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Biopolymers, particularly polysaccharides such as pectin, chіtosan and alginate, offer significant potential in 
addressing numerous current environmental and health issues. In contrast to synthetic polymers, natural 
polysaccharides possess valuable properties such as biodegradability, biocompatibility, and non-toxicity. Due to that, 
they have proven their efficiency in biomedical applications for drug encapsulation and delivery, wound healing and 
tissue engineering. Moreover, their natural origin and environmental compatibility make them highly suitable for 
applications in agriculture, particularly in soil conditioning and remediation. These well-known, commercially 
available biopolymers have unique functional properties which, when combined, can improve their physicochemical 
properties synergistically. 

Methods of Calcium Alginate and mixed polysaccharides based on Alginate and Pectins A and LM synthesis in 
the form of spherical beads with adjustable diameter were developed, and the influence of the nature and concentration 
of the components on their properties was analysed. The morphology of the synthesized polysaccharide gels (based on 
Alginate, Alginate-Pectin A and Alginate-Pectin LM) was examined by means of electron microscopy (SEM), while 
their chemical structure was confirmed by FTIR. The elemental composition of the synthesised polysaccharides was 
studied using energy-dispersive X-ray spectroscopy (EDX), while their thermostability and thermolysis processes were 
analysed using thermogravimetric analysis. It was demonstrated that the synthesised polysaccharide beads could 
withstand steam sterilisation at 121 °C without undergoing significant changes. This opens up the possibility of using 
them in various biomedical technologies. Studying the swelling kinetics of polysaccharide gels in different solvents 
(water, saline and phosphate-buffered saline (PBS)) enabled us to determine their inherent Fick diffusion type. 

The developed mixed polysaccharides show promise as a synthetic soil conditioner for agricultural use and for 
targeted delivery and controlled release of medicine. 

Keywords: polysaccharides, alginate, pectin, mixed gels, ionotropic cross-linking, thermal analysis, kinetics of 
swelling, diffusion exponent, types of diffusion 
 

INTRODUCTION 

Natural polysaccharides such as alginate, 
pectin, and chitosan have attracted significant 
attention in recent decades due to their 
biodegradability, biocompatibility, and 
nontoxicity, making them promising candidates 
for various biomedical and environmental 
applications [1–3]. In biomedical fields, these 
polymers are widely used in drug delivery 
systems, wound healing, and tissue engineering, 
where their capability to form hydrogels enables 
effective encapsulation and sustained release of 
active compounds [3, 4]. Owing to their natural 
origin and functional versatility, polysaccharide-

based hydrogels are also being actively explored 
as soil conditioners in agriculture, capable of 
improving water retention and remediating 
contaminated soils [5, 6]. 

Pectins are commonly abundant in 
dicotyledons and non-grass monocotyledonous 
plants. Depending on the origin, pectins can vary 
in molecular weight, degree of acetylation and 
methylation, as well as in their content of 
galacturonic acid and neutral sugar residues [7]. 
Therefore, pectins demonstrate a variety of 
gelling abilities and can form complexes with 
other natural compounds and, as a result, are 
useful for the development of various nutritional 
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products, first of all, jelly candy [8], jams, 
marmalades, fruit juice, confectionery products, 
etc. [9]. 

Pectins are composed mainly of an α-1,            
4-D-galacturonic acid residue (> 65 % (w/w)) 
either as a free acid, methyl ester, or amides [10]. 
These (1→4)-α-D-galacturonic acid (GalA) 
residues compose a part of the “smooth” 
homogalacturonic (HG) domain of the pectin 
molecule, with some carboxyl groups esterified 
by methanol [11]. The pectin molecules is also 
composed of “hairy” areas. The “hairy” regions 
mainly consist of branched, neutral side chains of 
sugars, usually associated with 
rhamnogalacturonan (RGI) regions of the 
polymer structure [12]. Pectin classification is 
based on their degree of methylation, expressed as 
the ratio of methyl-esterified carboxyl groups to 
the total amount of galacturonic acid units.    
High-methoxy (HM) pectins have more than 
50 % of carboxyl groups esterified by methanol, 
low-methoxy pectins (LM) - from 5 % to 50 %, 
and pectic acid - less than 5 % [13]. 

Numerous parameters affect the functional 
properties of pectins. Their solubility in the water 
depends on the degree of methylation, molecular 
weight, counter ions present in the solution, as 
well as temperature and pH [14]. Solubility is 
higher when the degree of methylation is 
increased; however, it declines with increasing 
molecular weight of the polymer [15]. 

