 
the optical density of the wells with cells after their treatment with 
appropriate reagents/dyes. The number of living cells (N) for both 
methods was calculated according to: 

N =
ODexp
ODcont

100% (10) 

where ODexp is the optical density of the solution in the experimental 
wells; ODcont is the optical density of the solution in the wells of the 
intact control.

The optical density was measured using a Multi scan Ascent vertical 
beam spectrophotometer (Thermo Labsystems, Finland) at a wavelength 
giving the maximum absorption of selected dye. A DPBS solution, which 

was also introduced into the cell monolayer with subsequent double 
titration in the cell culture medium, was used as a control. That is why, 
the indicators of two controls were taken into account during the result 
analyses: (1) the control of intact cells, (2) the control of the effect on 
metabolic activity and the total percentage of adherent cells of the DPBS 
control. The study of data and parameters was statistically processed 
and presented as the median with the interquartile range Me (LQ-UQ), 
where Me = median (50 % percentile), LQ = 25 % percentile, and UQ =
75 % percentile. Statistical calculations were performed using the Stat 
Plus Pro 5.9.8 software and STATISTICA v.10 (Experimental Data 
Analysis System, StatSoft, Inc. 2011).

The genotoxicity of experimental HG was assessed in vitro by the 
DNA-comet method under alkaline conditions according to the 
described technique [93–95]. The genotoxic effect of 1 wt% HG in 
conditioned DPBS was analyzed.

3. Results and discussion

3.1. Material characterization

3.1.1. Structural characteristics of composite HGs
The analyses of morphology and elemental composition indicated 

that, at larger magnification, spherical particles with a diameter in the 
range of 30–50 nm can be distinguished in the MMT samples (Fig. 1a). 
They overlap each other, forming a flocculent, hierarchical, layered 
structure with pronounced spaces between its layers. The sizes of the 
observed aggregates were mainly from 0.2 to several μm and were not 
ordered in space (Fig. 1b). The EDX analysis indicated that mineral 
phase of MMT had the following composition: O – 62.7 at.%, Si – 24.5 at. 
%, Al – 5.7 at.%, Fe – 1.54 at.%, Mg – 0.69 at.%, and K – 0.74 at.%, 
which corresponded to the stoichiometric formula of K-MMT – 

K0.03(Mg0.03Al0.24Fe0.05)Si4O10(OH)2.
The SEM micrographs (Fig. 1c) of Lap indicated that it consisted of 

clearly visible spherical particles with the diameters of 10–30 nm [96]. 
Such particles interacted with each other to form large, densely packed, 
irregularly shaped aggregates observed at smaller magnification 
(Fig. 1d). According to EDX analysis, the main elemental components of 
Lap were as follows: O – 62.4 at.%, Si – 20.3 at.%, Mg – 15.3 at.%, and 
Na – 1.9 at.%, (Table S2), which was consistent with the stoichiometric 
formula Na0.75(Si8Mg6Li0.3)O20(OH)4 [38]. The cross-section images of 
cross-linked Alg showed formation of a continuous homogeneous 
network (Fig. 1f), while those recorded at large magnification (Fig. 1e), 
formation of an interpenetrating polymer layer with a uniform structure, 
apparently arising from the removal of solvent during the HG drying.

The Alg/MMT images revealed a homogeneous MMT distribution 
throughout the Alg matrix with a tendency to form a layered structure. 
Small magnification images (Fig. 1h) showed evidently two separate 
phases of polymer and MMT. However, the MMT phase in the composite 
HGs appeared with a looser framework and larger internal channels 
between the platelets compared to the initial clay (Fig. 1 gh). Such a 
change can be due to the physical intermolecular interaction between 
the Alg and the filler, which led to the formation of a mixed 
intercalation-flocculation structure in the polysaccharide matrix. The 
Alg/Lap images demonstrated formation of homogeneous and stable 
network of uniformly distributed nanoclay particles, which were ar-
ranged in some chain structures (Fig. 1 ij). It has been reported that 
polymers can be easily adsorbed on the nanoclay surface due to specific 
interactions, such as electrostatic, ionic interactions, hydrogen bonds 
[97], or even hydrophobic interactions. Dispersion of Lap during com-
posite HG formation can lead to disaggregation between stacked 
elementary disk crystals of nanoclay or a set of stacked disks. Then, a 
significantly larger surface area of nanoclay becomes available for the 
polymer chains [97].

The XRD analysis of Lap (Fig. 2c,d) showed characteristic reflections 
at 2θ ≈ 6.4◦, corresponding to a d-spacing of ~13.8 Å, typical for layered 
silicates. The (001) basal reflection shifted to 2θ ≈ 6.0◦, 5.6◦, and 5.5◦

N. Guzenko et al.                                                                                                                                                                                                                               International Journal of Biological Macromolecules 320 (2025) 145870 

4 



for Alg/50%Lap, Alg/33.3%Lap, and Alg/20%Lap, respectively, that 
indicated an expanded interlayer spacing of ~14.7 Å, ~15.8 Å, ~16.1 Å, 
suggesting Alg intercalation between Lap layers [98]. The XRD analysis 
of MMT (Fig. 2a,b) presented a (001) reflection at 2θ ≈ 5.9◦, corre-
sponding to a 14.9 Å interlayer spacing, confirming its pre-treated 
structure. This reflection shifted to 6.0–6.3◦ (~14.7–14.0 Å) for Alg/ 
MMT, indicating a mixed intercalated/flocculated structure with partial 
disorder. For the unfilled Alg gel, broad halo was observed in this region 
(Fig. 2a), indicating amorphous structure. The reflections at 31.86◦, 
45.53◦, and 56.37◦ most likely corresponded to sodium chloride 
released during the cross-linking process. Thus, there was a clear dif-
ference in the distribution of MMT and Lap in the alginate matrix. In 
Alg/Lap, an increase in the interlayer distance was notices, which 
confirmed the effective penetration of Alg into the layered structure of 
Lap. For Alg/MMT, the interlayer space decreased, indicating a possible 
aggregation or sticking of MMT particles instead of complete interca-
lation of the polymer.

