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Abstract. Methods for the synthesis of calcium alginate gels (in the form of beads and fibers)
and hydrogel composites based on alginates and clay minerals (Laponite and Montmorillonite) have
been developed. The structure of the synthesized gels and composites was characterized using FT-IR
spectroscopy. Their kinetics of swelling in water, saline, and phosphate buffer was studied and
inherent to them Fick type of diffusion was determined using the Peppas-Ritter equation.

The complex of sorption and diffusion properties inherent to the synthesized hydrogel
composites determines their high potential as soil conditioners for agrotechnological purposes,
providing remediation of soils contaminated with toxic substances and pathogenic microorganisms,
increased water retention and aeration, as well as prolonged release of plant protection products.
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AHoTauisi. Po3po06ieHo MeToau CHUHTE3y TrefliB albriHaTy Kaibllito (Y BUTIAII KYJIBOK 1
BOJIOKOH) Ta TiApOTesIeBUX KOMIIO3UTIB Ha OCHOBI aJIbIHATIB 1 IIMHUCTUX MiHepaliB (JIAIIOHITY Ta
MOHTMOPWIOHITY). CTpPyKTypy CHHTE30BaHMX Te€IB Ta KOMIIO3UTIB OXapaKTepPHU30BaHO 3a
nonomororo [Y-criekrpockomnii. BuB4eHo kiHeTHKY X HaOyxaHHS y BOJI, (i310710T1YHOMY PO3UHHI Ta
dbocharHomy Oydepl 1 BU3HAYEHO NMpUTaMaHHMKA iM Tum nudy3ii 3a DIiKOM 3 BUKOPUCTAHHSIM
piBusHH: [lenmaca-PiTTepa.

CyKymHICTh COpPOIIAHUX 1 Jau(dY31MHUX BIACTMBOCTEH, NPUTAMAaHHUX CHHTE30BAaHUM
TiIpOresieBUM KOMITO3UTaM, OOYMOBIIOE iX BHCOKHH TOTEHILIad SIK I'PYHTOBUX KOHIHIIIOHEpIiB
arpoOTEXHOJIOTIYHOTO MPU3HAYCHHS, 110 3a0e3Medye peMeTialliio IPYHTIB, 3a0pyTHEHUX TOKCHIHUMH
PEUOBHHAMH 1 MATOTCHHUMH MIKPOOpraHi3MaMu, MiABUILEHY BOJOYTPUMAHHS Ta aepalliio, a TaKox
MIPOJIOHTOBaHE BUBLILHEHHS 3aC001B 3aXUCTY POCIIHH.

Kurouosi cioBa. ['igporeni, anpriHat Kanbllito, I0HOTPOITHE 3IIMBAHHS, JAMOHIT, TJIMHHUCTI
MiHEpaau, KOHAUI[IOHEPH IPYHTY, MOHTMOPHUJIOHIT, HAOyXaHHs, TU]y3isl.

Alginates are natural polysaccharides, polyanionic polymers derived from
brown marine algae, and some bacteria (e.g. Pseudomonas and Azotobacter) [1]. The
polymer chains of alginates consist of f-D-mannuronic acid (M-blocks) and a-L-
guluronic acid (G-blocks) connected by (1—4) glycosidic bonds [2]. The interaction
of alginates with multivalent cations, primarily calcium cations, leads to the formation
of biodegradable gels. Polymerization is based on crosslinking of copolymers through
ionic bonds between Ca" cations and alginate anions. Each Na* cation ionically binds
to only one carboxyl group of the alginate chain, while the Ca®" cation interacts with
two carboxyl groups located in different polymer chains [3]. The exchange of Na+ ions
in sodium alginate for Ca®" ions occurs when an aqueous solution of sodium alginate
mixes with a solution containing calcium ions. It should be emphasized that only G-
blocks are involved in the crosslinking process. To increase the sorption capacity of
calcium-alginate gels, clay minerals, such as natural montmorillonite and synthetic
laponite, were incorporated into their structure. Let us analyze their properties.

Laponite is disks with a diameter of about 25-30 nm and a thickness of about 1
nm [4] with a structure similar to that of natural hectorite and empirical composition
Nay 7(SisMgs sL1p3)O20(OH)s. MMT is a natural clay mineral belonging to the smectite
group. It is a dioctahedral 2:1 phyllosilicate constituted by two tetrahedral sheets and
one octahedral sheet (T:O:T). Chemically, the MMT consist of isomorphic
substitutions in the tetrahedral sheet of Si** by AI** and AI** by Mg?" in the octahedral

ones [5].



