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The goal of this study was to address the issue of hydrogels based on carboxymethylcellulose (CMC) 
having poor gelation strengths when in contact with liquids. To improve this property, cellulose was 
added to the hydrogels, and their characteristics were then examined. Unlike in previous studies, the 
cellulose was modified mechanically and chemically before being added. The pulp was refined using 
a traditional PFI mill or a supermasscolloider as part of a mechanical modification process. In addition, 
the combination of H2O2 and ZnCl2 was chosen for chemical modification of the pulp due to their 
synergistic effect, where ZnCl2 facilitates fiber swelling, and H2O2 enhances Zn²+ ions’ reactivity, further 
promoting cellulose oxidation. By creating a cellulosic backbone with higher resistance properties, 
it is intended to prevent the CMC–cellulose complex from dispersing in water. Epichlorohydrin was 
utilized in different ratios to crosslink the modified cellulose and CMC in the production of hydrogels. 
Fourier transform infrared spectroscopy, differential scanning calorimetry, and scanning electron 
microscopy were used to examine the hydrogels’ structural, thermal, and surface characteristics. The 
results showed that with the addition of modified cellulose, the loss of the hydrogel’s swelling and 
water absorption properties due to the increase in cellulose content can be minimized. The swelling 
capacity of the samples was significantly preserved by refining the cellulose using a PFI mill. However, 
refining using a supermasscolloider did not give satisfactory results. In summary, the study showed 
that modified cellulose reinforcement may be used to produce hydrogels without significantly altering 
the swelling capacity of CMC-based hydrogels.
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Introduction 

Hydrogels, which are linear or branched crosslinked 
structures that can absorb water or other physiolog-
ical fluids up to ten to a thousand times their weight 
[Chen et al., 2010], are widely used in various applica-
tions such as hygienic products, agricultural and med-
ical applications, wastewater recovery, and the food 

industry. In general, they contain functional chem-
ical groups that easily interact with liquids, such as 
hydroxyl, carboxyl, amine, amide, and sulfonic acid 
groups [Wang et al., 2017]. An ideal hydrogel is ex-
pected to have high gelation resistance and liquid ab-
sorption capacity and low human and environmental 
impact [Zohurian-Mehr and Kabiri, 2008]. Synthetic 
hydrogels often meet many of these criteria, but also 
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have some drawbacks, such as being expensive, toxic, 
non-biodegradable, and not biologically compatible 
at the point of use [Chen et al., 2008]. 

The criteria of toxicity, biocompatibility and bio-
degradability are crucial for ensuring the safe use of 
hydrogels in fields such as hygiene, medicine, and 
the pharmaceutical industry, so as to protect human 
health [Suo et al., 2007]. Hydrogels made from native 
polymers such as cellulose, carboxymethylcellulose 
(CMC), chitin, etc. [Zohurian-Mehr and Kabiri, 2008; 
Fekete et al., 2010] meet most of these criteria, but their 
liquid absorption capacity and gelation resistance are 
lower than those obtained with synthetic hydrogels 
[Mohy-Eldin et al., 2013]. In studies of native-based 
hydrogels, the purpose is to improve liquid absorption 
capacity, gel resistance, cost, biocompatibility, and suit-
ability for usage [Laftah et al., 2011]. 

Hydrogel manufacturing commonly uses cellulose 
derivatives as primary native polymers. Compared 
with other derivatives, CMC is inexpensive, simple to 
dissolve, and highly reactive [Mohy-Eldin et al., 2013; 
Wang et al., 2013]. However, due to its weak structure, 
its gelation resistance is limited when it absorbs water 
(the structure absorbs water, swells, and disperses). Var-
ious processes such as grafting and freeze–thawing [Suo 
et al., 2007; Chen et al., 2008; Li et al., 2012; Mohy-Eldin 
et al., 2013; Wang et al., 2013; Wang & Wang, 2016], 
and polymers such as chitosan, alginate, poly-N-iso-
propylacrylamide, polyacrylamide, poly(vinyl alcohol) 
and polyaniline [Ren et al., 2016; Wang & Wang, 2016; 
Li et al., 2017; Godiya et al., 2019; Su et al., 2020; Feng 
et al., 2021; Uyanga & Daoud, 2021] can be employed 
to create composite (or hybrid) hydrogels as a solution 
to the drawbacks of CMC-based hydrogels. 