Other XRD patterns characteristic of Lap [99] and MMT [100] in the 
composite HGs remained unchanged, indicating that the original crystal 
structure of nanoclays was preserved and their integration with the Alg 
matrix did not lead to any structural changes.

3.1.2. FTIR spectra of Alg-based HGs filled with nanoclays
The FTIR analysis was used to investigate potential interactions be-

tween the HGs components. Fig. 3 presents the FTIR spectra of Alg, 

MMT, Lap, as well as the composite HGs.
The spectrum of cross-linked Alg showed characteristic peaks of 

symmetric and asymmetric stretching vibrations of carboxyl groups 
(–COO) at 1415 and 1589 cm−1, respectively, as well as the peak with at 
1025 cm−1 corresponding to the C–O stretching vibration in the poly-
saccharide structure. The peak at 2928 cm−1 represented stretching vi-
brations of aliphatic C–H bonds, and the broad peak at 3247 cm−1, 
stretching vibrations of hydroxyl groups (–OH). The MMT spectrum 
showed: characteristic peaks at 1017 cm−1 corresponding to the 
stretching of the Si–O bond in the plane, the peaks around 797 cm−1 

attributed to the bending of Si–O in SiO2, the shoulder at 923 cm−1 

corresponding to the bending vibrations of Al–OH, and the peak at 521 
cm−1 attributed to the bending vibrations of the Al–O–Si bond. The 
bands at 3618 cm−1 indicated the presence of hydroxyl groups on the 
surface (Si–OH and Al–OH stretching) and those around 3392 cm−1, the 
stretching of structural hydroxyl groups and water. Furthermore, the 
band at 1628 cm−1 in the spectrum indicated water deformation [101].

In Alg/MMT, an increase in MMT content resulted in a steady 
displacement of the band at 1595 cm−1 to higher wavenumbers, indi-
cating interactions between carboxyl groups of the polymer and hy-
droxyl groups located on the surface of MMT platelets. Formation of 
hydrogen bonds between the silanol groups of MMT and Alg carboxyl 
groups was also confirmed by the Si–OH stretching of MMT at 3618 
cm−1, which disappeared in the Alg/MMT [102]. A broad band of Si–O 
at 1014 cm−1 in the MMT spectrum is sensitive to intercalation. Thus, its 

Fig. 1. SEM micrographs of MMT (a, b), Lap (c, d), cross-linked Alg (e, f), and composite HGs: Alg/MMT (g, h), Alg/Lap (i, j).

N. Guzenko et al.                                                                                                                                                                                                                               International Journal of Biological Macromolecules 320 (2025) 145870 

5 



slight shift to 1020–1025 cm−1 for MMT-filled composite HGs can 
indicate an increase in interlayer distance and intercalated structure 
formation.

The main characteristic bands for Lap were attributed to the 
stretching vibrations of Si–O (at 969 cm−1), to the Mg–OH–Mg bending 
vibrations (at 652 cm−1), and the Si–O–Mg deformation vibrations (at 
435 cm−1) [103]. The spectrum contained also bands of surface hy-
droxyl groups (–OH stretching) and physically sorbed water at 
3700–3000 cm−1, as well as deformation of hydroxyl groups at 1630 
cm−1 (–OH bending) [96].

A shift of the band of the stretching vibrations of Si–O bonds to-
wards lower wavenumbers was observed for Alg/Lap (e.g., for Alg/20% 
Lap, this band was recorded at 997 cm−1). This was caused by the 
interaction between clay and polymer [104]. In addition, for Alg/50% 
MMT and Alg/50%Lap, a band corresponding to asymmetric –COO 
stretching was shifted from 1589 to 1596 cm−1 (compared to unfilled 
Alg). This phenomenon is characteristic for the HG cross-linking through 
physical interactions and can be associated with additional electrostatic 
interaction between polymer carboxyl groups and nanoclay hydroxyl 
ones [105].

3.2. Study of swelling properties

3.2.1. Effect of cross-linking agent concentration and clay filler content on 
swelling

The results of the swelling kinetics of Alg, Alg/MMT, and Alg/Lap are 
shown in Fig. 4 and S2. Fig. S3 shows also the equilibrium swelling 
degrees (Q∞) for the investigated materials calculated using Eq. (2).

The most intensive water uptake occurred during the first 4–6 h, and 
this process continued mainly up to 24 h for most samples (Fig. 4a). The 
largest swelling degree (Q) was noted for Alg synthesized using 0.25 wt 
% CCaCl2–120 mg/g after 24 h. However, for this sample, 144 h, the 
gradual increase in the Q value occurred, reaching 135 g/g, and it did 
not hold its shape well and had a visibly unstable structure. Such gels 
destroyed under pressure with simultaneous release of water from them, 
which can be elucidated by insufficient formation of cross-linking 
bridges for this CaCl2 concentration. In the CCaCl2 range of 0.25–0.5 
wt%, a nonlinear dependence of the degree of cross-linking on CCaCl2 
was revealed for Alg, Alg/MMT, and Alg/Lap. Increasing CCaCl2 to 0.3 wt 
% resulted in the formation of stable unfilled Alg, which did not change 
its mass after 24 h of exposure to water. But, the obtained HG was 
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Fig. 2. XRD patterns for MMT (a), Lap (b) and composite HGs (a-d) synthesized using different component ratios.
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characterized by the Q∞ value equal to 74 g/g.
The Q∞ parameters depended on the cross-linker concentration used 

