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Abstract

The research focused on analysis of water sorption capacity of carbon-doped and undoped
chitosan hydrogels cured with different acids: oxalic acid, citric acid, ascorbic acid, and
aspartic acid, synthesised under microwave irradiation. The hydrogels were doped with
carbon prepared from brewer’s spent grains. The doping effect on the water sorption
properties was determined. The results indicate significant differences in water sorption
capacity between the undoped and doped hydrogels. The study is significantly important,
as it explores the potential of modifying hydrogels to improve their water absorption
capacity, a property that is crucial for various industrial applications. The ability to
enhance the sorption characteristics of hydrogels through modification or additives can
lead to advancements in fields such as agriculture, biomedical engineering, and
environmental protection.
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1. Introduction

Chitin and chitosan (CS) are biopolymers obtained from crustacean shells and are
structurally similar to cellulose [1]. Chitosan is a linear biopolymer composed of randomly
distributed 2-amino-2-deoxy-p-D-glucopyranose (D-glucosamine) and N-acetyl-2-amino-
2-deoxy-B-D-glucopyranose  (N-acetyl-D-glucosamine) with B-(1—4) glycosidic
linkages. The content of these two units in the chitosan chain defines the degree of
deacetylation [2]. Chitosan is obtained from chitin by a deacetylation reaction carried out
chemically (with the use of sodium hydroxide) or enzymatically (with the use of chitin
deacetylase) [3]. Chitosan does not demonstrate toxic effects in the environment, which
allows its safe use in the purification of water reservoirs from heavy metals [4]. Chitosan
hydrogels, because of their ability to hold large amounts of water, can also be used as
components of horticultural substrates [5]. This feature has a beneficial effect on plants
when the soil is highly hydrated. Water in such hydrogels is not strongly bound to the
material network; thus, it can be taken up by the plant roots when there is a water shortage
in the soil. Additionally, the use of hydrogels also allows the retention and return of
nutrients [6].

A variety of polymers can be used to deliver drugs to the human body [7]. The most
promising group in terms of biocompatibility and biodegradability are biopolymers and
biomaterials, such as chitosan and its derivatives [8]. The use of chitosan in medicine and
pharmacy shortens the wound healing process due to its positive effect on the processes
of new blood vessel formation from pre-existing blood vessels and scar tissue formation
[9]. Chitosan affects the activation of macrophages and the stimulation of cell growth and
proliferation, which makes it unique from other polymers used in the production of
dressing materials [10].

Hydrogel membranes are used in the manufacture of dressing materials. They increase
mechanical strength and have the ability to inhibit the proliferation of bacteria in close
contact with the damaged skin layer. Chitosan/sodium alginate polyelectrolyte complexes
are used to obtain membranes by solvent casting and evaporation. This method allows
three types of water to be defined by DSC studies: free water that is freeze-thawed,
polymer-bound water that is freeze-thawed and polymer-bound water that is not freeze-
thawed [11].

The method of obtaining hydrogels and the conditions under which the process is
carried out have a major influence on the final structure of the resulting hydrogel [12].
The structure of the hydrogel allows the molecules of the substance to diffuse into and out
of the hydrogel. This feature opens up the possibility of using them as drug carriers.
Therapeutic compounds can thus be delivered to selected locations in the body or targeted
to specific tissues [13]. The combination of chitosan, a biocompatible polysaccharide, with
carboxylic acids as crosslinkers under microwave radiation has garnered increasing
interest in designing smart hydrogels for biomedical and environmental applications.
Chitosan-based aerogels intercalated with clay (rectorite) and carbonised under thermal
conditions showed strong microwave absorption, indirectly contributing to the materials
science side of microwave-hydrogel research [14]. Raspo et al. prepared gallic acid-
crosslinked chitosan films thermally treated at specific energies and revealed how thermal
control affects crosslinking density and film homogeneity [15].

The main aim of the study was the determination of the water sorption capacity of
undoped and carbon-doped chitosan-based hydrogels in terms of further industrial
applications, e.g., as components of horticultural substrates.
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2. Materials and Methods

2.1. Materials

In this study, the following materials were used: chitosan, CS (degree of deacetylation
85%, molecular weight 100,000 - 300,000 g/mol, Qingdao Sunrise Biotechnology, China),
D,L-aspartic acid, citric acid monohydrate (min. 99.5% purity), L(+)-ascorbic acid (pure
grade), oxalic acid dihydrate (min. 99.5% purity), and ethylene glycol (pure grade)
(Pol-Aura, Poland). The carbon obtained from the brewer’s spent grain from brewery
filtration was also used.