As the most abundant polymer in nature, cellulose, 
with three hydroxyl (–OH) groups in each repeating 
unit, has significant potential to be used in hydro-
gel production, but obstacles include its high degree 
of crystallinity and strong intra- and inter-molecular 
hydrogen interactions that cause a reduction in the 
water absorption ability of the hydrogel. Generally, 
it is combined with other materials (typically CMC) 
as an additive to provide a strong backbone. However, 
it has been observed that the liquid absorption capacity 
of hydrogel decreases with increasing cellulose content 
[Zohurian-Mehr and Kabiri, 2008; Chang et al., 2010; 
Wang et al., 2017]. If a hydrogel includes cellulose, the 
reactivity of the cellulose must be enhanced. The higher 
reactivity of cellulose’s amorphous regions is mostly 
attributed to their containing a larger amount of –OH 
groups than its crystalline regions. By increasing the 
percentage of amorphous regions in cellulose, it is an-
ticipated that the bonding of cellulose with CMC and 
water molecules can be enhanced while the dispersion 
of the hydrogel in the liquid is prevented. The methods 

used to make cellulose more reactive (or accessible) 
are generally classified as chemical, mechanical, and 
enzymatic processes [Laine et al., 2004; Cabiac et al., 
2011]. Increasing cellulose’s reactivity makes it easier 
for it to react and bond with water and other chemi-
cals [Liebert, 2010; Li et al., 2012]. Through mechan-
ical processes, certain natural defects of cellulose may 
be eliminated. Due to these treatments, the number 
of functional groups increases as the specific surface 
area increases; they therefore contribute to improving 
cellulose’s reactivity. This approach involves the pa-
permaking procedures of beating (using a Hollander 
or PFI mill) and refining using a supermasscolloider 
(SMC) [Cabiac et al., 2011].

The behaviour of cellulose in solutions prepared 
from ZnCl2, which is non-toxic and easily recovered, 
has been studied by various researchers. It was found 
that solutions comprising 65–76% ZnCl2 and 35–24% 
water by weight effectively dissolve cellulose; however, 
only swelling behaviour was observed when the water 
concentration deviated from that range [Grinshpan et 
al., 2003]. At ZnCl2 concentrations below 65%, water 
molecules compete with hydroxyl groups in cellulose 
for interaction with ZnCl2. Consequently, the dissolving 
ability of cellulose diminishes, resulting only in swell-
ing. This occurs due to the diffusion of Zn2+ ions from 
aqueous solutions into the amorphous and crystalline 
parts of cellulose fibres, causing the fibres to swell. This 
effect may be enhanced by hydrogen peroxide (H2O2), 
a powerful oxidant, which can be expected to elevate 
the reactivity of Zn2+ ions in solution; hence the swell-
ing of cellulose is likely to increase due to the combined 
effect of H2O2 and zinc chloride.

The modification of cellulose for the improvement 
of certain properties is usually  conducted under opti-
mized conditions. In order to overcome the disadvan-
tages caused by the previously mentioned use of cellulose 
in CMC, the present study focused on a new way to use 
cellulose in hydrogels. The inclusion of mechanically 
and/or chemically treated cellulose as a reinforcement in 
hydrogels is expected to reduce the problems associated 
with the use of raw cellulose. This strategy attempts to 
reduce the negative impact on the excellent liquid ab-
sorption capacity of hydrogels. The optimal treatment 
conditions of cellulose were investigated for chemical 
(H2O2 oxidation reinforced by ZnCl2) and mechanical 
(refining in PFI or SMC) processes. Hydrogels contain-
ing different ratios of cellulose and CMC were produced 
by crosslinking with the use of ECH. A comprehensive 
characterization of the hydrogels was performed using 
FTIR, DSC, and SEM to understand their chemical and 
thermal behaviour and their structural morphology. Wa-
ter uptake and swelling ratio measurements further ex-
tended the analysis by indicating the hydrogels’ capacity 
to absorb and retain water.
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Materials and methods 

