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Synthesis of Cellulose based Hydrogel with High Absorption Capacity

Abstract. In this work, the possibility of obtaining biohydrogels from carboxymethyl cellulose (CMC) and
hydroxyethyl cellulose (HEC) using citric acid (CA) as a cross-linking agent was investigated. CMC and
HEC used in the work were synthesized from microcrystalline cellulose obtained from sunflower seed husks
(SFH). More specifically, local agricultural waste was used as a raw material source for the monomers used
to produce the hydrogel. The chemical and crystal structures of the synthesized hydrogel were analyzed
using FTIR and XRD techniques, with comparisons made to the initial monomers.The thermal stability of
the synthesized hydrogel was 580°C, and the mechanical strength was 134 kPa. According to the kinetics
of swelling in water, it was found that the degree of swelling in the first two hours was 500%. The hydrogel
synthesized on the basis of cellulose showed high potential for use as a biodegradable composite sorbent for
purification of water from heavy metals, drug delivery and protect plants from drought.
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Introduction

Hydrogels are three-dimensional polymer ma-
trices that have the ability to swell significantly in
aqueous media due to the retention of a large volume
of liquid in their structure without dissolution [1].
This feature determines their application in various
fields — from biomedicine to agriculture, from sensor
devices to substance delivery systems [2]. In recent
years, growing attention has been directed toward
the development of biodegradable hydrogels derived
from natural, renewable resources — primarily poly-
saccharides such as cellulose, alginates, chitosan, and
their derivatives [3].

The use of natural polymers to produce biohydro-
gels is associated not only with their environmental
safety, but also with a high degree of biocompatibili-
ty, low cytotoxicity and availability of raw materials.

Cellulose, as the most common natural polysac-
charide on Earth, is of particular interest in the con-
text of hydrogel synthesis due to the possibility of
chemical modification and cross-linking under mild
conditions [4]. Such derivatives easily form gel-like
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structures through both physical and chemical cross-
linking [5].

The physicochemical characteristics of biohy-
drogels directly depend on the nature of the poly-
mer used, the method of cross-linking, the degree of
substitution of functional groups and the synthesis
conditions [6]. The main parameters that determine
the functionality of the gel system are the degree of
swelling, porosity, mechanical strength, thermal sta-
bility and degradation kinetics [7-9].

In the study, hydrogels were synthesized for drug
delivery and heavy metal ion sorption in water using
hydroxyethyl cellulose (HEC) and carboxylmethyl-
cellulose (CMC) as monomers, methylene bisacryl-
amide (MBA) and epichlorohydrin (ECH) as cross-
linking agents. According to the study results, the
hydrogel using MBA as a cross-linking agent was pH
sensitive, releasing 85.2% of the drug at pH 7.4. On
the other hand, the hydrogel using ECH as a cross-
linking agent was able to sorb up to 90% of Cu*
in water within one hour. However, the use of syn-
thetic cross-linking agents in these studies does not
allow the obtained hydrogels to be fully assessed as
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biohydrogels. In this regard, the possibility of using
organic acids as cross-linking agents, such as citric,
succinic, fumaric and malic acids, has been widely
studied in recent scientific works [10-11]. The studies
have established that the use of natural organic acids
as cross-linking agents increases the biocompatibility
of the hydrogel, its chemical and physical structural
stability, as well as its sorption capacity [12-13].
Based on the results of the literature review, the
development of fully biocompatible cellulose-based
materials is consistent with the goals of “Sustainable
Development”, the study investigated the possibility
of synthesizing CMC and HEC from microcrystal-
line cellulose (MCC) obtained from local agricultural
waste and then cross-linking CMC and HEC with cit-
ric acid to obtain a hydrogel. The physicochemical
properties of the obtained hydrogel were determined.

Materials and methods

Materials. The following reagents were used in
this work: epichlorohydrin (99%); sodium hydroxide
(NaOH, >98%); urea (carbamide, CH,N,O, >99%);
citric acid (=99.5%); acetic acid (CH,COOH, 299%);
ethanol (C,H,OH, 95%). All chemical reagents were
purchased from Sigma Aldrich and used without fur-
ther purification.