The formation of pectin gels depends on the 
structure of pectin, namely, the degree of 
methylation, acetylation, amidation, and 
molecular weight, concentration and sugar), as 
well as other factors such as concentration of 
pectin, presence of cross-linking agents, 
temperature and pH. During the gelation process, 
three-dimensional networks are formed that hold 
water molecules and substances dissolved in them 
[16]. The gelation mechanism is different for 
high-methoxylated (HM) and low-methoxylated 
(LM) pectins. HM pectin gel is formed at 
pH < 3.5 and at high sugar concentration (> 55 %) 
[14]. At the same time, LM pectin gels are formed 
in the presence of divalent cations such as Ca2+ 
[17]. The required pH range is between 2 and 6, 
and sugar is not required for gel formation [14]. 
An increase in pH from 3.5 to 8.5 leads to an 
increase in gel strength, which is associated with 
an increase in the degree of dissociation of 
galacturonic acid residues and further 
deesterification of pectin. 

The mechanism of LM pectin gelation is 
associated with the “egg carton” model, which 
also describes the binding of alginates by Ca2+ 

ions [18]. The above is explained by the similarity 
of the structure and behaviour of alginates and 
pectins [19]. The junction zones are formed by 
binding between Ca2+ and non-esterified 
galacturonic acid units [19]. Gel formation at low 
pH values (pH = 3) can be associated not only 
with the binding of calcium ions to pectin, but also 
with the formation of hydrogen bonds. 

Amidated LM pectins also form a gel in the 
presence of calcium ions [20]. The gelation 
process of these pectins requires a lower amount 
of calcium ions than that of LM pectins. 

It is known that biopolymers, especially 
polysaccharides like pectin and alginate, have 
significant potential towards solving many 
current environmental and health challenges. 
Pectin and alginate have proven their efficiency in 
biomedical applications for drug encapsulation 
and delivery, wound healing and tissue 
engineering, and in the creation of natural 
packaging films to reduce the use of traditional 
non-biodegradable plastic packaging [21]. These 
well-known, commercially available biopolymers 
have unique functional properties, which when 
combined, can achieve synergistic improvements 
in their physical and mechanical properties [22]. 

Alginate must be considered as a collective 
term to describe a diverse group of biopolymers 
that vary in composition and structure. The main 
structural component of alginate is considered a 
linear polysaccharide consisting of (1→4)             
β-D-mannuronic acid (M blocks) and                       
α-L-guluronic acid (G blocks) residues [23]. The 
spatial conformation and proportion of M and G, 
which is is highly influenced by the source and 
extraction methods used to obtain the alginate, 
blocks substantially affect their functional 
properties [24]. As with pectin, the functionality 
of alginates can vary under the influence of 
various factors, which will ultimately determine 
their application in medicine, agriculture, ecology 
and food industry [21]. 

Both pectin and alginate (Fig. 1) are widely 
known for their excellent thickening and gelling 
properties, which has resulted in their specific use 
in creation and tailoring of food systems [25] and 
in the creation of biofilms for natural 
biodegradable packaging materials [26]. 

In general, the widespread use of alginates, 
pectins and their mixtures in the pastry industry 
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has led to a wide range of studies, primarily in 
terms of their operational [8], dietary [27], flavour 
[28] and rheological [29] properties. In our 
experiments, we will focus on the optimization of 
methods for the synthesis of mixed gels based on 

sodium alginate and pectins of various structures, 
the study of their structure and morphology, 
thermal stability, and processes of interaction 
with solvents of diverse nature. 

 

 

Fig. 1. Basic structure of alginate and pectin [30] 

 
This study examines the synthesis methods of 

pure alginate gels and gels based on a mixture of 
alginate and pectin A (pectin LM), as well as their 
physicochemical properties.  

MATERIALS AND METHODS 

Alginic acid sodium salt (Na-Alg, viscosity 
450–550 cP (1 % in H2O), Glentcham Life 
Science), Pectin A (Natural, for biochemistry, 
Roth, Germany), Pectin LM (Biosynth S. R. O., 
Slovakia), calcium chloride (СaCl2, 97 %, Sigma-
Aldrich), were used as obtained without further 
purification. Distilled water was used as a solvent 
in all syntheses. 

Synthesis of Calcium-Alginate Gel and Ca-
Alg-Pec Mixed Gel Beads. Calcium-Alginate-
Pectin (Ca-Alg-Pec) mixed gels were synthesized 

in the following way. The mixture of Alginate and 
Pectin (A or LM) with different proportions of 
components and with total concentration of 2% 
(or 2 % Sodium Alginate) was stirred in distilled 
water for about 1 hour at 40 °C until a 
homogeneous mixture was obtained. The 
resulting solution was then dropped into a CaCl2 
solution (C = 0.25–2 wt. %) and left to crosslink 
for 15 min with stirring, and then for another 
45 min without stirring. After that, the gel was 
washed twice for 15 min with plenty of water, and 
then dried in a thermostat at 40 °C during one day. 
The synthesis were performed at a temperature of 
20±2 °C. The size of the resulting beads can be 
controlled by varying the diameter of the nozzle. 
Fig. 2 shows the appearance of the synthesized 
polysaccharide beads. 