1. Materials

Spruce sulphite wood pulp (100% bleached) was sup-
plied by Borregaard (Norway). The pulp character-
istics were as follows: 924 ml.g-1 Intrinsic Viscosity 
(ISO 5351:2004); ≤ 1 Kappa Number (TAPPI T 236 om-
13); 93.1 Brightness (ISO 2470:2009); 95.2% Alpha 
Cellulose (TAPPI T203 cm-99); 5.8% Alkali Solubility 
S10 (TAPPI T 235 cm-00); 3.3% Alkali Solubility S18 
(TAPPI T 235 cm-00). The pulp was also determined 
to have 0.1269 mmol.g-1 COOH content according 
to Prsakalo et al. [2009] and Milanovic et al. [2012], 
a freeness of 12 (SCAN C-20:65), and a water reten-
tion value (WRV) of 88.4 according to Chen et al. 
[2010]. Sodium carboxymethylcellulose (CMC) 
(Mw ~700000) was purchased from Sigma Aldrich 
(DS: 0.80–0.95). All other chemicals were purchased 
from Merck KGaA or Sigma Aldrich and used without 
any additional treatment.

2. Methods of treatment of cellulose

Chemical and mechanical treatments were applied 
to induce changes in the chemical and morpholog-
ical properties of the cellulose fibres, i.e. to regulate 

the proportions of amorphous and crystalline regions 
and to form particles at the micro/nano level. The cycle 
of pretreatments applied was varied for sample groups 
as shown in Table 1. 

3. Chemical treatment of cellulose

An amount of 75 g of cellulose (o.d.) was placed in a bea-
ker, and deionized water was added until the total solu-
tion concentration reached 10%. On the basis of the 
total volume of the suspension, 5% NaOH, 15% ZnCl2, 
and 5%, 10% or 15% H2O2 (by weight) were added to the 
beaker. The suspension was kept in a water bath at 80 °C 
for 180 min. After that time, the suspension was washed 
with deionized water on a 150 mesh sieve. The pulp 
remaining on the sieve was manually pressed to remove 
excess water and then collected from the sieve. The 
samples were stored in a sealed polythene bag in a re-
frigerator operating at +4 °C. The mechanical treat-
ments were performed only for the samples oxidized 
with 15% H2O2, since this group exhibited the maxi-
mum water retention value (WRV) of 150.5%. The ad-
dition of 5% and 10% H2O2 resulted in WRVs of 127.9% 
and 126.9%, respectively. After chemical treatment, 

–COOH content was determined as 0.22, 0.08 and 
0.13 mmol.g-1 respectively for the lowest, middle and 
highest H2O2 concentrations.

Table 1. Pre-treatment and reaction conditions of the cellulose/CMC Hydrogels

Pre-treatment Step
Sample Code Cellulose ratio 

in mixture (%)
CMC ratio 

in mixture (%)First Second

None None Process 0
10 90
30 70
50 50

Chemical None Process 1
10 90
30 70
50 50

Chemical PFI Refining Process 2
10 90
30 70
50 50

PFI Refining Chemical Process 3
10 90
30 70
50 50

Chemical SMC Refining Process 4
10 90
30 70
50 50

SMC Refining Chemical Process 5
10 90
30 70
50 50
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4. Mechanical treatment of cellulose

The conditions of mechanical treatment performed 
with the two devices are summarized below.

PFI refining: In a PFI mill, cellulose was mechan-
ically beaten between two rotating cylinders at a pulp 
concentration of 10% and at 4000 rpm in accordance 
with the TAPPI T248 sp-15 standard.

SMC refining: Cellulose was refined using a Ma-
suko supermasscolloider (MKCA6-2J) with a  grit 
coarseness of 80, with two Al2O3 stones, one fixed and 
the other rotating. The space between the stones was 
adjustable within a range of 0–250 μ. This gap was set 
to 20 μ and the samples were passed between the stones 
five times. The rotation speed of the stones was set to 
1,500 revolutions per minute, and the working concen-
tration was kept at 2%.