for the synthesis and the filler content (Fig. S2). All composites with 
MMT, synthesized at CCaCl2 of 0.25 wt%, were stable during exposure to 
water and were not crushed under slight pressure. The Q∞ values for the 
Alg/20%MMT, Alg/33.3%MMT, and Alg/50%MMT (0.25 wt% CaCl2) 
were 102 g/g, 67.6 g/g, and 53.5 g/g, respectively. This indicated that 
clay nanoparticles can act as additional cross-linking elements for Alg 
macromolecules [102]. A different situation was noticed for HGs with 
Lap, prepared using CCaCl2 of 0.25 wt%. For these samples, an increase in 
swelling occurred during the first 6 h, followed by a decrease (Fig. S1). A 
clearly expressed so-called overshooting effect was observed, which can 
be explained by the relaxation and rearrangement of polymer chains or 
formation of additional chemical or physical cross-links [106]. 
Furthermore, these samples (prepared using CCaCl2 of 0.25 wt%) 
exhibited instability and dissolved upon prolonged exposure to water. At 
the same time, after swelling Alg/20%Lap, Alg/33.3%Lap, and Alg/50% 
Lap prepared with 0.3 wt% CaCl2, elastic, stiff samples were obtained, 
which retained their shape well and did not collapse under moderate 
pressure even after long-term exposure to water for 192 h. The Q∞ 

parameter for these samples was 73.4 g/g, 61.6 g/g, and 52.8 g/g, 

respectively.
The results showed that the Q value of HGs with MMT (at 0.3 wt% 

CaCl2) was smaller compared to that for HGs with Lap. This could 
indicate a more pronounced cross-linking effect of MMT compared to 
Lap. The Q∞ for the Alg/20%MMT, Alg/33.3 % MMT, and Alg/50 % 
MMT (at 0.3 wt% CaCl2) was 66.2 g/g, 50.1 g/g, and 37.6 g/g, 
respectively. Low Ca2+ concentrations resulted in the formation of a 
weakly cross-linked network, providing larger swelling. In turn, 
elevated CCaCl2 contributed to a more compact cross-linked network, 
diminishing the swelling capacity of HGs [107]. By CCaCl2 increasing 
there were obtained stable HGs capable of absorbing and retaining water 
in their structure without being destroyed or dissolved in water under 
the experimental conditions. But, a significant decrease in the Q∞ value 
was observed then, especially for CCaCl2 above 0.5 wt%. The reduction in 
the Alg/MMT and Alg/Lap swelling could be due to the nanoclays 
occupying voids within the HG matrix, diminishing the water molecules 
infiltrating [106]. In addition, the Alg content per unit dry mass 
decreased in the Alg/MMT and Alg/Lap.

To sum up, CCaCl2 below 0.25 wt% was insufficient to form a strong 
and stable HG network for Alg and Alg/Lap. However, the Alg/MMT 
samples proved to be more stable under these conditions, which can be 

Fig. 3. FTIR spectra of MMT and Lap as well as composite HGs with different content of MMT (a) and Lap (b).
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explained by additional cross-linking properties of this clay. CCaCl2 
above 0.5 wt% led to a significant drop in the swelling degree of the 
studied materials.

3.2.2. Swelling kinetics
The swelling degree of Alg-based HGs was provided by the balance 

between the osmotic pressure driving water into the gel and the elastic 
forces of the formed network preventing further expansion. HGs typi-
cally reach an equilibrium swelling state when these forces are balanced 
[82,108]. According to Siepman and Pepas [109], by defining the 
diffusion exponent n in Eq. (3), it is possible to obtain information about 
the physical mechanism that controls the absorption or release of a so-
lute. Depending on the geometric shape of the gel samples, a release 
exponent n smaller than 0.5 corresponds to the pseudo-Fickian diffusion 
[110]. When n is equal to 0.5 diffusion (Fickian) mechanism (Case I) is 
observed. While n = 1, Case II transport (zero-order release) is found. 
Case III diffusion takes place when 0.5 < n < 1, which is also called 
anomalous or non-Fickian. Finally, Super Case II transport is noted at n 
> 1. These values for the swelling exponent n for spherical particles are 
given in [111]. The differences between these mechanisms are detailed 
in SI.

Eq. (3) was used to determine the nature of the water diffusion into 
Alg-based HGs with and without nanoclays. It should be noted that Eq. 

(3) is valid for the initial stages of swelling (first 60 % of the normalized 
water uptake) [112]. Kinetic curves for unfilled Alg are presented in 
Fig. 4a. The corresponding plots of ln(Мt/M∞) vs ln(t) for Alg can be 
found in Fig. S4a. whereas those for Alg/Lap at different CCaCl2, in 
Fig. S4b. The exponents n and constants k values were calculated from 
the slope and intercept of the lines, respectively, and are presented in 
Table S3. It is worth noting that the vast majority of the results are 
statistically significant, as R2 ≫ 0.95. Analyzing the swelling kinetics of 
Alg/Lap using the Peppas-Korsmeyer theory (Table S3), it can be 
concluded that cross-linking agent concentration should be considered 
as determining factor in the swelling mechanism. Thus, at high CCaCl2 
(0.5–2 wt%), true Fickian and pseudo-Fickian diffusion (which differs 
from Fickian diffusion by some slowdown in the final equilibrium state 
[113]) will be observed. In both cases the diffusion rate is much lower 
than the relaxation rate. The gel cross-linked to a small extent will 
absorb water following the Case II transport or Super Case II transport 
mechanism, where diffusion is very fast compared to the polymer 
relaxation process. In all intermediate cases, anomalous Non-Fickian 
diffusion takes place. Similar regularities were found for Alg/MMT, 
with decreasing cross-linking frequency transition from true Fickian 
diffusion to transport controlled by relaxation. The calculated swelling 
exponent values (n) were over 1 at 0.25 wt% of CaCl2, 0.5–0.9 at 0.3–1 
wt% of CaCl2, and 0.2–0.4 at 2 wt% of CaCl2.