2.2. Carbon preparation

The brewer’s spent grain was collected from the brewery filtration tank and dried in
a laboratory oven at 70°C for 3 hours. A sufficient amount of the dried product was
weighed and placed into a crucible to fill two-thirds of its volume. The crucible was then
sealed with a lid, placed in a heating mantle, and positioned deep under the fume hood.
Pyrolysis was conducted for 60 minutes. After the process was completed, the crucible
was allowed to cool for approximately 15 minutes. The obtained carbon was transferred
to a mortar to homogenise.

2.3.  Synthesis of Carbon-Undoped Chitosan Hydrogels

In the synthesis of carbon-undoped chitosan-based hydrogels, 0.5 g of chitosan was used
for each composition. The organic acids (OA) used in the process included aspartic acid
(Asp), citric acid (Cit), ascorbic acid (Asc), and oxalic acid (Oxl). The 1:1 and 1:2 molar
ratios of polymer to selected acid were applied, calculated according to 1 mer of chitosan.
Ethylene glycol (EG) was used as a high-boiling solvent. During the synthesis, the
following synthesis parameters were varied: the volume of water serving as the reaction
medium (25 mL or 15 mL), the volume of ethylene glycol used as a solvent (10 mL or
5 mL), and the reaction time, which was adjusted based on the behaviour of the mixture
during microwave exposure.

Specifically, a precise amount of the selected OA was weighed and dissolved in the
predetermined volume of water while heating the mixture under a cover. Subsequently,
0.5 g of CS was added to the solution, and the mixture was maintained at an elevated
temperature until a homogeneous solution was obtained. Once homogenisation was
achieved, the appropriate amount of ethylene glycol was added, and the mixture was
thoroughly stirred. Depending on the OA used, the initial pH of the reaction mixture equals
4.5-5.5. The synthesis process was conducted in a Qilive Q.6865/152345/
D90N30ESLRIII-ZWA microwave reactor (power 1400 W) until hydrogel formation was
observed, indicated by the appearance of a light brown colouration and a characteristic
caramel-like odour (Table 1). The obtained hydrogel was cooled, immersed in 100 mL of
distilled water and left for 20 minutes. Afterwards, the hydrogel was filtered and subjected
to five successive washings with distilled water (100 mL per wash) until neutral pH
(the pH after synthesis was ca. 6.5). Then, the samples were frozen and lyophilised for 3
days at a temperature of —80°C.

The resulting materials were weighed to identify samples with the highest mass. The
analysis of optimal synthesis conditions resulting in optimal porosity, structural integrity,
and a dry, sponge-like consistency was performed. Based on final dry mass, structural
stability, and minimal water and ethylene glycol content, samples with the most favourable
physicochemical properties were selected for further investigations. The target hydrogel
was expected to exhibit high yield, mechanical durability, and a porous, sponge-like
surface. In subsequent research stages, a comparative analysis of hydrogels synthesised
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with the four different acids was planned. To this end, one representative hydrogel sample
was selected from each acid synthesis: aspartic acid, ascorbic acid, oxalic acid, and citric
acid. The composition of the selected hydrogels is provided in Table 1, while their images
are given in Figure 1.

Table 1. Synthesis parameters of carbon-undoped hydrogels selected for further studies.

Hydrogel . CS:0A EG volume | H20 volume t
>rl1am§] Acid (OA) molar ratio [mL] [mL] [s]
Asp aspartic acid 1:2 10 25 300
Cit citric acid 1:1 5 15 180
Asc ascorbic acid 1:2 5 15 180
Oxl oxalic acid 1:2 10 15 210

Note. t, synthesis time.

Figure 1. Samples of carbon-undoped chitosan hydrogels.

2.4. Synthesis of Carbon-Doped Chitosan Hydrogels

The synthesis of carbon-doped chitosan-based hydrogels was based on the same procedure
described in section 2.3. The molar ratios and preparation conditions remained identical
to those in the earlier formulations. The key modification in this case was the addition of
carbon prepared from a brewer’s spent grain to the hydrogel composition before synthesis
in the microwave reactor (Table 2). It should be noted that different synthesis times were
needed for the carbon-doped samples to obtain the hydrogel. Figure 2 presents the images
of the synthesised carbon-doped hydrogels.

Table 2. Synthesis parameters of carbon-doped hydrogels.

Hydrogel | Carbon mass CS:0A EG volume | H20 volume t
name [0] molar ratio [mL] [mL] [s]
Asp’ 0.5055 1:2 10 25 240

Cit’ 0.5037 1:1 5 15 140
Asc’ 0.5154 1:2 5 15 150
OoxI’ 0.5109 1:2 10 15 210

Note. t, synthesis time.
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Figure 2. Samples of carbon-doped chitosan hydrogels.