5. Hydrogel synthesis

Hydrogels were prepared using a  crosslinking po-
lymerization process that involved epichlorohydrin 
(ECH). A number of mixtures were formulated to 
obtain hydrogels with cellulose ratios of 10%, 30% and 
50%. First, 5 g of  a blend of cellulose and CMC (in 
the proportions indicated in Table 1) was weighed out, 
and was dispersed in a solution consisting of 195 g 
of 6 wt.% NaOH, 4 wt.% urea, and 90 wt.% water. 
The resulting suspension was  frozen at -20 °C for 
12 hours  and subsequent thawing. To obtain a clear 
cellulose/CMC solution, the mixture was subjected 
to high-speed mixing in an IKA Ultra-Turrax device 
at 15,000 rpm for 15 minutes to obtain a solution 
consisting of cellulose–CMC. Then 25 ml of ECH was 
added to the cellulose/CMC solution, ammonium 
hydroxide was further added, and the solution was 
kept at 40 °C for 4 h. After that time the product was 
poured into ethyl alcohol to stop the reaction, and 
then washed with deionized water on a sieve. Process 
0 was used for the control group; the cellulose for this 
group was utilized in hydrogel synthesis in its original 
form without any modifications.

6. Hydrogel swelling measurements

The capacity of the hydrogels to absorb saline solutions, 
which is a very important property for biomedical ap-
plications of such materials, was also investigated. For 
this purpose, aqueous solutions containing NaCl, KCl, 
MgCl2, and NH4Cl salts at 0.9% (w/w) concentration 
were used. To prepare saline solution at 0.9% concen-
tration, 0.9 g of salt was used per 100 g of solution.

A piece of hydrogel sample of known dry weight 
was immersed in one of the aforementioned liquids 
for 12 hours at room temperature. The sample was 

then placed in a Büchner funnel with filter paper on 
the bottom to remove excess liquid. Values of water 
absorption and swelling were determined using the 
following formulae:

Water uptake (g) = m1–m0 (1)

Swelling ratio (%) = (m1–m0) * 100/m0 (2)

where m1 denotes the mass of the hydrogel sample after 
immersion, and m0 is the initial total dry weight of the 
sample.

7. FTIR analysis

Following Gümüskaya et al. [2003], samples were 
carefully prepared for FTIR spectroscopic analysis 
by grinding in a Wiley mill. Samples for testing were 
produced using the KBr-disc technique. The samples 
were then subjected to ATR-FTIR analysis using a Schi-
madzu IRPrestige-21 instrument equipped with a PIKE 
MIRacle single reflection ATR instrument. A spectral 
range from 4000 cm-1 to 400 cm-1 was used, with the 
spectral resolution set to 4 cm-1. FTIR spectra were ob-
tained from 10% cellulose-reinforced hydrogel samples 
in each experimental group.

8. DSC analysis

The thermal properties of the hydrogels were investi-
gated using a Netzsch DSC 200F3-Maia instrument. 
The experiments were carried out in the temperature 
range 20–500 °C, using a heating rate of 10 °C/min 
and a nitrogen flow rate of 30 ml/min. Prior to the 
measurements, the samples were ground in a Wiley 
mill and then separated using sieves with mesh sizes 
of 60 and 40. The portion of the samples remaining 
on the 40 mesh sieve was used for thermal analy-
sis. For each measurement, approximately 5–7 mg of 
sample was placed in a hermetically sealed alumin-
ium crucible. To ensure the reliability of the results, 
each measurement was repeated three times, and 
the instrument’s software (Netzsch Proteus Thermal 
Analysis) was used to calculate the average of the 
results. Measurements were obtained only from the 
10% cellulose-reinforced hydrogel samples in each 
experimental group.

9. SEM analysis

To determine the surface properties of the hydrogels, 
the surfaces of samples were imaged using Jeol JSM-
6060 and Zeiss Evo LS-10 electron microscopes at 100X, 
500X, 1000X and 3000X magnifications. Before SEM 
imaging, the samples were coated with gold. The ope-
rating voltage was 5 kV or 15 kV.



Büyüküstün A.D. et al.: Swelling Capacity in Carboxymethylcellulose – Cellulose Hybrid Hydrogels…

Drewno. Prace naukowe. Doniesienia. Komunikaty 68 (215) 2025 5

Results and discussion 

The aim of the study was to examine the effect of pre-
treatments of cellulose used in hydrogels, with the goal 
of reducing the adverse effects related to the character-
istics of cellulose utilized to enhance the gel strength 
of CMC-based hydrogels. 