Fig. 4. Dependence of the swelling ratio (Q) on time of exposure in water for Alg (a) and Alg/20%MMT (b), Alg/33.3%MMT (c), and Alg/50%MMT (d) synthesized 
using different concentrations of the cross-linking agent (CaCl2).
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3.2.3. Effect of pH on swelling
Swelling behaviour can be affected by environmental factors such as 

pH, ionic strength, etc. The pH changes can alter ionization state of Alg, 
affecting its interaction with Ca2+ ions and thus its swelling properties 
[81]. The studied HGs displayed significant pH sensitivity, showing 
enhanced swelling, particularly in neutral and alkaline environments 
(Fig. 5a). When the pH value is higher, a significant increase in the HGs 
volume was also observed (Fig. 5b-j).

As it can be seen in Fig. 5a, unfilled Alg showed the highest Q values 
in almost entire pH range. The composite HGs demonstrated smaller 
swelling degrees. Alg/50%MMT, exhibited the lowest Q values over the 
entire pH range. In the pH range of 6.5–8.5, the studied HGs demon-
strated only slightly changing swelling degrees, which amounted to 
about 65, 48, and 33 g/g for Alg, Alg/50%Lap, and Alg/50%MMT, 
respectively. This was associated with complete dissociation of carboxyl 
groups of alginate [115].

A significant decrease in the swelling degree was observed for Alg 
and Alg/Lap at pH below dissociation constant (pKa) of alginic acid, the 
value of which is in the range between pKa = 3.6 for mannuronic acid 
and pKa = 3.8 for guluronic acid [116]. At high H+ concentrations, 
deionization of unbound carboxyl groups takes place and decrease in the 
electrostatic forces between polymer chains. The transition of ionotropic 
network to Alg-based HG structured by hydrogen bonds is also possible 
under these conditions [118]. For Alg/MMT, almost linear decrease in 
swelling degree was observed at pH below 6.5. Greater reduction in 
swelling for Alg/MMT, compared to Alg/Lap, can be explained by for-
mation of additional hydrogen bonds between -OH groups of MMT and 
protonated -COOH groups of alginate [102,117]. At the lowest pH value 

(pH 2), all HGs demonstrated maximum cross-linking and the most 
compact structure.

Higher swelling degree of Alg/MMT and Alg/Lap was observed in 
alkaline pHs. At pH 11.4, Q∞ can reach 44 g/g for Alg/MMT and 56 g/g 
for Alg/Lap. Then, HGs preserved their flexibility, remained unbroken, 
and did not degrade under mild stresses. In neutral and alkaline envi-
ronments, Alg and MMT interacted based on electrostatic forces be-
tween -COO− groups of the polymer and positively charged edges of the 
clay plates [102].

3.3. Sorption studies

3.3.1. The removal efficiency of Cd(II) ions
The pollutant sorption depends on sorbent type and dose, pollutant 

nature, process conditions, etc. [116–126]. Fig. 6 presents the effect of 
initial Cd2+ ions concentration on the removal efficiency by Alg/MMT 
and Alg/Lap. A great efficiency was observed for low initial concen-
trations due to abundance of accessible active sites. At an initial con-
centration of 50 mg/L, the removal efficiency for Alg, Alg/50%MMT, 
and Alg/50%Lap, synthesized using CCaCl2 of 0.25 wt%, reached 97.3, 
94.2, and 97.8 %, respectively. The obtained values are better than those 
of the most sorbents described in the literature (Table S4) 
[30,33,34,116–126]. Increasing initial concentration made sorption less 
efficient owing to the gradual filling of sorption sites.

The removal efficiency of Cd2+ ions by Alg, Alg/50%MMT, and Alg/ 
50%Lap increased significantly with higher sample weight (20–50 mg) 
due to the greater availability of sorption sites, reaching 91.85 %, 87.9 
%, and 93.1 %, respectively, for initial Cd2+ concentration of 200 mg/L 

Fig. 5. Equilibrium swelling ratio (Q∞) as a pH function for Alg, Alg/50%MMT, and Alg/50%Lap synthesized using CCaCl2 of 0.3 wt% (a) and photographs showing 
the comparative size of Alg (b, c, d), Alg/50%Lap (e, f, g), and Alg/50%MMT (h, i, j) after equilibrium swelling at pH 2, (b, e, h), pH 7 (c, f, i), and pH 11.4 (d, g, j).
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(Fig. S5a). However, the sorbed Cd2+ ions amount per unit mass 
decreased as solid content increased, likely due to competition among 
functional groups, reducing site availability per unit mass, although the 
maximum sorption capacity remained unchanged according to the 
Langmuir isotherm.

3.3.2. Sorption kinetics
The experimental data modeling showed that the pseudo-I-order 

model fitted the kinetics data in the initial (linear) portion of the ki-
netic curve. The obtained correlation coefficients (R2) were 0.91 for Alg, 

0.98 for Alg/MMT, and 0.95 for Alg/Lap (Fig. S6, Table S5). Never-
theless, the pseudo-II-order model fitted the experimental data for Alg, 
Alg/Lap, and Alg/MMT better than the physical sorption model. The R2 

values were >0.999 for all the samples. Thus, chemisorption was the 
rate-controlling step for Cd2+ ions in the tested systems. The applica-
bility of both kinetics models for describing the Cd2+ ions sorption may 
indicate that both physical and chemical processes are included in this 
process. It was also noted that the k1 and k2 rate constants decreased for 
the composite HGs, compared to unfilled Alg, which was probably 
caused by the intraparticle-diffusion of Cd2+ ions into clay platelets. For 

Fig. 6. Removal curves of Cd2+ ions for Alg, Alg/MMT, and Alg/Lap, prepared at CCaCl2 of 0.25 wt%, as a function of the initial Cd2+ ions concentration (initial pH 
value = 6.5, hydrogel dosages = 0.020 g, contact time = 48 h, solution temperature = 22 ◦C).