 
 

                   

Fig. 2. Appearance of the synthesized polysaccharide beads (a – CAlg = 2 wt. %; b – CAlg = 0.8 wt. %, 
CPecA = 1.2 wt. %; c – CAlg = 0.4 wt. %, CPecLM = 1.6 wt. %; CCaCl2 = 0.5 wt. %) 

 
 

Infrared (IR) analysis was conducted using a 
Fourier-transform infrared spectrometer 
(Shimadzu IRAffinity-1S) with an attenuated 

total reflection detector (Specac Quest ATR) in 
the range of 4000 to 400 cm–1, with an 
accumulation of 25–40 scans and a resolution of 
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4 cm–1. The data were processed using the 
LabSolutions IR Ver. 2.26 data processing 
software. 

SEM. Information about the morphology and 
pore structure of PVF sponges was obtained from 
the microphotographs taken using a scanning 
electron microscope (Tescan Mira LMU) 
equipped with an energy-dispersive spectrometer 
(Oxford X-Max 80) and a sample preparation 
system (PECS Gatan 682). The microstructure of 
the samples was investigated after lyophilization 
of swollen samples to equilibrium water content. 
Fragments of the samples were mounted on an 
adhesive conductive substrate (carbon tape 
[05081-AB, SPI Supplies] on aluminium pin-type 
SEM mounts [01506-MB, SPI Supplies]). The 
mounted samples were coated with a thin (30 nm 
thick) layer of conductive material (Au/Pd 
mixture) using the PECS Gatan 682 to avoid local 
charge accumulation during scanning electron 
microscopy examination. 

Thermogravimetric analysis (TGA) 
measurements were performed using a Q1000 
derivatograph (MOM, Hungary) in the range of 
20–700 °C at a rate of 5º/min. The weight loss of 
the samples during the measurement was 
determined using a VIBRA HT balance (Japan). 

The equilibrium degree of swelling of 
hydrogels in distilled water, (Q), was calculated 
using the formula: 

𝑄 ൌ
𝑚௦ െ 𝑚ௗ

𝑚ௗ
, 

where 𝑚௦ is the mass of the swollen hydrogel in 
the equilibrium state after 24 hours of swelling, 
and 𝑚ௗ  is the mass of the completely dried 
xerogel after water evaporation. The hydrogel 
samples were incubated in a TS-1/80 SPN 
thermostat and weighed with an accuracy of       
10–4 g on an AXIS analytical balance (Poland). 
Data are presented as mean standard deviation of 
three to five independent experiments. ANOVA 
was used for statistical data processing, p < 0.05 
was considered reliable. 

RESULTS AND DISCUSSION 

Fig. 3 shows the infrared spectra of the 
studied natural polysaccharides - Pectin LM and 
A, Sodium Alginate and mixed gels based on 
Alginate and pectins (Pectin : Alginate = 80 : 20). 
Sodium alginate, which is a polymer based on   
1,4-linked β-D-mannuronate (M) and                       
α-L-guluronate (G), has a distinct peak at 
3309 cm–1, which corresponds to the valence 
vibrations  of  the  hydroxyl  group. The  valence  

 

 

Fig. 3. IR spectrum of: 1 – Pectin LM 100 %, 2 – Pectin A 100 %, 3 – Sodium alginate 100 %, 4 – Gel based on 
80 % Pectin LM and 20 % sodium alginate, 5 – Gel based on 80 % Pectin A and 20 % sodium alginate 

 
vibrations of the C-H groups of the carbon 
skeleton have peaks at 2928 and 2868 cm–1, the 
absorbance peaks at 1590 and 1415 cm–1 are 
caused by asymmetric and symmetric valence 

vibrations of the carboxylate ion (COO–) [31]. A 
broad band with a peak at 1024 cm–1 is associated 
with the C-O-C 1–4 valence vibration of the 
glycosidic bond, which is characteristic of the 
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sodium alginate structure. The peak at 1075 cm–1 
is attributed to the C-OH valence vibrations of 
secondary cyclic alcohols [31]. The weak bands 
between 2930 and 2860 cm–1 correspond to the 
valence vibrations of carbon-hydrogen bonds in 
the Pectin structure [32]. The intense absorption 
bands at 1731, 1604 cm–1 for Pectin LM and 1733, 
1620 cm–1 for Pectin A are associated with 
methyl-esterified carboxyl groups (-COOCH3) 
[31] and asymmetric valence vibrations of 
carboxylate ion (COO–), respectively, while the 
symmetric valence vibration of COO– appears as 
a weak band at 1408 cm–1. 