1. Swelling behaviour of samples in different liquids 

Swelling ratios of hydrogels are presented in Figure 1 
for liquids with pH values ranging from 2 to 10, and 
in Figure 2 for solutions containing salts (NaCl, KCl, 
MgCl2 and NH4Cl).

The swelling behaviour of hydrogels in liquids with 
various pH values is an essential parameter determin-
ing their suitability for many applications. The solutions 
used in the study had pH values ranging from 2 to 10. 
Under neutral and alkaline conditions, higher swelling 
values are expected [Liu et al., 2002; Wang et al., 2013]. 
A pH of 7 was determined to be the most favourable 
for swelling, which aligns with earlier research find-
ings. Above pH 7, the swelling behaviour exhibited no 
consistent pattern of change.

The swelling ratio of hydrogels with 10% cellulose 
subject to Process 0 was remarkably high for almost 
all pH values, although significant decreases were 
observed as the cellulose concentration was raised. 
In good agreement with the observations of previous 
studies [Chang et al., 2010], higher cellulose content 
in the hydrogel seemed to have negative effects on its 
swelling ability. The mechanical and chemical treat-
ments applied to the cellulose in this study were in-
tended to reduce these negative effects.

The samples that underwent only chemical treat-
ment (Process 1) did not yield the expected results, 
with nearly all samples exhibiting the lowest values. 
In this group, no mechanical treatment (PFI or SMC) 
was applied to the cellulose, to enable a focus on the 
chemical effects. Zinc chloride (ZnCl2) solutions at high 
concentration (65–76%) are quite effective in dissolving 
cellulose. Due to the process of dissolution and side 
reactions, both water-soluble and insoluble cellulose 
with a low degree of polymerization (DP) are produced 

[Cao et al., 1994]. Chen et al. [2020] demonstrated that 
the process of cellulose dissolution in ZnCl2·3H2O in-
volves the conversion of cellulose I into cellulose II by 
crystal transformation. Cellulose with a high degree of 
crystallinity will be unable to dissolve in a weak ZnCl2 
solution, but this would not be the case for lower mo-
lecular weight and amorphous regions of cellulose. By 
subjecting the cellulose to ZnCl2 treatment, the more 
accessible fractions are eliminated, resulting in a more 
stable structure. While this may explain the reduced 
rate of swelling in hydrogels, an alternative reason may 
be the replacement of hydroxyl (OH) groups on cellu-
lose chains with zinc (Zn) groups.

Figure 1 shows the impact of changes to the pretreat-
ment cycle on the swelling values of hydrogels in liquids 
at pH 2, 7 and 10. The cellulose that had undergone PFI 
refining and subsequent treatment with ZnCl2 (Pro-
cess 3) yielded exceptionally good results in compari-
son with the other groups of samples. The application 
of mechanical treatment in the second step (Process 2) 
appears to diminish the impact of chemical treatment. 
Nevertheless, it is evident that PFI refining provides 
better results than SMC refining (Processes 4 and 5). 
This means that adverse effects such as hornification 
of fibres that occur during PFI refining were relatively 
limited, and this influenced the swelling performance 
of the hydrogels.

Mechanical pretreatments create changes in the 
cellulose structure, including enhanced fibrillation, 
increased surface area, hydration capacity, and reac-
tivity [Laine et al., 2004; Cabiac et al., 2011]. Addi-
tionally, they raise the fibre saturation point (FSP) and 
the volume of pores. Consequently, they enhance the 
accessibility of cellulose and result in greater absorp-
tion of water. However, it is important to remember 
that extended refining times might have adverse effects, 
including decreased fibre lengths, the formation of fines, 
and hornification.