Fig. 7. Sorption isotherms of Cd2+ ions by Alg-based HGs filled with MMT prepared with CCaCl2 of 0.25 (a), 0.3 (b), and 0.5 wt% (c), Langmuir isotherms (d) and the 
value of maximum sorption capacity of Cd2+ ions as a function of the Alg content in Alg/MMT (e).
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all HGs, the sorption equilibrium was reached after 6 h.
Other researchers also reported that adsorption kinetics for targeted 

contaminants (primarily fluoride) on their respective biopolymer-based 
composites followed pseudo-II-order models, indicating that chemi-
sorption is the rate-limiting step [127–130]. They consistently observed 
rapid initial uptake within the first 30–60 min, achieving equilibrium 
thereafter. They used additionally intraparticle diffusion analyses, 
which showed a two-stage process: an early boundary-layer adsorption 
phase followed by slower intraparticle diffusion. The model of intra-
particle diffusion also well described the experimental data obtained for 
the HGs studied in this paper (R2 = 0.999).

3.3.3. Sorption isotherms
The sorption isotherms determined for HGs prepared using CCaCl2 of 

0.25, 0.3, and 0.5 wt% are presented in Fig. 7 and S7. As mentioned 
previously, at low Ceq of Cd2+ ions, a significant increase in the amount 
of sorbed substance was observed since almost all metal ions could 
interact with active sorption centers on HGs, indicating a great affinity 
of the sorbate to the sorbent. With an increase in the equilibrium con-
centration, as the active sorption centers were filled, the maximum 
sorption capacity of the studied samples was achieved. The isotherms, 
which showed a rapid increase in the sorbed amount with the increasing 
concentration until reaching saturation, belonged to the type I isotherms 
in the IUPAC classification and was well described by the monolayer 
sorption model.

The parameters calculated using the Langmuir and Freundlich 
models are given in Table S6, whereas the sorption isotherms on the 
coordinates of the linear form of the Langmuir equation for Alg-based 
HGs filled with MMT and Lap, synthesized at CCaCl2 of 0.3 wt%, are 
given in Figs. 7d and S7d, respectively. Based on calculated R2 values, it 
can be concluded that the Langmuir isotherm, which is usually used to 
model the monolayer coverage, described the experimental data better 
than the Freundlich one. Alg polymer chains as well as MMT/Lap clays 
have a finite number of sorption sites, which favours monolayer for-
mation [116].

Based on the maximum sorption capacity determined using the 
Langmuir model, it can be concluded that both CCaCl2 and clay content 
affect the sorption properties of the solids (Table S6). The largest qm 
value was obtained for unfilled Alg synthesized using the smallest CCaCl2 
equal to 0.25 wt%. The sorption of selected metal ions on the compo-
nents of HGs occurred mainly through ion exchange with carboxyl 
groups [107,115]. An increase in the cross-linking degree reduced 
maximum sorption capacity of both unfilled and filled HGs, which was 
connected with the occupation of more carboxyl groups by Ca2+ ions. 
For example, for Alg, prepared using CCaCl2 of 0.25, 0.3, and 0.5 wt%, 
sorption capacity was 1.45, 1.36, and 1.26 mmol/g, respectively. Other 
researchers also noted that the presence of calcium and sodium salts 
reduced the sorption of heavy metals on Alg sorbents [131]. Neverthe-
less, the possibility of ion exchange between Ca2+ ions and Cd2+ ions 
during the sorption process cannot be excluded [107]. Cd2+ ion has 
better ion exchange properties due to stronger affinity for the bio-
polymers compared to Ca2+ one [131].

The dependences of maximum sorption capacity of Cd2+ ions on the 
Alg content in Alg/MMT and Alg/Lap are presented in Figs. 7e and S7e. 
At first it should be noted that so far, there have not been enough papers 
that describe the effect of clay filler and polymer contents in Alg-based 
composite HGs on heavy metal sorption [67]. In our case, increasing Alg 
content led to almost linear increase in sorption capacity of HGs. For 
composite HGs, the maximum qm value was noted for the clay content of 
20 wt%, for the samples synthesized with the minimum CCaCl2 of 0.25 wt 
%. This amounted to 1.24 and 1.38 mmol/g for Alg/20%MMT and Alg/ 
20%Lap, respectively. Reducing Alg content to 50 wt% reduced sorption 
capacity to 0.84 and 1.26 mmol/g for Alg/50%MMT and Alg/50%Lap, 
respectively. It should be noted that the maximum sorption capacity of 
MMT and Lap were 0.063 and 0.639 mmol/g. The revealed sorption 
capacities of composite HGs, at neutral pH, turned out to be practically 

proportional to the sorption capacities of the components. The in-
teractions between the components of the system (Alg and MMT, Alg 
and Lap) do not lead to a decrease in the sorption of metal ions.

Sorption capacity of Alg/Lap HGs towards Cd2+ ions was found to be 
greater than that of Alg/MMT HGs, which was associated with better 
sorption capacity of Lap (Table S6). A similar phenomenon was noted in 
[133]. At the same time, it was observed that the sorption of palladium 
(II) by Alg beads filled with MMT and Lap, prepared using 0.1 mol/L 
CaCl2, was enhanced with increment of extracted/removed Pd(II) ion at 
pH 3 and 4 as well as in the presence of chloride ions. The revealed 
difference can be due to the fact that in our study we used Alg gels, the 
synthesis of which was optimized for the sorption of selected heavy 
metal ions. What is more, sorption isotherms were determined at 
significantly higher initial concentrations (up to 1000 mg/L), which 
allowed us to estimate the maximum sorption capacity more accurately. 
Nevertheless, for polysaccharide matrix with relatively low sorption 
properties, the contribution of fillers to the sorption capacity of the 
composite HGs can be decisive [134]. In exceptional cases, the 
maximum sorption of Cd(II) on alginate-based HGs with nanoclays can 
be lower than that on alginate-based HG without filler synthesized at the 
same concentration of cross-linking agent. This decrease was observed 
for Alg/MMT and was dictated by the sorption capacity of the applied 
filler - montmorillonite, which is lower than that of alginate. However, 
such a reduction was very insignificant, and the introduction of filler 
provided other structural and functional advantages when creating such 
composites.