The peaks at 1226, 1142, 1081, 1010, 965, 
820 cm–1 are associated with the valence 
vibrations of C-O, C-C, C-H, scissor strain 
vibrations of CO and the main valence vibrations 
of the C-O-C and C-C bonds of polygalacturonic 
acid as the main polysaccharide in pectin [32, 33]. 
Except for the hydrophobic methox groups            
(-OCH3), which do not participate in the 
ionotropic crosslinking process, so their 
absorption frequencies remain unchanged, the 
absorption of few other pectin functional groups 
changes significantly. Thus, the asymmetric 
valence vibrations of the carboxyl group shift 
towards lower frequencies - from 1604 to 
1601 cm–1 and from 1620 to 1596 cm–1. These 
results can be explained by the significant 
contribution of alginate carboxyl groups 
(primarily from guluronate blocks) in the strong 
binding to calcium ions by the “egg box” model, 
with the subsequent hampering of asymmetric 
COO- vibrations [34]. Mixing pectin with alginate 

also induces a shift of -OH vibrations to lower 
wavenumbers (from 3300 to 3286 cm–1). This is 
probably due to the formation of hydrogen bonds 
involving the polar hydroxyl and carboxyl groups 
of both polymers (stronger than the corresponding 
hydrogen bonds in pure polymers), which leads to 
an overall decrease in the free energy of the 
system. It is also worth noting that the valence 
vibrations of the methyl-esterified carboxyl group 
observed at 1731–1733 cm–1 in pectins are shifted 
to higher frequencies (1736–1739 cm–1) in pectin-
alginate mixtures. This result can be explained by 
the formation of stable hydrogen bonds between 
the present hydroxyl groups and the oxygen atoms 
in the C-O covalent bond of the methoxyl groups 
[34]. 

SEM analysis. The microstructure of Ca–Alg 
granules and mixed gels based on Alg and Pec А 
(Pec LM), in particular the pore size and 
interconnection between them, are of great 
importance for medical and agricultural 
applications, determining their diffusion 
properties concerning pharmaceuticals and plant 
protection products. Electron microscopy allows 
to evaluate surface topography and pore 
morphology. Next, a comparison was made 
between surface and internal structure of Alg and 
Alg-Pec (CPStotal = 2 wt. %, CCaCl2 = 0.5 wt. % in 
reaction solution). Prior to the SEM analysis, the 
samples were subjected to freeze-drying for 
dehydration. The freeze-drying of hydrated 
materials preserves their three-dimensional 
structure by rapidly freezing the water and 
facilitating the sublimation of formed ice. 

 
 
 

                               

Fig. 4. SEM micrographs of Alg gel (a; CAlg = 2 wt. %, CCaCl2 = 0.5 wt. % in the reaction mixture; zoom 60×); Alg-Pec A 
gel (b; CAlg = 0.8 wt. %, CPec = 1.2 wt. %, CCaCl2 = 0.5 wt. % in the reaction mixture; zoom 21×); Alg-Pec LM gel 
(c; CAlg = 0.4 wt. %, CPec = 1.6 wt. %, CCaCl2 = 0.5 wt. % in the reaction mixture; zoom 52×) 
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Fig. 4 shows the rough, wrinkled surface 
morphology of freeze-dried Alg and Alg–Pec 
beads. The alginate granules synthesized through 
ionotropic crosslinking exhibit an almost perfect 
spherical shape and a uniform size distribution, 
with a diameter of about 5 mm (Fig. 4 a). The 
mixed polysaccharide based on Alginate and 
Pectin A is characterized by a broader granule size 
distribution, reduced sphericity and a granule 
diameter ranging from approximately 1.5 to 
2.5 mm (Fig. 4 b). This may be a consequence of 
the lower stability of pectin granules and their 

greater susceptibility to erosion, which will be 
analysed further in the subsequent discussion of 
their swelling behavior. The Alg–Pec LM gel-
based beads (Fig. 4 с) are almost oval in shape, 
measuring approximately 2×3 mm, and have a 
less porous surface than the Alg–Pec A gel beads. 

Pure Calcium Alginate and mixed gels based 
on Alginate and Pectin A (Pectin LM) (20:80) 
have a fairly uniform surface with a uniform 
porous structure clearly visible under high 
magnification (Fig. 5). 

 
 

                     

Fig. 5. SEM micrographs of porous structures on the surface of Alg gel (a; zoom 37.4 kx); Alg-Pec A gel (b; zoom 
37.9 kx); Alg-Pec LM gel (c; zoom 33.8 kx) 

 
At the same time, the surfaces of the gels 

differ significantly. Calcium Alginate gel exhibit 
numerous spherical-shaped particles embedded in 
a sheet-like structure. The average size of these 
spherical structures was approximately 50 µm. 

Unlike Calcium Alginate, the surface of mixed 
gels based on Alg and Pec A (Pec LM) is covered 
by a dense honeycomb-like network of ridged 
wrinkles, especially noticeable in the case of 
Pectin LM (Fig. 6). 