SMC is highly effective in altering the physical 
and chemical characteristics of cellulose, and is a key 
method employed in the manufacture of micro- and 
nano-fibrillated cellulose. The reduction of cellulose 
to micro- or nano-size potentially affects its reacti-
vity (number of released –OH groups) and hence its 

Fig. 1. Swelling behaviour of hydrogels in liquids at pH 2 (a), pH 7 (b) and pH 10 (c) depending on the cellulose content
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association with water or other chemicals [Laitinen 
& Niinimiaki, 2014]. The results indicated that the water 
absorption ability of hydrogels was significantly influ-
enced by SMC refining (Processes 4 and 5), particularly 
when the cellulose content in the hydrogels was higher. 
However, it was observed that Processes 2 and 3 were 
more reliable than refining using SMC. The decreased 
swelling ratios resulting from Processes 4 and 5 were 
linked to an increase in the quantity of micro- and na-
no-scale particles. The rise in the quantity of particles 
at these levels possibly caused the closure of micropores 
in the hydrogel, diminishing the penetration of liquids.

Salt solutions offer valuable insights into behaviour 
in liquids with different properties. This methodology 
assists the identification of specific fields in which hy-
drogels can be utilized. The impact of salt solutions on 
hydrogel swelling is dependent on solution charac-
teristics such as ion strength, hydration capacity, and 
ion size. Figure 2 presents the results of tests of the 
impact of different salt solutions on the swelling char-
acteristics of hydrogels containing CMC and cellulose 
reinforcement.

MgCl2 is utilized in nutrition for enhancing wellness 
and supporting the health of athletes. It contains magne-
sium ions with a charge of 2+ [Bock et al., 1999; Xu et al., 
2023], which leads to a larger concentration of  ions 
in water solutions, causing a reduced swelling effect. 
The higher ionic strength can result in interaction 

between polymers within the hydrogel structure, 
thereby restricting water absorption. Magnesium ions 
(Mg2+) can restrict the interaction between hydrogel 
and water by generating a greater attractive force on 
the surrounding water molecules, compared with other 
ions. As a result, the swelling rate of hydrogels in such 
liquids is limited (Figure 2c). In contrast, Na+ ions pen-
etrate the cell wall of cellulosic fibres more easily due to 
their smaller size, increasing cell volume and swelling 
(Figure 2a). The swelling performance of hydrogels is 
generally reduced by increasing the cellulose content, 
except when exposed to NaCl solution. This excep-
tion is presumed to be caused by the influence of the 
size of Na+ ions. For solutions in which Mg and NH4 
salts were used, it was determined that Process 3 gave 
the highest result regardless of the cellulose ratio used 
in the hydrogel. NH4Cl (ammonium chloride) can also 
be used in medical and biomedical applications, in the 
agricultural and food industries, and in refrigeration 
systems and packaging materials. Similarly to Mg2+ 
ions, ammonium ions can form strong hydrogen bonds 
with water molecules, affecting the hydrogel in a similar 
way. Again, the possibility of easy interaction with car-
boxylate groups (–COO–) in hydrogels due to the high 
ion charge and size can make their effect on swelling 
behaviour similar to that of Mg2+ ions.

The swelling rate of Process 0 samples in Na solution 
decreased by approximately two-thirds as the cellulose 

Fig. 2. Swelling ratio of hydrogels in different salt solutions: (a) NaCl, (b) KCl, (c) MgCl2, (d) NH4Cl
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content increased (Figure 2a). Other samples exposed 
to the same solution exhibited inconsistent effects from 
an increase in cellulose content, with some samples 
even showing an increase. These findings are partic-
ularly important for medical, agricultural and food 
industry applications where Na-based solutions are 
used. The treatments may be effective in this particular 
scenario, but Process 5 was found to give the lowest 
results for all groups in this solution. This is probably 
explained by the fact that fragments formed by the 
breakdown of cellulose as a result of the treatments 
block the pores in the hydrogel structure. The accessi-
bility of cellulose increases significantly in Process 1, 
where the cellulose added to the hydrogel has been 
subjected to chemical treatment without mechanical 
treatment, as evidenced by the results obtained with 
Na solution. This may be attributed to the fact that the 
width of the fibres increases as a result of the treatment 
method used for Process 1. The fibres in hydrogels 
produced by Process 1 maintain their original shape 
because the pulp is not subjected to mechanical treat-
ment. The hydrogel’s capacity to incorporate liquid 
increases as the fibre width increases.

Products containing KCl are utilized as electrolyte 
alternatives for topical usage and to enhance wound 
healing processes [Choi et al., 2024]. In potassium salt 
solution, for all samples, a similar downward trend 
in  the swelling ratio was observed as the cellulose 
content increased. The mechanical processes resulted 
in favourable outcomes for these solutions. It was deter-
mined that the losses in swelling ratio as the cellulose 
ratio increased were smaller in the case of refining with 
PFI or SMC than in the case of Processes 0 and 1.