2.5. Determination of the Hydrogels’ Water Sorption Capacity

An analysis of the water sorption properties of chitosan-based hydrogels, both doped and
undoped, was performed by immersing the hydrogels in distilled water and weighing the
material for 6 h at 1 h intervals. It was noted after 6 h that the hydrogels' weight started to
decrease, which indicates their degradation; thus, no further measurements were taken.
Before weighing, the wet container with the sample was taken out from the solution and
put on a paper towel to absorb excess water. The maximum sorption capacity (SC,,,,) was
calculated based on the formula:

mg - My
SChax = -100% 1)
my
where:
mg  —the mass of the swollen hydrogel [g];

my  —the mass of the dry hydrogel [g].

All the measurements were carried out in triplicate. The data were presented as mean
values with a standard deviation, which was given in the figures as error bars.

2.6.  Analysis of the Hydrogels’ Structure Using ATR-FTIR Spectroscopy

An Attenuated Total Reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)
analysis was performed to examine the structure of chitosan-based hydrogels. Before the
analysis, the samples were dried for 2 hours at 120°C. Then, a small amount of the
powdered sample was placed on an ATR crystal. Spectra were collected on the IRSpirit
spectrophotometer (Shimadzu, Japan) in ATR mode in the 400 - 4000 cm™' range at
8 cm! resolution, collecting 32 scans. The recorded spectra were analysed to identify
characteristic functional groups, assess possible chemical modifications, and evaluate
intermolecular interactions within the hydrogel matrix.

The analysis also involved a comparison between undoped and carbon-doped chitosan-
based hydrogels. This comparison allowed the identification of shifts in absorption bands,
changes in functional groups, and potential alterations in the molecular structure due to
the modification process. The differences observed in the IR spectra provided insight into
the chemical composition and structural characteristics of the undoped and carbon-doped
hydrogels.
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3. Results and Discussion

Differences in the properties of the synthesised carbon-undoped chitosan-based hydrogels
were observed depending on the applied acid (Figure 1). Hydrogels synthesised with
aspartic acid exhibited a dark caramel colour and a moderately porous, spongy, and elastic
structure. Hydrogels synthesised with citric acid had a white colour with creamy or
caramel-like streaks in areas of higher microwave intensity, and a moderately porous,
spongy, and elastic structure. Hydrogels synthesised with ascorbic acid were characterised
by a dark caramel colour, a highly porous, spongy, and elastic structure, and tended to
adhere to the container. Finally, hydrogels synthesised with oxalic acid displayed a very
dark caramel colour and a highly porous, rigid, and brittle structure.

3.1. Water Sorption Capacity
The results of the water sorption measurements and values of maximum sorption
capacities are provided in Figures 3 - 5.

The analysis of undoped hydrogel samples (Figures 3 and 5) reveals significant
differences in their maximum sorption capacities, which vary with the OA used. The oxalic
acid-based hydrogel exhibited the highest 1857% maximum sorption capacity among the
tested undoped hydrogels. The citric acid-based hydrogel also demonstrated a relatively
high sorption capacity of 1380%, indicating moderate water retention properties.
In contrast, the ascorbic acid-based hydrogel showed a significantly lower sorption
capacity of 795%, which may be attributed to structural factors limiting water uptake. The
aspartic acid-based hydrogel displayed the lowest sorption capacity, with a value of 504%,
suggesting that it is poorly suited for water absorption in its undoped state.

The comparison of the results obtained with carbon-doped hydrogel samples
(Figures 4 and 5) indicates considerable differences in their sorption abilities, depending
on the OA used. Similar to the results obtained for the undoped hydrogels, the oxalic acid-
based carbon-doped one exhibited the highest sorption capacity, reaching 2240%,
indicating superior water absorption properties. In turn, the ascorbic acid-based hydrogel
demonstrated a high 2141% sorption capacity, only slightly lower than that of the oxalic
acid-based hydrogel. The aspartic acid-based hydrogel doped with carbon, with a sorption
capacity of 1848%, showed a moderately lower ability to absorb water than OxI’
hydrogels, yet still maintained a strong sorption performance. It should be pointed out that
in the case of carbon-doped Ox1’, Asc’, and Asp’ samples, their swelling capacity is higher
than the corresponding undoped Oxl, Asc, and Asp samples. This indicates that
modification with carbon prepared from brewer’s spent grain significantly enhanced the
sorption properties of this type of hydrogel. On the contrary, among all tested carbon-
doped samples, the citric acid-based hydrogel (Cit’) exhibited the lowest sorption capacity
of 764%, lower than the Cit sample, suggesting that citric acid modification in
combination with carbon prepared from brewer’s spent grain negatively impacted water
uptake.