 
 
 

                     

Fig. 6. The Surface of Alg М (a), Alg-Pec А gel (b) and Alg-Pec LM gel (c) 
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These ridge-like bands, branching in different 
directions and characterised by a star-shaped 
topology, cover a significant proportion of the 
surface. They appear somewhat similar in both 
mixed gels (Fig. 7), but in the case of Pec LM, 
they are noticeably larger. They protrude above 
the surface by about 10 µm and have a base width 
of around 20 µm, which is approximately one 
order of magnitude larger than the ridges 
characteristic of mixed Alg-Pec A gels. 

An EDX spectra (Fig. 8) was used to confirm 
the elements present in polysaccharides. They 

confirm that all studied samples contain C, O, Ca 
as primary elements. The residual Na content of 
none of the tested samples exceeded 0.3 %, 
confirming the successful replacement of sodium 
with calcium during the synthesis of 
polysaccharide gels. The difference in calcium 
content between three of the studied 
polysaccharides is insignificant, ranging from 
4.45 to 8.52 atomic percent. This indicates fairly 
uniform ionotropic cross-linking in them. 

 

                           

Fig. 7. Topological entities on the surface of Alg (a) and Alg-Pec gel (b) 

 

                            

Fig. 8. EDX-spectra of Alg (a) and Alg-Pec A (b) gels 

 
The morphology of the fracture surfaces of 

polysaccharides is illustrated using Alg–Pec A gel 
as an example in Fig. 9. The internal structure of 
Alg and Alg-Pec gels can be described as a 
sponge with numerous pores (dark areas) between 
the polysaccharide matrices. These pores form as 

a result of water evaporating between the cross-
linked polymer matrices during freeze-drying. In 
the case of alginate, the pore wall thickness ranges 
from 0.3 to 10 μm. The pores are characterised by 
a fairly wide size distribution, ranging from 10 to 
50 μm. Mixed gels have much thinner pores, with 
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a thickness up to 0.4 μm, and the pores are 
characterised by a much more uniform size 
distribution and smaller sizes. 

It should be noted that the EDX data obtained 
from the analysis of four different fragments of 
the mixed Alg-Pec A gel (Fig. 9) indicate not only 

a fairly uniform distribution of the pores in terms 
of size, but also a homogeneous content of carbon, 
oxygen, and calcium atoms (mean content 58.42; 
38.04; 3.54 atomic % with standard deviation 
0.46; 0.66 and 0.88 respectively). 

 

 

Fig. 9. Cross-section of an Alg-Pec A gel and the areas selected for EDX analysis 

 
Thermal analisys. To assess the thermal 

stability of polysaccharides, we used TG (which 
determines changes in sample mass with 
temperature) and DTA (which allows us to 
analyse ongoing endothermic and exothermic 
processes) and DTG, which shows the rate of 
mass loss during the decomposition process. 

Let us analyse the thermal properties of dried 
and water-equilibrated calcium alginate (Fig. 10). 
According to TG data, the total mass loss of the 
dehydrated gel samples is 82.6 %, leaving a 
residue of around 17 % after thermolysis. This 
can be explained by the complete combustion of 
the gel’s organic component (with the exception 
of the calcium bridges that provide spatial 
network cross-linking). For the analysed alginate 
samples in general, mass loss at the initial stage 
(from room temperature to 100 °C) is 5–7 %, due 
to the evaporation of bulk water. Further heating 
results in a gradual decrease in the mass of the 
samples until final decomposition occurs at 
temperatures above 700 °C. The mass loss of an 
equilibrium swollen calcium alginate sample is 
quite different. After a very short plateau at 
temperatures between 20 and 45 °C, a sharp mass 
loss is observed (up to 100 °C by 15 wt. %, and 
from 100 to 200 °C by a further 80 wt. %). 
Consequently, the total mass loss when heated to 
700 °C is 98.53 %. Unlike the dried gel, for which 
the median mass loss occurs at around 300 °C, the 

corresponding parameter for the swollen gel is 
approximately 125 °C, indicating the predominant 
release of bulk (rather than bound) water. 

According to the DTA and DTG data 
(Fig. 10), the process of thermal decomposition 
Alginate gel is very complicated and occurs in a 
few stages. Both the equilibrium swollen gel and 
the dehydrated gel are characterised by a strong 
endothermic peak in the 130–140 °C region, 
caused by the evaporation of bulk and sorbed 
water. While this peak is dominant in the swollen 
gel over the entire studied temperature range, 
several other characteristic signals are observed in 
the dried gel. For example, at 197 °C, a distinct 
endothermic peak is observed due to the 
evaporation of bound water. The exothermic 
peaks located around 300 and 360 °C, as well as 
at 450 and 530 °C, reflect depolymerisation and 
complete destruction of the polysaccharide [35]. 