Materials

Alginic acid sodium salt (SA, viscosity 450-550 cP (1 % in H,O), Glentcham
Life Science, Nel), LAPONITE®RD (Lap, Rockwood Additives Ltd., Widnes, U.K.),
Montmorillonite K 10 (MMT, Bulk density 300 - 370 kg/m?, Sigma-Aldrich), Calcium
chloride (CaCl,, 97 %, Sigma-Aldrich), were used as received without further
purification. Distilled water was used as a solvent in all experiments.

Synthesys

Calcium-alginate gels, particularly those filled by nanoclays, have been
synthesized by two different methods. The first one involves extrusion of sodium
alginate by continuous flow into solution of crosslinking agent - calcium chloride. The
gel formed in the form of fibers is then subjected to repeated mechanical grinding and
sieving to form a powder with a particle size of about 1 mm. An alternative method
involves extruding sodium alginate into the crosslinking agent solution in a dropwise
manner, using a pipette, syringe or peristaltic pump. The size of the resulting beads can
be controlled by varying the diameter of the nozzle.

Swelling degree, Q, (g/g) of hydrogels were studied in distilled water, saline
and phosphate buffer using the gravimetric method and calculated according to the

following formula:

_ M@y~Mma

Q=——— (1)

mq
where m( is the mass of swollen sample at the time (t); mq is the mass of the gel

after drying. All swelling measurements were performed in triplicate.

Fig.1. Changes in the size of hydrogel beads based on calcium-alginate and laponite (Cag=2
%, Ciap=0.5 %, Ccac2=0.5%) during processing (a-after synthesis; b-after swelling; c-after

drying)



The FTIR spectra were recorded in the range of 400-4000 ¢cm (internal
reflection spectroscopy, with resolution of 4 cm™ and accumulations of 40 scans) using
a Shimadzu IRAffinity-1S spectrometer equipped with GS10800-X QuestsR ATR
Diamond accessory, while Micrographs of alginate gels were obtained using a Kerui
1600X Zoom USB microscope (China).

Fig.2. shows the FTIR spectra of Lap, SA, calcium Alginate, and hybrid gels
based on calcium Alginate with incorporated Lap and MMT. For the pristine Lap, the
broadband 950—1010 c¢cm™' with a maximum at =970 c¢cm ' corresponds to the
asymmetric stretch vibrations of Si — OH bond in different environments in layered
silicates [6]. The absorption bands around 470 c¢cm™ are caused by skeletal and
outskeletal vibrations of the -Si-O-Si-, -Si-O- bonds of the crystal lattice of the mineral
nanodisks, and the peak at 650 cm™ corresponds to the vibrational oscillations of the -
S1-O-Me- bonds [7].

MMT is characterized by signals in the range from 3600 to 4000 cm™ with a
low-intensity peak at 3624 cm™ caused by valence vibrations of the O-H in the silanol
group, and the peak at 911 cm™! is the result of strain vibrations of the O-H group. The
valence asymmetric and symmetric vibrations of Si-O-Si cause bands with peaks at
1028 cm™ and 800 cm’!, and the strain vibrations of the same bonds absorb at 420 cm’
!, The absorption peak at 520 cm™ is caused by -Si-O-Al- group [8].

Spectra of SA and ionically cross-linked calcium alginate are characterized by
symmetrical valence vibrations of -C-O- bonds in the rings of guluronic and
mannuronic acids, which are overlapped with valence vibrations of (1—4) glycosidic
bonds with the formation of a broad band with a peak at 1005...1025 cm™. The band at
1590 cm! corresponds to the carboxyl group of carboxylic acid salts, deformation
scissor vibrations of the C-H bonds of the carbon skeleton of alginate cause absorption
at 1410 cm!, and deformational skeletal vibrations of these bonds shows up at 1294
cm’!. Hydroxyl group signals of sodium alginate appear at 3246 cm™ and 810 cm™,
which corresponds to the valence and strain vibrations of O-H bonds. Ionic

crosslinking of sodium alginate enhances the intensity of the vibrations of its



functional groups, probably due to an increase in the dipole moment of the hydrogel
macromolecule.