Summarising, in most cases, modification with carbon prepared from brewer’s spent
grain improved the sorption capacity significantly. Among carbon-doped hydrogels of
improved water sorption capacities, the best-performing modified sample was an oxalic
acid-based hydrogel with SC_,,, = 2240%, while the least effective was an aspartic acid-
based hydrogel with SC,,,, = 504%.
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Figure 3.  Analysis of the sorption properties of undoped hydrogels.
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Figure 4. Analysis of the sorption properties of carbon-doped hydrogels.
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Analysis of the Sorption Properties
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Figure 5. Determination of maximum water sorption capacity of synthesised hydrogels.

3.2.  Structure Analysis

In Figure 6, the FTIR spectrum of chitosan is demonstrated. Typical bands with
a maximum at 3349 cm’! corresponding to stretching vibrations of OH and NH; groups,
at 2869, 1419 and 1315 cm! from symmetric and asymmetric stretching vibrations of
methylene and methine groups in chitosan pyranose rings, at 1643 c¢cm™' stretching
vibrations in C=0 and bending vibrations in N-H of amide groups, at 1374 cm! from
C-H bending vibrations in N-acetyl groups, at 1591 and 1151 cm! characteristic to free
amino groups, at 1063 and 1021 cm™! corresponding to glycosidic bonds between chitosan
mers, and at 892 cm™! band characteristic to glucopyranose rings can be observed [16].

% Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-')

Figure 6. FTIR spectrum of chitosan.
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Figure 7 demonstrates the FTIR spectrum of ascorbic acid-based chitosan hydrogel (Asc).
Bands characteristic of chitosan with maximum at 2876, 1141, 1077, and 1028 cm™' can
be observed. The change in the band's shape and intensity at 3269 cm™! and a new band at
2928 cm’! indicate the incorporation of ethylene glycol into the hydrogel’s structure.
Moreover, bands characteristic of ascorbic acid with a maximum at 1751 cm™! (carbonyl
group), 876 and 759 cm™! (hydroxyl functional in the carboxyl group) can be observed.
The intensity of bands with maximum at 1674, 1579, and 1322 cm™! has increased, which
proves the formation of amide/ester bonds between chitosan, ascorbic acid, and ethylene
glycol [17].

% Transmittance
8_2

5

_8

4000 3500 3000 2500 2000 1500 1000 500
‘Wavenumber (cm-)

Figure 7. FTIR spectrum of ascorbic acid-based chitosan hydrogel (Asc).

Figure 8 demonstrates the FTIR spectrum of aspartic acid-based chitosan hydrogel (Asp).
Bands characteristic of chitosan at 2870, 1154, 1069 and 1028 cm' can be observed.
Similar to Asc (Figure 7), the change in the band's shape and intensity with a maximum at
3228 cm! and a new band at 2926 cm™! indicate the incorporation of ethylene glycol into
the hydrogel’s structure. Moreover, bands characteristic of aspartic acid with a maximum
at 1707 cm™! (carbonyl group) and 880 cm™!' (hydroxyl functional in the carboxyl group)
can be observed. The increase in intensity of bands with a maximum at 1571 and
1381 cm! proves the formation of amide/ester bonds between chitosan, aspartic acid and
ethylene glycol.

Figure 9 demonstrates the FTIR spectrum of citric acid-based chitosan hydrogel (Cit).
Bands characteristic of chitosan at 2874, 1152, 1077, and 1032 cm’' can be observed.
The change in the shape and the intensity of the band with a maximum at 3285 ¢cm! and
anew band at 2932 ¢cm™ indicate the incorporation of ethylene glycol. Moreover, bands
characteristic of citric acid with a maximum at 1711 cm™' (carbonyl group) and 880 cm!
(hydroxyl functional in the carboxyl group) can be observed. The intensity of bands with
maxima at 1579 and 1381 ¢m™! has increased. This change indicates the formation of
amide bonds between chitosan, aspartic acid and ethylene glycol. Moreover,
a characteristic band at 1202 cm™, resulting from the presence of ester bonds, can be noted.
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Figure 8. FTIR spectrum of aspartic acid-based chitosan hydrogel (Asp).
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Figure 9. FTIR spectrum of citric acid-based chitosan hydrogel (Cit).

