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Polymeric hydrogels are important biomaterials with potential for various applications including the controlled
release of drugs. Clay and zeolite nanostructures can enhance the absorption and release properties of hydrogels.
In our previous work, a procedurewas optimized formaking hydrogel beads. The objectives of this studywere to
use the optimized bead forming procedure to prepare clay and zeolite nanocomposite hydrogel beads and char-
acterize their microstructure, thermal and chemical properties. The hydrogels were prepared by dripping solu-
tions of either sodium alginate or sodium alginate/nanostructure (clay and/or zeolite) into beakers containing
different concentrations of CaCl2 at 25 °C. Fourier transform infrared spectroscopy (FTIR) analysis detected the
presence of functional groups associated with alginate, clay and zeolite. The microstructure of the alginate
beads was somewhat rough with small protrusions. Flakes were visible in micrographs of beads containing
nanoclay. The elemental composition of the hydrogelswas investigated by energy dispersive X-ray spectrometry
(EDX). EDX spectra revealed magnesium, sodium, aluminum, silicon and increased the levels of oxygen in the
nanoclay compositions. The incorporation of nanoclays decreased the percentage of organic matter lost as de-
tected by thermogravimetric analysis (TG). TGwas also able to detect the incorporation of nanoclay in hydrogels.
The nanoclays proved to be more effective than zeolites in producing alginate hydrogels with satisfactory swell-
ing characteristics.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Various polymers used in biomedical applications have important
functional properties including biocompatibility and biodegradability
[1]. Some polymers can be classified as biomaterials precisely for such
properties.Moreover, in human trials their performance is very satisfac-
tory. Polymers can even be used in prosthetic devices where they prove
to be highly functional and can displace high-cost equipment [2].

Among the materials designated as polymers, alginate is a polysac-
charide of particular interest. In addition to the benefits already
highlighted above, alginate is hydrophilic in nature, has low toxicity,
and is relatively inexpensive [3, 4]. The alginate polymer is composed
of linear chains of α-L-guluronic acid (G) and β-D-manuronic acid
(M) blocks identified as rigid and flexible blocks, respectively. Alginate
is extracted from brown algae (Phaeophyceae) [5].

Alginate is particularly useful in the production of firm hydrogels
through the use of multi-valent cations [6]. When exposed to multi-
est regarding the publication of
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valent cations, the alginate chains begin to interact with the ions that
form crosslinkswith other nearby chains. This characteristic crosslinking
behavior with multi-valent cations is a key to the formation of alginate
hydrogels. Several studies also describe the preparation of hydrogels
formed by crosslinking alginate with other polymers [7–9]. For instance,
Facchi et al. [7] prepared hydrogel beads by using a steady drip of algi-
nate solution into a slowly stirred chitosan solution.

Hydrogels are polymeric materials known particularly for the ability
to absorb high amounts ofwater in their three-dimensional structure. In
contrast to hydrogels that are chemically crosslinked to form covalent
bonds and do not dissolve after the chemical reaction is complete,
hydrogels that are crosslinked with ionic bonds can dissolve depending
on the external factors to which it is exposed, such as changes in pH,
temperature, saline solutions, among others [10]. The softness and flex-
ibility of hydrogels contribute to their wide use in biomedicine, they are
mainly used to deliver medications that reduce inflammation and dis-
comfort in patients. Other uses of hydrogels within themedical field in-
clude their use in contact lenses and for tissue engineering (bone
regeneration), healing ointments, drug coating, and controlled delivery
systems [11–13]. There are many studies that report the effective use of
hydrogels containing nanostructures. Nanostructures such as nanopar-
ticles have been shown to improve the absorption and release of active
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agents. Among the nanoparticles studied, clays and zeolites are themost
common. Clays and zeolites are materials classified as minerals that are
naturally formed by geological events and hydrothermal variations of
volcanic lavas, respectively. Clays and zeolites are generally considered
to be non-toxic when ingested [14]. Several applications for alginate-
clay and alginate-zeolite nanocomposites have been reported [15–17].

Clay minerals have a sheet-like structure and are mainly composed
of tetrahedrally arranged silicate and octahedrally arranged aluminate
groups. The sheet-like structures form platelets that remain bound to-
gether by means of the van der Waals forces and relatively weak polar
forces. Among these platelets are cationic metals that are compacted
due to internal electrostatic forces [14, 18]. Today, hydrogels are valued
in applications that exploit their absorption capacity, chemical inert-
ness, low toxicity, and their ability to control the release of various phar-
maceuticals [19, 20]. Zeolites are minerals that are porous, comprised
mostly aluminosilicate and are used as adsorbents and catalysts as
well as inmedical applications [21]. Various studies have shown zeolites
to be highly effective for topical wound dressings, kidney dialysis, and
diarrheal drugs, and have shown antitumor, antimicrobial, and antiviral
activity and are of interest in controlled drug release systems [22].