Obtaining of MCC. To obtain microcrystalline
cellulose, plant raw material — sunflower seed husks
(SFH) — was used. MCC was obtained based on the
method of Battalova, A., et all, 2024 [14]. A sample
of 10 g of SFHs was measured, and a SFH to poly-
acrylic acid (PAA) ratio of 1:14 g/mL was used. The
mixture was subjected to continuous vigorous stir-
ring and boiled at 90 + 5°C in a rotary flask. After
heating, the mixture was cooled using a condenser
to achieve delignification. The resulting MCC was
then brought to 25 + 2°C, filtered, and washed with
distilled water until neutral. Finally, it was dried at
80 +2°C for 6 hours until a stable weight was at-
tained (Figure 1).

Synthesis of carboxymethylcellulose (CMC)
To prepare CMC, 5 g of microcrystalline cellulose
(MCC) were combined with 100 ml of 95% ethanol
and 10 ml of 45% NaOH solution in a flask. The mix-
ture was stirred at 750 rpm using a magnetic stirrer
for 60 minutes at room temperature. Subsequently,
5 ml of trichloroacetic acid were added, and the re-
action mixture was heated in a water bath at 60 °C
for another 60 minutes while stirring. After cooling
to room temperature, the mixture was neutralized to
a pH of 6—7 using glacial acetic acid. The resulting
product was filtered through paper and washed with
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500 ml of 80% ethanol using a Soxhlet extractor for
3 hours. Finally, the synthesized CMC was air-dried
at room temperature. (Figure 2).

Figure 1 — Obtained MCC sample

Figure 2 — Synthesized CMC

Obtaining of hydroxyethyl cellulose (HEC). To
prepare the alkaline system, a NaOH/urea/water mix-
ture in a volume ratio of 5:7.3:50 (ml) was added to
50 ml of distilled water and stirred for 10 minutes.
The resulting solution was then placed in a freezer
at —12 °C for 6 hours. After cooling, it was allowed
to thaw at room temperature, and a 5% suspension
of microcrystalline cellulose was prepared. While
continuously stirring, 45 ml of epichlorohydrin were
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gradually added to the suspension. The reaction was
maintained at 25 °C for 1 hour using a magnetic stir-
rer, followed by further incubation at 50 °C for 5
additional hours. The final product was neutralized
with acetic acid and washed with distilled water until
a neutral pH of 7 was reached. The suspension was
subsequently frozen for 24 hours and lyophilized at
—40 °C (Figure 3).

Figure 3 — Synthesized HEC
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Obtaining biohydrogel. The biohydrogel was
synthesized based on a mixture of CMC and HEC
polymers, using citric acid (CA) as a crosslinking
agent. For this purpose, a polymer solution with
a total concentration of 2% by weight (relative
to water) was prepared in distilled water at room
temperature, with a mass ratio of CMC:HEC of
2:1, respectively. Considering the faster solubil-
ity of HEC, it was first dissolved in water, ob-
taining a moderately viscous transparent solution
within 5 minutes. After that, CMC was added to
the solution and stirring was continued for 24
hours, which resulted in the formation of a vis-
cous homogeneous gel-like solution. Then citric
acid was added to the mixture in an amount equal
to 15% of the polymer composition weight. To
preliminarily remove moisture, the samples were
dried at a temperature of 40+2°C for 24 hours.
After this, heat-induced crosslinking was carried
out at a temperature of 80+5°C for the next 24
hours, with periodic monitoring of the state of
the samples (Figure 4). The hydrogel synthesized
during the study was conventionally designated
as CMC/HEC hydrogel.

(4

Figure 4 — Synthesis scheme of CMC/HEC hydrogel

IR-Fourier analysis. FTIR spectra were recorded
using an FT-801 spectrometer (Simex, Russia) with
a resolution of 1 cm™' over the wavelength range of
500—4000 cm . The standard KBr pellet method was
used, with the sample and potassium bromide mixed
in a 1:10 ratio. Measurements were conducted at
25°C with 100 scans per sample. Prior to use, the po-
tassium bromide was ground and preheated at 200°C
for 3 hours to remove moisture.