To investigate mechanism of interactions of Cd2+ ions with com-
posite HGs, the study on swelling degree of HGs after the Cd2+ sorption 
was performed. The HG sediment with sorbed Cd2+ ions was weighed 
and Q∞ was determined using Eq. (2). The obtained data showed a rapid 
and significant reduction in swelling degree of both unfilled and filled 
HGs (Fig. S8). This allows to assume that Cd2+ cations can fill the space 
between the blocks of Alg polymers by a mechanism similar to the for-
mation of network structure upon interactions with Ca2+ ions [74,135]. 
The decrease in Q∞ for Alg/Lap was less pronounced than for Alg/MMT 
(Fig. S8). The swelling of Alg/Lap, when it was subjected to long-term 
exposure to 50 mg/L Cd2+ ions solutions, did not differ from that of 
unfilled Alg. The observed phenomenon can be explained by the greater 
sorption capacity of Lap compared to MMT. As a consequence, its 
contribution to the sorption of the heavy metal can be more significant, 
especially at low concentrations of Cd2+ ions.

3.3.4. Effect of pH
The pH value can affect significantly charge of functional groups in 

the polymer matrix, the metal form and solubility, and presence of 
charge-forming groups on nanoclay. In this way, it affects sorption ca-
pacity of composite HGs. Fig. 8a shows the variation of the Cd2+ ions 
removal efficiency as a function of pH value, whereas Fig. 8b presents 
the HG swelling degree after Cd2+ ions sorption at different pHs.

For initial Cd2+ ions concentration of 200 mg/L, the highest sorption 
in the pH range of 4–6 was found for unfilled Alg. The Cd2+ ions removal 
efficiency remained stable for unfilled Alg even with an increase in pH to 
8–9 and amounted to 82 %. However, the sorption capacity of Alg was 
clearly reduced as pH decreased from pH 4 to pH 2. The swelling degree 
of unfilled Alg was also stable in the pH range of 4–9 and showed a 
decreasing trend when pH was reduced to 2. The observed phenomenon 
was related to the fact that the carboxyl groups of Alg were in the pro-
tonated form at pH below pKa for mannuronic and guluronic acids and 
tendency to ionize at pH above 4 [118]. Thus, in the pH range of 4–7, 
sorption occurred mostly by the mechanism of electrostatic interactions, 
which gradually weaken with the decreasing pH [119]. Other authors 
noted a similar dependence of Cd2+ ions sorption on Alg in the pH range 
of 2–9 [118]. In most studies, heavy metal sorption studies were limited 
to neutral pH values, after which metal ions precipitation as hydroxides 
could occur [121,135]. However, in other studies, no evidence of Cd(II) 
hydroxide precipitation was found in blank experiments [117]. In our 
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research, increasing the pH to 11 led to sharp drop in the Cd2+ ions 
sorption on Alg, which was simultaneously accompanied by significant 
increase in its swelling degree.

For Alg/MMT and Alg/Lap, stable levels of Cd2+ ions sorption were 
revealed in the pH range of 4–7, and they were slightly smaller than for 
those for unfilled Alg. Reducing pH to 2 decreased the ability of Alg/ 
50%MMT and Alg/50%Lap to sorb Cd2+ ions to 16 and 47 %, respec-
tively (for unfilled Alg, it was 28 %). Moreover, for Alg and Alg/50% 
MMT, a similar trend was noticed. It is known that Cd2+ ion is mainly 
sorbed on MMT by cation exchange [124], but hydroxyl groups (silanol, 
aluminum) located at the edges of clay can also be important [117]. 
Acidic conditions do not promote Cd2+ sorption since H3O+ ions 
compete with Cd2+ ions for active sites then [121,122]. Thus, at low pH 
values, the MMT impact on sorption capacity of the composite HGs is 
negative. Alg/50%Lap exhibited a significantly lower decline in sorption 
with the decreasing pH. On this solid, non-ionic mechanism of metal ion 
binding can occur, due to formation of hydrogen bonds with Lap hy-
droxyl groups.

Increasing the solution pH to 8–9 resulted in noticeable higher 
sorption of Cd, which can be associated with precipitation of metal 
hydroxide or augmentation of sorption on nanoclay plates. At pH above 
the point of zero charge (pHpzc) for MMT (7.8) and for Lap (11.0), the 

clay surface generates negative charges through deprotonation, which 
promotes Cd2+ ions sorption [116,122,136]. The observed Cd2+ ions 
removal reached 80 and 81 % for Alg/50%MMT and Alg/50%Lap, 
respectively. Further increase in pH to 11 decreased insignificantly 
sorption capacity of Alg/50%Lap and Alg/50%MMT. However, the Cd2+

ions removal was higher for HGs with nanoclays than for unfilled Alg. At 
the same time, the increase in swelling degree increased significantly for 
both composite HGs and was comparable to Alg (Fig. 8b).

3.4. Cation exchange capacity and variable surface charge

Variable surface charge generated by negative functional groups of 
Lap, MMT, and Alg-based HGs are given in Fig. 9a, whereas relative 
fractions of f(pKapp) groups as a function of distribution of apparent 
surface dissociation constants are presented in Fig. 9b.