In our previous work, a procedure was optimized for making hydro-
gel beads. The effect of nanoparticle concentration on bead formation
and the hydrophilic and structural properties of the beads were investi-
gated [23]. In other related works, there are several reports about
alginate-Ca hydrogels and some about alginate-Ca-clay hydrogels that
mainly relate to their application [24–27]. For instance, the work de-
scribed by Iliescu et al. [27] studied the preparation and characterization
of clay and sodium alginate nanocomposite beads used for the con-
trolled release of irinotecan. The main objective was the incorporation
of the irinotecan, and the potential application of this nanocomposite
in chemotherapy. A detailed investigation into how the crosslinker,
clay and zeolite affect the nanocomposite properties is needed. The ob-
jective of this work was to prepare different formulations of sodium al-
ginate hydrogels containing clay and zeolite nanoparticles, and to
characterize in detail the possible interactions by Fourier Transform In-
frared Spectroscopy (FTIR) and thermogravimetric (TG) techniques.

2. Experimental

2.1. Material and methods

Sodium alginate (SA) was obtained from Cromoline® Química Fina
Brazil. Pure anhydrous calcium chloride (CaCl2) was acquired from
Sigma-Aldrich. The nanostructures used were the zeolite, Clinoptilolite
ZK406 H (St. Cloud Zeolite) and the nanoclay, Cloisite-Na+ (Southern
Clay Products®). The reagents were used as received without any
purification.

2.2. Preparation of solutions

2.2.1. Preparation of sodium alginate solutions
A solution of the polysaccharide sodium alginate wasmade at a con-

centration of 2% (w/v). The alginate solution was stirred continuously
for about 4 h. Afterwards, the solution was stored in the refrigerator to
inhibit microbial growth.

2.2.2. Preparation nanoclay and zeolite dispersions
The Cloisite-Na+nanoclay dispersionswere added at concentrations

of 1, 2.5 and 5% (w/v). Initially, the nanoclay was dispersed for 30 min
under continuous magnetic stirring. The nanoclay solution was then
sonicated in an ultrasonic agitator (Branson Digital Sonifier® Model
450–400 W) by 5 cycles of 1 min each with 50% frequency.

Solutions of zeolite nanoparticles (2.5% and 5%, w/v) were prepared
by dispersing in water with continuous stirring after which the solu-
tions were sonicated in 5 cycles of 1 min each with 50% frequency.
Subsequently, the zeolite solutionswere added to the beaker containing
the clay slurry and stirred rigorously until dispersed.

2.3. Preparation of hydrogels

2.3.1. Preparation of calcium alginate nanocomposite hydrogel beads
A syringe pump (New Era model NE-300) was used to extrude a 2%

solution (w/v) of sodium alginate or alginate with nanoclay and zeolite
nanostructures at a rate of 30 mL/h into beakers containing different
concentrations of calcium chloride (1, 2.5 and 5% w/v). The drops of so-
dium alginate immediately formed beads as they fell into the solutions
of calcium chloride. The beads were kept for 2 h in the calcium chloride
solution to ensure the crosslinking process had completed. The beads
were then collected on a screen, washed and dialyzed for 24 h to re-
move the excess calcium. Finally, the beadswere separated on an acrylic
plate and dried at 25 °C.

2.4. Characterization

2.4.1. Fourier Transform Infrared Spectroscopy (FTIR)
FTIR was used to investigate the functional groups of the materials

and possible interactions between them. The hydrogel beads were trit-
urated, mixedwith potassium bromide (KBr) and pressed to obtain pel-
lets. The spectral range investigated was 4000–400 cm−1 accumulating
128 scans with a resolution of 2 cm−1 in a spectrophotometer Nicolet -
Nexus 670 FTIR.