XRD analysis. The crystalline structures of the
samples were examined using an XPertPRO dif-
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fractometer (Malvern Panalytical Empyrean, Neth-
erlands) equipped with monochromatic CuKa ra-
diation. Scanning was performed in the 20 range of
10°—45° with a step size of 0.02°. The X-ray tube
operated at a voltage of 45 kV and a current of 30
mA, with a measurement time of 0.5 seconds per
step.

TGA analysis. The thermal properties of the hy-
drogel were investigated using a BXT-TGA 103 dif-
ferential thermogravimetric analyzer (China) under
an argon atmosphere. The analysis was conducted
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over a temperature range of 30-700 °C, with a heat-
ing rate of 10 + 1 °C per minute. The initial sample
mass was approximately 20 + 2 mg.

Mechanical properties. The mechanical proper-
ties of the obtained CMC/HEC hydrogel were deter-
mined by compression using a TA.XT-3000 texture
analyzer (China) under standard conditions at a tem-
perature of 254+2°C. Cylindrical hydrogel samples
with a diameter of about 10 mm and a height of 10
mm were formed for testing, the surfaces of which
were leveled to distribute the load uniformly. A metal
cylindrical probe with a diameter of 25 mm was used
as a loading element. The tests were carried out in
compression mode with the following parameters:
approach speed — 1.0 mm/s, compression speed — 0.5
mm/s, probe penetration depth — 5 mm or until sam-
ple failure, maximum load — up to S00N. The sample
was placed in the center of the device platform, after
which the probe performed a vertical movement at a
given speed.

Study of the swelling kinetics of biohydrogel. Hy-
drogel samples weighing 0.1 g were placed in a con-
tainer with distilled water at a temperature of 25+1
°C, periodically removed, excess water was removed
with filter paper and weighed until a constant mass
was achieved. The swelling degree (Q, g/g) was cal-
culated as the ratio of the mass of the swollen hydro-
gel to the initial mass of the dry sample. The experi-
ments were carried out in triplicate with subsequent
averaging of the results. The swelling degree o was
calculated using the formula:

a (%) = m-m /m *100% (nH

where m is the mass after swelling of CMC/HEC hy-
drogel, m is the initial mass of CMC/HEC hydrogel.

Results and discussion

FTIR analysis. Comparative IR spectra of the
initial monomers and the synthesized hydrogel are
shown in Figure 5. FTIR of CMC (Fig. 5a) is char-
acterized by the presence of a broad band at about
3420 cm™!, attributed to the stretching vibrations of
hydroxyl groups (O-H), and a band at 2920 cm™,
corresponding to vibrations of methylene groups
(C-H) [15-17]. CMC is also typically characterized
by the presence of pronounced carboxylate bands at
1640 and 1630 cm™, caused by asymmetric and sym-
metric stretching vibrations of —COO~ groups, and a
band at about 1060 cm™ (C—O-C), associated with
glycosidic bridges [18-19].
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Figure 5b FTIR HEC revealed a broad absorp-
tion at 3358 cm ™! due to the O-H stretching vibration
[16]. Another medium absorption band is present at
2875.57 cm! characterizing the C-H stretching vi-
bration. The peaks at 1690 cm™ and 1407 cm™ were
assigned to the O-H plane strain and C-H symmet-
ric bending vibrations respectively in -CH,O [19].
Moreover, the beta-(1,4) glycoside bond was indicat-
ed by the absorption band present at 930 cm™'. The
absorption peak at 1120 cm™' is due to the C-O an-
tisymmetric vibration [20]. Similarly, the absorption
peak at 1030 cm™! is attributed to the C-O-C valence
vibration in the glucopyranose structure [21].