The FTIR spectrum of the nanocomposites based on calcium-alginate gel and
clays shows a combination of absorption bands characteristic for these individual
components. At the same time, the intensity of vibrations of the corresponding
functional groups of both components increases notably, indicating a synergistic

interaction between them.
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Fig. 2. FTIR spectra of calcium-alginate gel, Lap, composite based on Ca-alginate gel and
Lap, MMT, SA, and composite based on Ca-alginate gel and MMT

The swelling of Ca-alginate and Lap - based nanocomposites is described by
standard saturation curves, with the reaching of the equilibrium swelling degree in
about 24 hours. Visualization of dry alginate-laponite bead swelling during the first
three hours is demonstrated on the Fig. 3. At SA concentrations less than 0.5%, even
if a gel 1s formed, it is very heterogeneous and with poor mechanical properties, which
is probably due to the insufficient content of G-blocks. For the same reason, swelling
degree of the corresponding nanocomposites rise with increasing of SA (Fig.4). Effect
of Lap content on the swelling of nanocomposites is not so unambiguous and needs

further investigation.



t=0
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Fig.3. Visualization of dry alginate-laponite (Ciap=1% wt.; Caig=2 % wt.; Ccac=0.25 % wt.)

bead swelling during the first three hours

Swelling degree of nanocomposites based on alginate gels and clays
nanoparticles strongly depends on the crosslinking density of gel networks determined
by the concentration of CaCl,, and growth of the crosslinking agent concentration led
to the predictable transition of the hydrogel to a denser conformation, with the most
significant decrease in swelling observed in the range of CaCl, concentrations of 0.25-
0.5 % wt. (Fig. 5). It is worth noting that at higher concentrations of the cross-linking
agent, the degree of swelling of calcium alginate gels with incorporated laponite
nanoparticles is an order of magnitude less (Fig. 5b).

Clay nanocomposites based on alginate and MMT exhibit similar behavior when
swelling in water - swelling degree decreases with the increase of CaCl, concentration

and rise with growth of MMT content.
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Fig. 4. Effect of Alginate (a) and Laponite (b) content on the swelling of nanocomposites

based on them (Ccaci2=0,5% wt.)

Swelling kinetics

When a glassy hydrogel is exposed to contact with water, it diffuses into the
hydrogel and the hydrogel expands. Diffusion involves the migration of water into pre-
existing or dynamically formed spaces between the hydrogel chains. Swelling of the
hydrogel involves more extensive segmental movements, which ultimately leads to an

increase in the distance between the hydrogel chains [9].
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Fig. 5. Swelling kinetics of nanocomposites based on calcium alginate and Lap at low (a) and

high (b) CaCl: concentrations (Caig=2 % wt.; CLap=1 % wt.)



To describe this process in 1987 Peppas and Ritger introduced a simple

exponential equation (2):
M:/M,, = kt™, (2)

that describes the diffusion mechanism of a polymeric system [10]. In these
equation M; and M., denote the amount of solvent diffused into the gel at time t and
infinity (at equilibrium) respectively, £ is a constant related to the structure of the
network, and the exponent n is a number to determine the type of diffusion [11].
Diffusion exponential of n can be estimated from the slope of a line obtained from InF-
In¢ graph data of the region where the swelling has not reach the equilibrium, but only
60 % of the water mass enters in the structure of gels. Coefficient k can be calculated
from the intercepts of the plots of InF vs Int. For cylindrical shapes, n = 0.45-0.50 and
corresponds to Fickian diffusion, whereas 0,50 <n < 1,0 indicates that diffusion is non-
Fickian (DNF) [12]. DNF, also called anomalous, arises from the simultaneous and
comparable contribution of the diffusion phenomenon of the bioactive agent molecules
and the relaxation of the polymer chains. The diffusional exponent obtained when the
system presents zero order diffusion (or Case II diffusion) is 1 [10]. Values of n greater
than 1 reflects the so-called Super Case II transport [13], whereas the case with 7 in the
range from O to 0.45 corresponds to the so-called Hindered Fickian diffusion [14].
Some of the kinetic curves of swelling of the synthesized nanocomposites after

logarithmization are shown in Fig. 6.
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CONCLUSIONS

Thus, the research on the swelling of nanocomposites in solutions of various

nature allowed us to establish some kinetic regularities of this process and determine

the type of Fick diffusion inherent to them.
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