2.4.2. Scanning ElectronMicroscopy (SEM) and EnergyDispersive Spectros-
copy X-ray (EDX)

SEM (ZEISS, model LS15 EVO) was used to investigate the morpho-
logical properties of the hydrogel and nanocomposite beads. The sam-
ples were viewed using a voltage of 10, 15 and 20 kV. A secondary
electron detector (SE1) was used with a detection and microanalysis
module coupled with X-ray energy dispersive (EDX) spectroscopy (res-
olution of 133 eV). After the purification process, some samples were
separated aswhole beads and others were cut in half to evaluate the in-
ternal morphology. The surfaces of alginate hydrogel beads and their
nanocomposites were sputter gold coated before analyses.

2.4.3. Thermogravimetric analyzer (TG)
The equipment used for thermal analysis was TA Instruments TGA

Q-500. Approximately 7–10 mg of sample was placed in the TG equip-
ment. The samples were heated from room temperature up to 800 °C
at 10 °C/min. The nitrogen gas flow in the TGA was 40.0 mL/min in
the balance and 60.0 mL/min in the sample chamber.

3. Results and discussion

3.1. Fourier Transform Infrared Spectroscopy (FTIR)

The effect of different concentrations of Ca2+ crosslinker on alginate
hydrogels is shown in Fig. 1.

Analyzing the FTIR spectra for sodium alginate revealed a wide band
between 3200 and 3600 cm−1 corresponding to the stretching of the –
OH groups present in the alginate polymer chain. The intense bands ob-
served in 1414 cm−1 and 1621 cm−1 correlated respectively to the
asymmetric and symmetric axial deformations of the –COO− groups in-
dicating the presence of the carboxylic acid group in the alginate.
Silverstein et al. [28] reported that the carboxylate ion generates 2 spec-
troscopic bands in these regions because the C_O bonds have an inter-
mediate coupling force from C_O and C\\O. The 1032 cm−1 peak was
related to the vibratingmotion of the C\\C bond as reported in previous
studies [29, 30].

FTIR spectra of hydrogel beads crosslinked with Ca2+ revealed spec-
troscopic bands at 1621 and 1414 cm−1 that were related to the
stretching of –COO− the majority of which were bonded to Ca2+ to
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Fig. 1. FTIR spectra of pure sodium alginate and alginate bead hydrogels prepared with
different concentrations of calcium in the 400–4000 cm−1 region (a) and 1200–2000 cm−1

region (b).
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Fig. 2. FTIR spectra of sodium alginate, clay and alginate-clay nanocomposites.

329R. da Silva Fernandes et al. / Journal of Molecular Liquids 265 (2018) 327–336
form three-dimensional crosslinked networks of hydrogels. Hua et al.
[31] reported that the interactions between Ca2+ ions with –COO− an-
ionic groups shifted the 1621 and 1414 cm−1 peaks to higher
wavenumbers. A similar shift was observed in this work where the
band at 1414 cm−1 (sodium alginate - control) was displaced to
1420 cm−1 (hydrogels containing 5% Ca2+). The band at 1621 cm−1

was displaced to a lower wavenumber region (1603 cm−1) compared
to the sodium alginate spectrum (Fig. 1b, control) further indicating a
possible interaction between –COO− andCa2+. The interaction between
these species is further confirmed by the degree of swelling as previ-
ously reported [23].

The spectroscopic properties of calcium alginate nanocomposites
containing different concentrations of nanoclay and crosslinked with
5% of calcium are shown in Fig. 2.

The FTIR spectra for the nanoclay sample revealed a wide band
at 3250–3600 cm−1 that was attributed to the elongation (axial de-
formation) of the structural –OH groups and –OH interleaved.
There was also a narrow, strong band at 1641 cm−1 related to the
angular deformation of the –OH interlayer. The peaks at
1040 cm−1 and 976 cm−1 were related to Si\\O\\Si axial deforma-
tion into and out of the plane of the tetrahedral site. A low intensity
peak at 510 cm−1 was attributed to the elongation of the bonds be-
tween the Si\\O\\Al groups. A band centered at 470 cm−1 was at-
tributed to the stretching of the Mg\\O bond as in previous
reports [32, 33].

In relation to the alginate nanocomposites, the Si\\O\\Si and
Si\\O\\Al bands intensified with increasing nanoclay content. An
intense broad peak was also observed at 1040 cm−1, which was related
to the overlap of C\\C bonds of alginate and axial deformation into and
out of the Si\\O\\Si bond plane. In addition, a small peak attributed to
axial deformation of the Si\\O bond was observed at 976 cm−1. Likely
interactions between alginate –COO− groups and the –OH groups pres-
ent in the clay were confirmed by the slight upward shift of the band
around 1600–1700 cm−1. These interaction points are shown in
Scheme 1.