Among tested solids, Alg contained the highest amount of strongly 
acidic groups, and thus it was characterized by the highest variable 
surface charge. CEC (at pH 7) for unfilled Alg was 0.862 mmol/g, for 
Lap, 0.302 mmol/g, and for MMT, 0.326 mmol/g. The obtained CEC 
values for clay fillers were slightly smaller than those provided by other 
researchers [137,138]. This can be justified as the studies were carried 
out in 1 M NaCl, which can affect the net charge of solids besides pH 

Fig. 8. Dependence of the removal efficiency of Cd2+ (a) and the swelling ratio of Alg, Alg/50%MMT, and Alg/50%Lap, prepared using 0.3 wt% of CaCl2, after Cd2+

sorption at various pH values (b).

Fig. 9. Distribution of surface charge calculated from the titration curves (a) and surface dissociation constant distribution for Lap, MMT, Alg, Alg/50%Lap, and Alg/ 
50%MMT (b). HGs were prepared using 0.3 wt% of CaCl2.
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[86]. Lap particles cannot generate a substantial pH-dependent surface 
charge in NaCl electrolyte due to the screening of electrostatic repulsive 
interactions between the negative charges on the clay surface [136]. 
This can also explain the overall decrease in CEC for composite HGs, 
compared to unfilled Alg, which were 0.264 and 0.338 mmol/g for Alg/ 
50%Lap and Alg/50%MMT, respectively.

The potentiometric titration results showed that Lap presented the 
largest variable surface charge (Qvar) calculated at pH 10 compared to 
the other materials – 1.23 mmol/g. MMT and Alg were characterized by 
similar Qvar values, that is, 1.04 mmol/g (MMT) and 1.02 mmol/g, 
respectively. The variable surface charge of composite HGs decreased 
with the addition of Lap and MMT. At pH 10, the Qvar values were 0.751 
mmol/g for Alg/50%Lap HG and 0.848 mmol/g for Alg/50%MMT. 
Since the method used is non-equilibrium and depends on empirically 
selected variables such as titration rate, solid-liquid ratios, etc., the 
obtained titration curves should be used rather for comparative studies 
[82]. Nevertheless, the trends in the CEC change with pH, obtained by 
potentiometric titration, correlated interestingly with the data for heavy 
metal sorption and those for HGs swelling depending on pH.

Thus, the Cd2+ sorption on alginate primarily occurs through ion 
exchange and chelation with carboxyl groups, with efficiency strongly 
dependent on pH and cross-linking density. In contrast, sorption on 
MMT and Lap involves ion exchange in the interlayer spaces, electro-
static attraction to negatively charged sites, and coordination to surface 
hydroxyl groups. The sorption mechanism of Cd2+ ions onto hybrid HGs 
filled with MMT and Lap involves a combination of ion exchange, sur-
face complexation, and electrostatic interactions, modulated by the 
chemical properties of both Alg matrix and incorporated clay minerals. 
Alginate itself exhibited the highest CEC and a strong variable surface 
charge due to the abundance of carboxylic groups, enabling efficient 
binding of Cd2+ ions. However, the incorporation of Lap and MMT into 
the HG matrix led to a reduction in both CEC and variable surface charge 
(Qvar), as evidenced by potentiometric titration data. This suggests that 
the presence of clay fillers, while contributing structural and mechanical 
reinforcement, partially suppresses the ion-exchange and surface bind-
ing activity of the matrix. Despite this, the overall sorption mechanism 
on the composite hydrogels reflects the combined effects of Alg func-
tional groups and clay layered structures, enabling effective Cd2+

immobilization through surface complexation and limited ion exchange.

3.5. Biosafety of HGs: Cytoto- and genotoxicity

To determine biosafety of HGs, the cytotoxicity and genotoxicity 
tests were performed. They are commonly used to select non-toxic and 
biocompatible materials [90].

Table 1 and Fig. 10 summarize the results of cytotoxicity test for 
intact cell control, DPBS control, and composite HGs prepared using 

CCaCl2 of 0.3 wt%. It was observed that the cell incubation without HGs 
reduced their metabolic activity (up to 82 %) and total number of 
adherent cells.

The medium conditioned with unfilled Alg did not give a cytotoxic 
effect. It statistically reduced the cytotoxic effect of DPBS both in terms 
of metabolic activity (by 16 %) and number of adherent cells (by 18 %). 
The media conditioned with Alg/20%Lap and Alg/50%Lap induced 
similar effect on metabolic activity of cells in all dilutions compared to 
the DPBS control. The percentage of adherent cells after the contact with 
Alg/50%Lap was almost 11 % greater, and Alg/20%Lap eliminated 
cytotoxic effect of DPBS completely. The reaction of cells to contact with 
Alg/MMT was not so clear. For the medium conditioned with Alg/20% 
MMT, metabolic activity of cells decreased slightly compared to the 
DPBS control, although in terms of percentage of adherent cells, the 
sample reduced statistically cytotoxic effect of DPBS by 8 %. In the case 
of medium conditioned with Alg/50%MMT, metabolic activity of cells at 
all dilutions did not decrease (compared to the DPBS control), and in 
terms of percentage of adherent cells, Alg/50%MMT also stimulated cell 
growth, reducing significantly cytotoxic effect of DPBS by 15 %. Thus, 
all the tested samples HGs at the tested concentration of 1 % did not 
exhibit cytotoxic effects on L-929 cells. Moreover, Alg, Alg/20%Lap, and 
Alg/50%MMT showed a growth-stimulating effect on eukaryotic cells.

The results of assessment of HGs genotoxicity relative to L-929 cells 
are presented in Table 2.

For all investigated HGs, there was no genotoxicity effect. All sam-
ples had IDNA genotoxicity index at the level of negative control, which 
was represented by native cells, in contrast to the positive control – the 
cells treated with 1 mM nitrosourea.