Evaporation of free (bulk) and sorbed water is 
observed in the region of 70–180 °C. A bimodal 
signal with peaks at 210 and 265 °C is due to the 
evaporation of bound water and the 
depolymerisation of ionotropically cross-linked 
alginate, respectively (i.e. the disruption of the so-
called ‘egg carton’ model (Fig. 11)), resulting in 
the formation of a three-dimensional spatial 
structure of the hydrogel with calcium bridges 
connecting the carboxylate ions of guluronic acid 
blocks [36]. 
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Fig. 10. TGA, DTG and DTA curves for Sodium Alginate (K1) gel; a – dry, b – wet  

 

 

Fig. 11. “Egg carton” model for ionotropic cross-linking of sodium  alginate [37]  

 
The broad peak at 430 °C is due to the 

decarboxylation of the numerous carboxyl groups 
present in the polysaccharide. Further heating to 
between 500 and 700 °C leads to the 
polysaccharide's complete destruction, resulting 
in the formation of residual ash based on it 
inorganic components. 

Thus, the synthesised polysaccharides 
demonstrate thermal stability over a wide 
temperature range, significantly exceeding their 
application and processing range. The results 
obtained prove that the synthesised hybrid 
hydrogels can withstand steam sterilisation at 
121 °C without significant change, which is 
extremely important not only for the creation of 
different medical devices but also for conducting of 
various biological, cellular and agronomic 
researching. 

The thermostability of mixed polysaccharide 
gels based on Alg–Pec A and Alg–Pec LM and 
their thermal decomposition processes differ 
significantly from those of homo-alginate gels 
and will be analysed in detail in separate 
publications. 

Swelling behaviour of Alg and mixed        
Alg-Pec A (Pec LM) gels. For pure Alginate 
(CPec = 0), the maximum swelling degree (Q) in 
water (after 5 days) reaches 30 g/g, while for the 
mixed gel 20 Alg : 80 Pec A it is roughly 3 times 
higher, about 100 g/g, monotonically increasing 
with the increase of Pec A content in the mixed 
gel (Fig. 12), which was also observed while 
exploring the addition of Pec LM, but much 
smoother and more consistent. Similar 
regularities (although in a slightly narrower 
range) were also typical for the swelling of mixed 
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gels based on Alginate and Pectin A in saline 
solutions (0.9 % NaCl) and phosphate buffer, 
wherein the degree of swelling increases at the 
fifth hour of measurement approximately by      
25–30 % (saline) and two times (phosphate 
buffer) when comparing with pure alginate to a 
mixed gel of 40 Alg : 60 Pec A. It is characteristic 
that gels with a highest content of pectin A (80 %) 
in saline and buffer solutions proceed from 

swelling to partial dissolution and complete 
disintegration within the first hour, the same as in 
gels based on Alg and Pec LM. This can be 
explained by the complete destruction of the egg 
carton model that stabilized them (calcium atoms 
connecting carboxylate residues of guluronic 
acid) when they interacted with sodium ion-rich 
salt solutions. 

 

           

Fig. 12. Kinetics of swelling in water (a) and saline (b) of Alg-Pec A mixed gels and related nanocomposites 

 
For mixed gels based on Alginate and Pectin 

LM, as the content of Pectin LM increases in the 
range from 20 to 80 % (mixed with Alginate), the 
maximum degree of swelling increases 
monotonically - from about 7.5 g/g to more than 
115 g/g (at 80 % Pectin LM), almost four times 
higher in magnitude than the swelling of homo-
alginate gel (Fig. 13). Gel with 100 % Pectin LM 
content was also synthesized and at the initial 

stage it had the maximum degree of swelling, but 
after 1 h the swelling was replaced by dissolution. 
In the case of swelling in salts solutions, the 
transition to dissolution is observed even faster, 
after 15 minutes. One of the possible explanations 
is the replacement of calcium with sodium, which 
leads to the destruction of ionotropic cross-links 
formed by calcium bridges. 

 

                

Fig. 13. Kinetics of swelling in water (a) and saline (b) of Alg-Pec LM mixed gels and related nanocomposites 

 
When swelling in NaCl for up to 3 hours, gels 

with a pectin content of 0–20 % reach a swelling 
degree of approximately 35 g/g, while gels with a 
pectin content of 40–60 g/g will show a Q of 
approximately 47 g/g, after this swelling time the 
trend is difficult to analyse due to the onset of gel 
dissolution. In buffer, a similar situation is 
observed: at the third hour of swelling, gels with 

0–20 % pectin have a Q of roughly 35 g/g, and 
gels with a higher concentration have a Q of 
nearly 45 g/g. In general, no significant 
differences in swelling are observed in the two 
salt solutions. As the pectin content increases, the 
degree of swelling decreases monotonically. The 
main regularities of the kinetics of the swilling 
process were described by Peppas and Ritger [38] 
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and they introduced a simple exponential 
equation represents the diffusion mechanism of 
the polymeric system as follows:  

Mt/M∞ = ktn 

where Mt and M∞ denote the amount of solvent 
diffused into the gel at time t and infinity (at 
equilibrium), respectively; k is the constant 
related to the structure of the network; and the 
exponent n is the number used to determine the 
type of diffusion [39]. 