FTIR characterization of the nanocomposites preparedwith zeolite is
shown below (Fig. 3). Regarding the pure zeolite curve, well-defined
bands were observed around 3500 cm−1 and 1656 cm−1, which is in-
dicative of stretching of the structural –OH groups (Al\\OH\\Al),
(Si\\OH\\Si) and flexion movement of the O\\H\\O. The presence of
a wide peak in the region of 1070 cm−1 and another low intensity
peak centered at 600 cm−1 refer to the asymmetric stretching vibration
of Si\\O and Al\\O, respectively, in a tetrahedral site. A peak with low
intensity associated with the vibration of O\\Si\\O and O\\Al\\O was
observed at 794 cm−1. Finally, a band was observed at 470 cm−1 that
was attributed to the vibration of Si\\O and Al\\O. Similar results
were presented by Rashidzadeh et al. [34] and Mansouri et al. [35].
Two main characteristic features were observed in the FTIR spectra
that were possibly related to the interaction between the alginate –
COO− group and –OH structural zeolite. These features were the
bands between 400 and 800 cm−1 in the zeolite containing samples
that intensified with increasing zeolite content and bands that were
displaced to much higher wavenumbers for the alginate carboxyl
groups (1612 and 1414 cm−1).

Nanocomposites containing both nanoclays and zeolites were also
characterized by FTIR (Fig. 4). The characteristic bands for the nanoclays
and zeoliteswere visible in the FTIR spectra of the composite blends. For
instance, the peak centered at 1414 cm−1 that related to the asymmet-
ric stretching of the –COO− groups for the sodium alginate component
was observed. The nanoclay component was detected by characteristic
peaks between 400 and 550 cm−1 related to Si\\O\\Si and Si\\O\\Al
and by the peak at 470 cm−1 which was assigned to Mg\\O stretching.
The zeolite component was detected by the low intensity peak at
794 cm−1. Finally, the fact that nanoclay and zeolite nanostructures
are composed of similar atoms, some bands overlapped in certain re-
gions. For instance, the 3300 to 3600 cm−1 spectroscopic region related
to (–OH) from the water of hydration. The wide bands observed be-
tween 1000 and 1100 cm−1 related to asymmetrical stretching vibra-
tion of Si\\O and Al\\O in their tetrahedral site and axial deformation
into and out of the Si\\O\\Si plane.



Scheme 1. Proposed scheme indicating the possible interaction points between clay and crosslinked alginate chains.
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3.2. Scanning Electron Microscopy (SEM)

SEM was used to evaluate the surface properties of pure nanoclay,
dehydrated hydrogels and their nanocomposites. Flakes and/or rough
bulky layers were observed in some regions from the nanoclay bead
surface (Fig. 5). Similar results were reported byMallakpour and Dinari
[36].

SEMmicrographs of beads comprised of 2% alginate+5%CaCl2 show
that the roughly spherical beads had a rough surfacewith various cracks
and wrinkles interspersed across the surface. These characteristics are
probably artifacts related to the dehydration process of the beads. Sim-
ilar observations were found by Swamy et al. [37], Bera et al. [38] and
Pasparakis et al. [39]. The rough surface of the beads and the presence
of cavities (pores) in various sizes and shapes were observed in higher
magnification (Fig. 6b). Such cavities could be responsible for water
vapor transmission or fluid leakage into and out of the beads. The in-
crease of both the surface roughness (Fig. 6c–d) and internal compac-
tion of the samples (Fig. 6f) was a characteristic feature of calcium
alginate hydrogels containing nanoclays. In addition, sub-surface
roughness was observed on the inner surface of a bead containing
nanoclay that had been cut in half to expose its internal morphology.
The roughness may increase the contact surface area of the nanocom-
posite hydrogels improving, for instance, absorption of water and sol-
utes as reported in previous studies [23, 40, 41]. SEM micrographs of
samples containing 2.5 and 5% w/v nanoclay showed features similar
to those in Fig. 6c–f and, therefore, were not included.