4. Conclusions

The authors have developed new biocompatible, multifunctional 
materials that in the future can be used as soil conditioners, compre-
hensively improving its properties. A series of Alg-based composite 
hydrogels with varying concentrations of the cross-linking agent (CaCl2) 
as well as MMT or LaponiteRD nanoclay fillers were synthesized and 
characterized in detail. The main attention was paid to the study of 
composite HGs swelling and sorption abilities towards heavy metal ions 
– Cd2+. The paper presents a number of innovative aspects in the field of 
polymer-clay composites for heavy metal sorption and environmental 
applications. For example, the influence of the concentration and type of 
mineral fillers, the degree of cross-linking, as well as environmental 
factors (in particular, pH) on the sorption capacity of materials for Cd2+

ions were systematically investigated. The patterns of changes in the 
swelling mechanism of hydrogels (from Fickian to non-Fickian) with 
increasing cross-linker concentration indicated the correlation between 
the structural parameters of composites and their sorption efficiency, as 
well as confirmed the chemical mechanism of sorption without 
desorption.

SEM indicated homogeneous distribution of MMT and Lap particles 
with the formation of layered structure, whereas FTIR confirmed in-
teractions between nanoclay and polymer carboxyl groups. The syn-
thesized composite HGs showed high swelling degrees up to 100 g/g as 
well as great sorption capacity for Cd2+ ions up to 1.2 mmol/g. Their 
equilibrium swelling degree decreased with an increase in the cross- 
linker concentration as well as in the content of nanoclay filler. It was 
found that for Alg and Alg/Lap, the optimal CCaCl2 was 0.3 wt%, whilst 
for Alg/MMT, 0.25 wt%. At this CCaCl2, stable composite HGs with high 
swelling degree (up to 50–70 g/g), of strength sufficient for environ-
mental purification, were obtained. The synthesized composite HGs 
showed great sorption capacity for Cd2+ ions. At low Ceq, the highest 
efficiency in the Cd2+ ions removal was observed for Alg/Lap (up to 
97.8 %) due to numerous active sites of the applied clay.

The developed effects of the filler content and the cross-linking agent 
concentration on the HGs swelling and sorption towards Cd2+ ions, as 
well as and the investigated mechanisms of these processes allowed for 

Table 1 
Viability (% of live cells) of L-929 eukaryotic cells observed in the tests of HGs 
cytotoxicity with MTT and crystal violet.

Sample x MTT, 
%

xx CV, 
%

Control DPBS Cell control
x MTT, 
%

xx CV, 
%

x MTT, 
%

xx CV, 
%

Alg 98 100 82 82 97 97
Alg/20% 

Lap
88 100 82 82 97 97

Alg/50% 
Lap

81 93 82 82 97 97

Alg/20% 
MMT

75 90 82 82 97 97

Alg/50% 
MMT

92 97 82 82 97 97

Note: x MTT – the number of live cells in the MTT test, xx CV – the number of live 
cells in CV tests. Used in this study Alg-based hydrogels were synthesized using 
CCaCl2 of 0.3 wt%.
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effective regulation of synthesis conditions and optimization of HGs 
composition. The investigated dependencies opened up opportunities of 
composite HGs application as soil conditioners, which are capable of 
significant improving water-holding properties of the soils as well as of 
cadmium immobilization preventing its entry into crops. The absence of 
cyto- and genotoxicity confirmed the biological safety of the prepared 
materials, which allowed their long-term use in the environment.

Abbreviations

Alg Alginate
Na-Alg sodium alginate
HG Hydrogel
MMT Montmorillonite
Lap LaponiteRD
SEM Scanning Electron Microscopy
EDX Energy Dispersive X-ray Spectroscopy
FTIR Fourier-Transform Infrared Spectroscopy
XRD X-ray Diffraction
CEC Cation exchange capacity
DPBS Dulbecco’s phosphate-buffered saline
DNA deoxyribonucleic acid
MTT thiazolyl blue tetrazolium bromide
L-929 mouse fibroblast cell culture
EDTA Ethylenediaminetetraacetic acid
DMSO Dimethyl sulfoxide
DMEM/F12 Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
ATCC American Type Culture Collection
CCL-1™ name of clone L929 from the ATCC collection
CCaCl2 CaCl2 concentration
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[84] D. Matyka-Sarzyńska, Z. Sokołowska, Physicochemical properties of mucks at 
different stage of secondary transformations (in polish), Acta Agrophysica 123 
(2005) 1–68.

[85] K. Skic, P. Boguta, Z. Sokołowska, Analysis of the sorption properties of different 
soils using water vapour adsorption and potentiometric titration methods, Int. 
Agrophys. 30 (2016) 369–374, https://doi.org/10.1515/intag-2015-0100.

[86] G. Kiaee, N. Dimitrakakis, S. Sharifzadeh, H.J. Kim, R.K. Avery, K. 
M. Moghaddam, R. Haghniaz, E.P. Yalcintas, N.R. Barros, S. Karamikamkar, 
A. Libanori, A. Khademhosseini, P. Khoshakhlagh, Laponite-based nanomaterials 
for drug delivery, Adv. Healthc. Mater. 11 (7) (2022) e2102054, https://doi.org/ 
10.1002/adhm.202102054.

[87] E.D. Revellame, D.L. Fortela, W. Sharp, R. Hernandez, M.E. Zappi, Adsorption 
kinetic modeling using pseudo-first order and pseudo-second order rate laws: a 
review, Clean. Eng. Technol. 1 (2020) 100032, https://doi.org/10.1016/j. 
clet.2020.100032.

[88] Y. Ho, G. McKay, Pseudo-second order model for sorption processes, Process 
Biochem. 34 (5) (1999) 451–465, https://doi.org/10.1016/S0032-9592(98) 
00112-5.

[89] Y.S. Ho, G. McKay, Sorption of dye from aqueous solution by peat, Chem. Eng. J. 
70 (1998) 115–124.

[90] ISO 10993–5:2009. Biological evaluation of medical devices - part 5: test for in 
vitro cytotoxicity. The standard was last reviewed and confirmed in 2022.
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