The diffusion exponent n can be estimated 
from the slope of a line obtained from the log-log 
plot of F versus t in the region where swelling has 
not yet reached equilibrium. This occurs when 
60 % of the water mass has entered the gel 
structure, and F represents the fraction of the 
solvent absorbed by the gel or polymer matrix 
over time. The coefficient k can be calculated 
from the intercepts of plots of ln (F) versus ln (t). 

For cylindrical shapes, 0.45 ≤ n ≤ 0.50 
corresponds to Fickian diffusion. In contrast, 
0.50 < n < 1.0 indicates non-Fickian diffusion 
(DNF) [40, 41]. DNF, also known as anomalous 
diffusion, arises from the simultaneous 
contribution of the diffusion of the bioactive agent 
and relaxation of the polymer chains. The 
diffusional exponent obtained when the system 
exhibits zero-order diffusion (or Case II 
diffusion) is equal to one. Values of n greater than 
one reflect Super Case II transport, whereas 
values of n in the range of 0 to 0.45 correspond to 
hindered Fickian diffusion. Fig. 14 shows some of 
the swelling curves of the synthesized 
nanocomposites after logarithmization. The 
diffusional exponent n, the coefficient k, and the 
statistical indicator R² can be determined based on 
the slopes and intercepts of the resulting straight 
lines of the swelling kinetic curves (Mt versus t) 
[42]. See Table for more information. 

 

             

Fig. 14. Dependences according to the Peppas and Ritger equation for determining the type of diffusion in water of 
Alg-Pec A (a) and Alg-Pec LM (b) mixed gels 

 

Table. Effect of Pec A and Pec LM concentration on the diffusion parameters of gels 

Solvent 
CpecА, 

% 
n k R2 

CpecLM, 
% 

n k R2 

water 0 1.3073 -1.594 0.9067 0 1.3073 -1.5938 0.9067 
water 20 0.3334 -0.369 0.9924 20 0.6074 -0.4134 0.9985 
water 40 0.5366 -0.592 0.9934 40 0.6835 -0.5912 0.9916 
water 60 0.7592 0.862 0.9858 60 0.6319 -1.1983 0.9653 
water 80 0.5634 -0.990 0.957 80 0.5339 -1.0956 0.9651 
saline 0 0.9624 -2.0007 0.9967 0 0.9624 -2.0007 0.9967 
saline 20 0.9271 -1.8627 0.9982 20 0.9543 -1.9967 0.9982 
saline 40 0.7822 -1.486 0.9938 40 0.8136 -1.2312 0.9957 
saline 60 0.7085 -0.9158 0.9961 60 0.7482 -0.7122 0.9984 
PBS 0 0.9077 -1.933 0.999 0 0.9077 -1.9329 0.9986 
PBS 20 0.9184 -2.062 0.994 20 0.8797 -1.7058 0.9965 
PBS 40 0.8463 -1.439 0.995 40 0.7332 0.9668 0.9881 
PBS 60 0.7806 -0.481 0.994 60 0.7866 0.6004 0.9951 
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Based on the Peppas and Ritger equation for 
determining the type of diffusion, it was found for 
Alg-Pec LM gels that while swelling in NaCl and 
in phosphate buffer, abnormal non-Fickian 
diffusion is taking place. Moreover, as the pectin 
content in the mixed gel decreases, the value of 
the diffusional exponent increases monotonically, 
approaching 1. In general, the gels in NaCl were 
characterized by a slightly higher diffusion 
exponent, which indicates a somewhat faster 
swelling of the gels in this solution compared to 
buffer. In water, the alginate gel shows a 
completely different diffusion mechanism (Super 
Case II) than in the mixture with pectin, while in 
NaCl solutions and buffer they show the same 
type of diffusion. 

Summarizing, for all studied pectins (Pectin 
A and Pectin LM), the degree of swelling of 
mixed gels with Alginate in water increases 
significantly with the growth of Pectin content. 
With a higher content of Pectin in the mixture  
(60–100 %), unstable mixed gels are formed, 
which eventually turn into solution. In salts 
solutions, this process is significantly accelerated. 