The IR spectra of CMC/HEC hydrogel showed
the characteristic absorption peaks of CMC and
HEC, indicating the successful preparation of the hy-
drogel (Fig. 5¢). A slight shift of OH groups from
3350 cm™ to 3450 cm! was observed in the compara-
tive study with CMC and HEC. This indicates the
successful crosslinking of CMC and HEC by citric
acid to form the biohydrogel. In addition, it was not-
ed that the signals of carboxyl and OH groups in the
range of 1630—-1690 cm™! in the spectra of the original
CMC and HEC monomers overlap with each other
in the spectrum of the CMC/HEC hydrogel and shift
to 1740 cm™. This is explained by a decrease in the
mobility of the carboxyl and hydroxyl groups linked
to each other. [22-23]. This also corresponds to the
characteristic stretching band of the carbonyl group
associated with the formation of ester bonds in the
hydrogel network, which confirms successful cross-
linking and formation of the hydrogel.

XRD analysis. Comparative diffraction patterns
of the initial CMC and HEC monomers and the syn-
thesized CMC/HEC hydrogel are shown in Figure
6. In the CMC and HEC samples, diffraction peaks
were recorded at 26 20.5° and 22.4°. This is typical
for the crystal structure of cellulose 11, which corre-
sponds to hkl 110 [24]. A peak at 26 22.4° was found
in the diffraction pattern of the CMC/HEC hydrogel.
It is evident that the intensity of the diffraction peak
decreased by 2 times compared to CMC and HEC.
This is due to the destruction of the crystalline struc-
tures of CMC and HEC during chemical crosslink-
ing and an increase in amorphous structures. [25].
Similar results were obtained in X-ray diffraction
analysis of hydrogels synthesized from commercial
CMC/HEC in [9, 26] studies. It can be concluded
that the increased amorphous structure of cellulose
monomers can affect the free movement of polymer
units in the hydrogel matrix and the free penetration
of liquids into the hydrogel.
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Figure 5 — IR spectra: a) CMC; b) HEC ¢) CMC/HEC hydrogel
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Figure 6 — XRD spectra: a) CMC;b) HEC
¢) CMC/HEC hydrogel

Int. j. biol. chem. (Online)

TGA analysis. TGA curves of the presented sam-
ples show differences in thermal stability and mecha-
nisms of their thermal decomposition (Fig. 7).

TGA of CMC shows three main stages of mass
loss (Fig. 7a). The first stage (up to about 200°C) is
associated with the evaporation of adsorbed mois-
ture and accounts for about 15% of the total mass.
The second and most pronounced stage (200-
540°C) corresponds to thermal destruction of the
main chain of the cellulose polymer and decarbox-
ylation of carboxyl groups [27, 28], the mass loss
is in the range of 40-45%. The last stage of decom-
position (above 400°C) is associated with further
carbonization and pyrolysis of the polymer, with
the formation of a small ash residue after 600°C
[29].

The HEC also exhibits a three-stage thermal
degradation process (Fig. 7b). The first stage (up to
200°C) is similar to CMC and involves the loss of
sorbed water (~17%). The main stage (200-430°C) is
accompanied by significant mass loss (~65%) due to
the destruction of hydroxyethyl side groups and the
main polymer skeleton [27, 30]. In the temperature
range of 450°C and above, slow carbonization and
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decomposition of residual organic compounds oc-
curs with almost complete combustion in the region
of temperatures of 800°C.

The hydrogel shows improved thermal stability
compared to individual monomers, which is reflected
in a smoother curve and a shift in the decomposition
stages towards higher temperatures (Fig. 7c). At the
initial stage (up to 200°C), the hydrogel does not lose
mass. At temperatures of 200-580°C, 50% of the
hydrogel mass undergoes degradation. This occurs
due to the rupture of the main glucosidic bonds in
the molecules of the original monomers and the ester
bonds formed by citric acid [28]. The final stage of
thermal degradation occurs at temperatures of 580-
800°C. During this period, the hydrogel loses 60%
of its initial mass and undergoes depolymerization.
As a result, decomposition into CO, and other vola-
tile organic compounds occurs. Ikrame Ayouch et. al.
2021 [22] found that the thermal stability of CMC/
HEC hydrogel is 365°C. In this study, it was found
that the thermal stability of the synthesized hydrogel
reaches 580°C. This is 1.5 times higher than the pre-
vious study.