Macroscopically, the diameter of the hydrogel beads increased with
higher concentrations of nanoclay as is illustrated in Fig. 7. The increase
was attributed to the higher expansion due to the hydration and swell-
ing of the nanoclay component.
3.3. Energy dispersive X-ray spectrometry (EDX)

The EDX is a semi-quantitative analytical technique that can be used
to determine the elemental composition in the different samples. As ex-
pected, the pure hydrogels had only carbon, oxygen and calcium ele-
ments. The detection of calcium was supportive of the hypothesis that
a crosslinked network of calcium alginate had formed. No sodium was
detected in the nanocomposites. Itmay be that the sodium ions diffused
out of the beads once the nanoclay hydrated and swelled and the
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alginate polymer chains penetrated the platelets of nanoclay where the
sodium ions initially were bound (Scheme 2). EDXwas useful in detect-
ing the formation of a calcium alginate nanocomposite that remained
stable, even after the dialysis treatment was performed to remove un-
bound calcium ions.

The EDX data (Table 1) included the elemental composition of the
nanoclay used in making the nanoclay alginate hydrogels. Although
the EDX technique is only semi-quantitative, it clearly showed higher
levels of magnesium, aluminum, silicon and oxygen in the hydrogels
containing higher levels of the nanoclay.
3.4. Thermogravimetric (TG) and differential thermogravimetric (DTG)
analyses

TG analyses of sodium alginate, pure nanoclay and different nano-
composite formulations were performed to determine the thermal
Fig. 5. Electronic micrographics obtained by SEM of the nanoclay cloisite-Na+ at 300×.
stability of the hydrogels over a given heating profile. The TG and DTG
curves of the different hydrogel samples revealed three main thermal
events (Fig. 8).

The first eventwas observed in the range of 30 to 150 °C andwas as-
sociated with the loss of moisture and other volatiles (Fig. 8). The sec-
ond event occurred in the temperature range of 200–320 °C and was
associated with the decomposition of the alginate carbon chains and
the formation of sodium carbonate (Na2CO3) as an intermediate prod-
uct. The last thermal event occurred in the range 600–700 °C and was
associated with the decomposition of the Na2CO3 in two stages as
shown below [42]:

1st decomposition stage : Na2CO3 lð Þ→Na2O sð Þ þ CO2 gð Þ

2nd decomposition stage : Na2O sð Þ→2 Na gð Þ þ 1=2 O2 gð Þ

For hydrogelswith 1%CaCl2, the same three thermal eventswere de-
tected but they occurred at a higher temperature range. The 1st event
occurred in the temperature range 38–174 °C, the second event oc-
curred in the range of 200 to 390 °C and the third event occurred in
the range of 600–735 °C Similar thermal behaviors occurred in alginate
samples containing 2.5 and 5% CaCl2. The TG residue after the heating
cycle was approximately 30-wt%. This residue was inorganic material
that remained stable at high temperatures (800 °C). Similar results
were reported by Kumar et al. [43], Eldin et al. [44] and de Paula et al.
[45].

Two peaks were observed around 200–350 °C in TG data for
hydrogels prepared with 2.5 and 5% Ca2+. In the pure alginate sam-
ple and the sample prepared from the lowest calcium concentration,
only one peak occurred. The peak was related to the decomposition
of free alginate chains or chains with a low degree of entanglement.
At higher concentrations of Ca2+, there is an increased amount of
crosslinking and chain immobilization. Consequently, the thermal
event related to the degradation of these chains shifted to higher
temperatures. The increased crosslinking and chain entanglement
may increase the hydrophobic interactions in the sample as shown
in Scheme 3.

The initial, maximum and final temperatures of the thermal
events obtained from the DTG curves (Table 1S) indicate that
changes in concentration of Ca2+ did not significantly change the



Fig. 6. Surface electronic micrographics obtained by SEM of the alginate hydrogels (a–b), nanocomposites prepared with 1% clay (c–d) and (e–f) internal electronic micrographics of the
nanocomposites prepared with 1% clay.
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lower end of the temperature range for the second thermal event.
However, the rate of degradation decreased with increasing
amounts of Ca2+, which demonstrated that the thermal stability
of the hydrogels was improved by increasing the concentration of
Ca2+.

As seen in Fig. 9a and b, the pure nanoclay had two thermal events.
The first thermal event occurred in the temperature range of 34–105 °C.
Theweight loss from the first thermal eventwas about 6.5% andwas at-
tributed primarily to the volatilization of water (freewater). The second
thermal event occurred between 560 and 676 °C and resulted in a 2.9%
(w/v) weight loss. This weight loss corresponded to dihydroxylation
(i.e., breaking of the bonds of the hydroxyl groups (–OH−) that are
tightly bonded in the structure of nanoclay [46, 47]). This result was
expected since the nanoclay is an inorganic material, and is thermally



Fig. 7. Effect of clay concentration on size of alginate hydrogel nanocomposites.
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stable in this temperature range. Other thermal events that caused
significant mass loss required a higher temperature range. The temper-
ature at which the alginate began to thermally degrade with the break-
ing of the carbonic chains occurred at 212 °C and gradually increased as
temperatures increased to 221 °C (Fig. 9c).