Figure 10 demonstrates the FTIR spectrum of oxalic acid-based chitosan hydrogel. Bands
characteristic of chitosan at 2874, 1154, 1064 and 1024 cm™ can be observed.
As previously discussed for Asc, Asp and Cit hydrogels, the change in the band's shape
and intensity with a maximum at 3259 cm™' and a new band at 2932 cm™ indicate the
incorporation of ethylene glycol into the hydrogel’s structure. Moreover, bands
characteristic of oxalic acid with a maximum at 1737 cm™' (carbonyl group) and at 882
and 763 cm’! (hydroxyl functional in the carboxyl group) can be observed. The increase
in 1634, 1534 and 1376 cm’! bands intensity proves the formation of amide bonds between
chitosan, oxalic acid and ethylene glycol. Moreover, a band with a maximum at 1302 and
1200 cm™! characteristic of ester bonds can be seen.

In Figure 11, FTIR spectra of chitosan and undoped hydrogels are compared,
demonstrating differences in band positions and thus also the differences in chemical
composition depending on the OA applied during the synthesis. In all hydrogels, bands
characteristic of amide/ester bond formation and those confirming the incorporation of
ethylene glycol into the hydrogel structure can be observed. The differences in the
3200 - 3500 cm™! wavenumber range indicate that hydrogen bonding changes occur upon
crosslinking. Increase in the intensity of bands within the 1630 -1700 (Amide I),
1500 - 1550 cm! (Amide 1I), 1200 — 1300, and 1700 - 1750 cm™ (ester bonds) ranges
confirms amide and ester bonds formation.

Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXX, 2025, 325
https://doi.org/10.15259/PCACD.30.023



Anita Wojcik, Natalia Wactawik, Marek Pigtkowski

2

3

% Transmittance
B ®

]

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 10. FTIR spectrum of oxalic acid-based chitosan hydrogel (Oxl).
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Figure 11. FTIR spectra of pure chitosan and undoped hydrogels.

In Figure 12, FTIR spectra of chitosan and carbon-doped hydrogels are presented,
demonstrating differences in vibration bands resulting from variation in chemical
composition and structure of hydrogels prepared with different OA. In the spectra of all
carbon-doped chitosan hydrogels, bands characteristic of the formed amide/ester bond and
the bands confirming incorporation and interactions of ethylene glycol can be observed.
In comparison with undoped hydrogels, a shift of the band maximum in the region
3200 - 3500 cm!, probably due to the formation of additional hydrogen bonds, is
observed. Moreover, the intensity of bands around 1580 cm™! (C=C bonds) and 1700 cm!
has increased due to additional carbonyl groups formed during the oxidation of carbon
under microwave radiation [18]. In conclusion, it is observed that the incorporation of
carbon from brewer’s spent grain affects the chemical structure of prepared hydrogels,
which can cause differences in water sorption capacity.
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Figure 12. FTIR spectra of pure chitosan and carbon-doped hydrogels.

The FTIR spectra analysis allows us to propose the chemical structure of chitosan
hydrogels synthesised through polycondensation reaction with different organic acids and
ethylene glycol, as presented in Figure 13.
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Figure 13. The structure of chitosan hydrogels cured with different organic acids and
ethylene glycol (R represents the rest of OA used in the synthesis).

4.  Conclusions

The article presents the method of synthesis of chitosan hydrogels crosslinked with
different organic acids and ethylene glycol under microwave radiation. The chemical
crosslinking of biopolymer chains through the formation of amide and ester bonds was
confirmed with FTIR analysis. Moreover, doping the hydrogels with carbon caused a shift
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in the position of the vibrational bands, probably due to the formation of additional
hydrogen bonding between the hydrogels and carbon, which in turn affected the hydrogels’
sorption properties. The comparison between undoped and carbon-doped hydrogel
samples clearly highlights the impact of modification on their sorption capacities.
In general, the modification with carbon from brewer’s spent grain significantly improved
the water sorption properties of most synthesised hydrogels. In both its undoped and
carbon-doped states, the oxalic acid-based chitosan hydrogel consistently demonstrated
the highest sorption capacities, with the carbon-doped sample reaching 2240%. Similarly,
the ascorbic acid-based hydrogel exhibited a notable increase in water retention, with its
carbon-doped form achieving a sorption capacity of 2141%, compared to 795% in the
undoped state. On the other hand, the citric acid-based hydrogel showed a decline in
sorption capacity after modification, suggesting that the combination of citric acid and
carbon from brewer’s spent grain may have negatively affected its water sorption abilities.
Aspartic acid-based hydrogel also significantly enhanced its sorption capacity after carbon
doping, increasing from 504% to 1848%. Overall, doping hydrogels with carbon from
brewer’s spent grain is a possible way of improving the water sorption properties of the
chitosan/ethylene glycol/OA hydrogels formed under microwave radiation.
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