100 4
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xX
B 60+
1]
=
404
20 " T . T . T " T b
0 200 400 600 800
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Figure 7 — TGA curves: a) CMC; b) HEC;
¢) CMC/HEC hydrogel

Mechanical properties of hydrogel. Figure 8
shows the mechanical strength of CMC/HEC hy-
drogel. The curve shows a gradual increase in stress
until reaching a maximum value of about 134 kPa at
22 seconds, followed by a sharp drop, characteris-
tic of the destruction of the material structure. This
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type of curve indicates the elastic-plastic behavior
of the hydrogel: first, elastic deformation occurs
(linear increase in pressure with a small slope), then
comes the region of plastic deformation and stress
accumulation (a steeper section of the curve to the
maximum), after which brittle destruction of the
structure occurs.

The achieved high strength index (134+4 kPa)
indicates good mechanical properties of the hydrogel
and points to the formation of an effective spatial net-
work formed due to chemical crosslinking of the ini-
tial polymers. Such mechanical stability is associated
with strong ether bonds that arise from the interaction
of carboxyl groups of citric acid and hydroxyl groups
of cellulose polymers [31]. In studies [32, 33] it was
found that the mechanical strength of cellulose-based
hydrogels was similar to the results obtained in this
study.

150
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Figure 8 — Mechanical strength curve
of CMC/HEC hydrogel

Study of hydrogel swelling kinetics. Figure 9
shows the kinetics of hydrogel swelling in water.
The process of hydrogel swelling in water was car-
ried out for two days until the mass stabilized. The
swelling process can be divided into two stages.
the hydrogel exhibited a swelling degree of up to
500+25% within the first two hours, indicating a
rapid and intensive swelling process. This accelerat-
ed water absorption is attributed to the abundance of
hydrophilic groups — such as hydroxyl and carboxyl
— in the monomer units of the hydrogel, which pro-
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mote the quick diffusion of water molecules into the
polymer network [34]. In the second stage, between
2 and 30 hours, the degree of hydrogel swelling
decreased by half, and the degree of swelling was
225+15%. This indicates that the hydrogel structure
is compacted due to the saturation of hydrophilic
groups in the monomer molecules with water mole-
cules, and the process of water repulsion along it oc-
curs, and equilibrium is established [35, 36]. Thus,
the swelling kinetics confirms the efficiency of the
hydrogel in retaining a significant volume of wa-
ter, which is due to its hydrophilic nature and stable
three-dimensional structure. Zhou J. et al. (2007)
and Jitka Sotolarova et al. (2021) [37, 38] studied
the swelling kinetics of cellulose-based hydrogels
in water and obtained results similar to those of the
present study.

500 =

400 =

300
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Figure 9 — Swelling kinetics curve
of CMC/HEC hydrogel

Conclusion

In the course of the study, a biohydrogel based on
CMC and HEC was synthesized using citric acid as
a cross-linking agent. Based on the results obtained,
the IR Fourier method determined that the hydrogel is
cross-linked by hydroxyl and carboxyl groups of cit-
ric acid and the original monomers, CMC and HEC
molecules. According to X-ray structural analysis, the
crystalline structure of the CMC/HEC hydrogel has
increased amorphism compared to the original mono-
mers. The degree of swelling of the hydrogel in water
reached 500% in the first two hours, and after 30 hours
it decreased by 2 times, and the saturation process oc-
curred. Resistance to external mechanical loads was
134 kPa. According to the TGA analysis, it was found
that 50% of the initial mass of the hydrogel is sub-
ject to thermal degradation in the temperature range of
200-580°C, and 60% of the initial mass is lost in the
temperature range of 580-800°C. Based on the results
obtained, it can be seen that the CMC/HEC hydrogel
has high potential for use in agricultural production as
a soil conditioner to protect plants from drought, as
well as for the sorption of heavy metal ions in water
by immobilizing complexones in the matrix and as a
carrier for the sorption of drugs in pharmaceuticals.
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