CONCLUSION 

In this study, the hydrogels based on 
interpenetrating networks of sodium alginate and 
pectins (both Pectin A and Pectin LM) were 
synthesized and characterized using Fourier-
transform infrared spectroscopy (FTIR) and 
scanning electron microscopy (SEM), as well as 
thermal, and swelling properties were 
characterized. The formation of ionotropically 
cross-linked spherical gel beads was achieved 
through simple and controllable synthesis 
methods, allowing for adjustable composition and 
bead size via modulation of precursor 
concentrations and droplet generation parameters. 
Namely, three series of polysaccharide hydrogels 
were synthesised by varying the concentrations of 
the components: based on calcium alginate alone 
and mixed alginate-pectin network 
polysaccharides, including various pectins - Pec 
A and Pec LM. FTIR confirmed the structural 
integration of alginate and pectin within the 
hydrogel matrix, revealing significant 
intermolecular interactions such as hydrogen 
bonding and ionic cross-linking. Shifts in key 
functional group absorption bands indicated 
synergistic network formation, especially in 
systems with higher pectin content. Scanning 
electron microscopy (SEM) demonstrated that the 

surface and internal morphology of the beads 
varied depending on the pectin type and content: 
mixed gels exhibited more compact and uniform 
pore structures compared to pure alginate gels, 
with the presence of distinct ridged topologies – 
particularly prominent in the case of Pectin      
LM-based hydrogels. Elemental analysis (EDX) 
confirmed efficient calcium-mediated ionotropic 
cross-linking and successful removal of sodium 
ions from the gel matrix. Thermogravimetric 
analysis (TGA/DTG/DTA) showed that both 
alginate and mixed alginate–pectin hydrogels 
possessed considerable thermal stability, 
withstanding temperatures well above typical 
sterilization conditions. Notably, the synthesized 
gels retained structural integrity after autoclaving 
at 121 °C, making them suitable for biomedical 
and agronomic applications requiring sterilized 
materials. Swelling studies in water, saline, and 
phosphate-buffered saline (PBS) demonstrated 
that the degree of swelling increases significantly 
with rising pectin content, particularly for         
LM-type pectin. However, gels with high pectin 
content (especially above 60 %) exhibited 
reduced stability in salt-rich environments, 
leading to premature disintegration. The swelling 
kinetics followed non-Fickian (anomalous) or 
Super Case II diffusion models, depending on the 
composition and solvent, as described by the 
Ritger-Peppas model. This suggests a complex 
interplay between water diffusion and polymer 
chain relaxation, offering tunable release profiles 
for potential applications. 

The developed interpenetrating alginate–
pectin hydrogels combine the favourable 
properties of both polysaccharides and exhibit 
promising features for controlled drug delivery, 
biomedical use, and sustainable agriculture (e.g., 
as soil conditioners or seed-coating materials). 
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Змішані гелі на основі альгінату та пектину: синтез та властивості 
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Біополімери, зокрема полісахариди, такі як пектин, хітозан та альгінат, мають значний потенціал у 
вирішенні багатьох актуальних проблем охорони довкілля та здоров’я. На відміну від синтетичних полімерів, 
природні полісахариди мають такі цінні властивості, як біорозкладність, біосумісність та нетоксичність. 
Завдяки цьому вони довели свою ефективність у біомедицині для інкапсуляції та доставки ліків, загоєння ран 
і тканинної інженерії. Крім того, їхнє природне походження та екологічна сумісність роблять їх 
перспективними для застосування в сільському господарстві, зокрема для кондиціонування та рекультивації 
ґрунтів. Ці добре відомі, комерційно доступні біополімери мають унікальні функціональні властивості, що 
синергетично покращуються при їх поєднанні. 

Розроблено методики синтезу альгінату кальцію та змішаних полісахаридів на основі альгінату та 
пектинів А і LM у вигляді сферичних кульок регульованого діаметра, і проаналізовано вплив природи та 
концентрації компонентів на їхні властивості. Морфологію синтезованих полісахаридних гелів (на основі 
альгінату, альгінат-пектину А та альгінат-пектину LM) досліджено за допомогою електронної мікроскопії 
(СЕМ), а їхню хімічну будову підтверджено методом ІЧ-спектроскопії. Елементний склад синтезованих 
полісахаридів досліджено за допомогою енергодисперсійної рентгенівської спектроскопії (EDX), а їхню 
термостабільність та процеси термолізу проаналізовано за допомогою термогравіметричного аналізу. 
Показано, що синтезовані полісахаридні кульки витримують стерилізацію парою при 121 °С без суттєвих 
змін. Це відкриває можливість їх використання в різних біомедичних технологіях. Вивчення кінетики 
набухання полісахаридних гелів у різних розчинниках (вода, фізіологічний розчин та фосфатно-буферний 
розчин (ФБС)) дозволило визначити притаманний їм тип дифузії за Фіком. 

Розроблені змішані полісахариди є перспективними як штучні кондиціонери ґрунту для застосування у 
агротехнологіях, а також для адресної доставки та контрольованого вивільнення лікарських засобів. 

Ключові слова: полісахариди, альгінат, пектин, змішані гелі, іонотропне зшивання, термічний аналіз, 
кінетика набухання, експонента дифузії, типи дифузії за Фіком 
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