Increasing the clay content from 0 to 5%, improved the thermal sta-
bility of the nanocomposites. The miscibility of the alginate and
nanoclay components would tend to facilitate the movement of
Table 1
Analysis of EDX of the pure hydrogel, clay and nanocomposite prepared with three different cl

Materials Elements

Calcium Carbon Ma

Nanoclay % Atomic – – 1.0
% mass – – 1.3

Pure hydrogel % Atomic 7.5 ± 0.2 49 ± 1 –
% mass 10.1 ± 0.5 39 ± 1 –

Hydrogel/1%nanoclay % Atomic 2.8 ± 0.7 36 ± 0.8 0.2
% mass 7 ± 1 26 ± 1 0.4

Hydrogel/2.5%nanoclay % Atomic 2.0 ± 0.1 29 ± 0.5 0.4
% mass 4.9 ± 0.3 21.0 ± 0.5 0.6

Hydrogel/5%nanoclay % Atomic 1.3 ± 0.3 25 ± 0.1 0.5
% mass 3.1 ± 0.7 17 ± 2 0.8

Scheme 2. Hypothetical model of the possible conformation betwe
hydrated alginate chains into the space between the clay sheets. In
this manner, the –COO− groups of the alginate may be interacting
with the –OH groups of nanoclay, forming hydrogen bonds that require
higher energy to fragment and thus make the nanocomposites more
thermally stable. This interaction was previously discussed in the FTIR
analysis (Scheme 1). The intercalation of alginate chains into the
nanoclay layers effectively protects the organic material (alginate)
from the externally applied heat. These factors contribute to the de-
crease in the thermal degradation rate of the nanoclay composites
(Table 1S). Similar results were presented by Rafiei and Ghomi [34]
and Iliescu et al. [27].

Themass loss during thermal degradation depended on the concen-
tration of nanoclay in the nanocomposites (Table 2S). However, the ef-
fect was more than would be expected based solely on the nanoclay
content. For instance, themass loss of pure alginate hydrogel after ther-
mal degradation, i.e., without nanoclay, was approximately 70%. In con-
trast, the mass loss of the nanocomposite containing 5% nanoclay was
only 30% (Table 2S).

4. Conclusion

Nanocomposite hydrogels can be readily made with nanoclays and
zeolites. The nanomaterials used in the hydrogels confer different phys-
icochemical properties. Physical differences such as in surface rough-
ness in hydrogel beads were apparent in SEM micrographs. Chemical
differences in the nanocomposite hydrogelswere apparent in FTIR anal-
yses of the samples. Thermal stability of the hydrogels was improved by
crosslinking with calcium or by the incorporation of nanoclays. The re-
sults of this study show that the properties of hydrogels can bemodified
with nanoclays and zeolites. By strategicallymodifying the properties of
ay concentrations.

gnesium Sodium Aluminum Silicon Oxygen

± 0.05 2.1 ± 0.01 6.4 ± 0.1 18.4 ± 0.01 71.9 ± 0.1
± 0.07 2.6 ± 0.1 9.0 ± 0.1 27.0 ± 0.04 59.9 ± 0.1

– – – 47 ± 1
– – – 50.5 ± 0.9

8 ± 0.01 – 1.9 ± 0.3 6 ± 1 54 ± 1
± 0.02 – 3.1 ± 0.3 10 ± 1 53 ± 2
± 0.02 – 5.9 ± 0.1 8.7 ± 0.5 56.5 ± 0.3
± 0.02 – 4.8 ± 0.2 14.6 ± 0.7 54.0 ± 0.7
9 ± 0 – 3.7 ± 0.2 10 ± 1 58 ± 2
± 0.01 – 5.8 ± 0.4 17.6 ± 0.1 55 ± 3

en hydrogel and nanoclay after the nanocomposite formation.



Fig. 8. TG (a) and DTG (b) curves of sodium alginate and alginate hydrogels crosslinked with different Ca2+ content.
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the hydrogels, their application in the medical field such as in
controlled-release medications could be further expanded.
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Fig. 9. TG (a), DTG (b) and DTG showing the second thermal event (C) of clay, alginate hydrogels and nanocomposites prepared with different clay content crosslinked with 5% Ca2+.
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