It is observed that among all sample groups, the 
highest values in salt solutions are attained with the 
use of PFI as in Processes 2 and 3. When all processes 
are ranked, it is found that those with PFI (Processes 2 
and 3) are in first place, the control group (Process 0) 
in second place, the samples reinforced with cellulose 

with only chemical pretreatment (Process 1) in third 
place, and the hydrogels reinforced with cellulose fol-
lowing SMC refinement (Processes 4 and 5) in last 
place. In the pretreatment of cellulose with SMC, the 
fibres are subject to greater forces, and while some new 
properties can be created, certain other properties are 
lost. The heat-induced hornification resulting from 
the treatment with SMC reduces the amount of water 
uptake and retention and thus the degree of swelling.

2. FTIR analysis

Cellulosic polymers exhibit chemical changes when 
exposed to mechanical and/or chemical treatments. 
FTIR spectroscopy is a useful technology to identify 
these changes. The structures of hydrogels produced 
from cellulose and CMC were examined by this means, 
and the results for hydrogels with the addition of 10% 
cellulose are shown in Figure 3.

The presence of the ester group (–C=O) as an in-
dication of crosslinking through epichlorohydrin is 
observed as a small peak around 1735–1750 cm-1 [Ku-
mar et al., 2019]. Additionally, Capanema et al. [2018] 
conducted investigations concerning vibrations in the 
same location related to the ester groups in –COOH. 
The intensity of the peak at 1440–1450 cm-1, which 
is related to the stretching of CH bonds in the cross-
links between CMC and cellulose chains, was smaller 
in the case of samples treated with Process 4 (10% 
cellulose content). This suggests that there is less 
crosslinking in these samples. Major vibrations of 

–COOH groups are observed at 1620 cm-1 and 1450 cm-1. 
Consistently with findings reported in the literature, the 
magnitude of the peak observed at around 1600 cm-1 
declined as the vibration intensity increased, suggesting 
the occurrence of crosslinking [Barbucci et al., 2000].

The treatment of cellulose resulted in a decrease 
in the intensity of the peaks between 1620 and 1660 cm-1, 
which are associated with COOH groups [Chang et al., 

Fig. 3. FTIR spectra of selected hydrogels containing cellulose
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2010; Fan et al., 2012]. Replacing carboxymethylcel-
lulose (CMC) with cellulose in hydrogels reduced the 
magnitude of the peak associated with the total number 
of carboxyl groups (–COOH). The O–H stretching 
vibrations for CMC are assigned to the 3100–3600 cm-1 
band [Buhus et al., 2009]. The location and size of these 
peaks varied depending on the intensity of the treat-
ments, showing changes in intramolecular and inter-
molecular hydrogen bonding and hydration capacity.

3. DSC analysis

The thermal behaviour of hydrogel samples subjected to 
different treatments (Processes 0–5) under varying con-
ditions was investigated by DSC. The first notable finding 
is that energy absorption was consistent for all samples. 
It was found that the hydrogel produced following Pro-
cess 3 had the highest energy absorption capacity, while 
Process 1 led to the lowest. This can be attributed to the 
higher cellulose concentration in the sample produced by 
Process 1, since it has a greater amount of cellulose com-
pared with the other samples with 30% cellulose content. 
An increase in the cellulose content within the hydrogel 
results in changes to the structure of the hydrogel, such as 
a rise in the average crystallinity index and modifications 
in the interaction between water molecules, carbohy-
drates, and other morphologi cal characteristics. These 
changes, of course, impact the thermal characteristics. 
It is well established that cellulose has a higher crystallin-
ity index than CMC [He et al., 2009]. According to Das 
et al. [2021], the crystalline regions of cellulose serve 
as a barrier to the transfer of heat, which is a critical factor 
in the reduction of energy absorption. The proportion 

of crystalline zones in cellulose is expected to be changed 
by modification processes. As a result, possible changes 
in the crystalline structure will have an impact on the 
energy absorption levels of the samples. In these samples, 
the endothermic changes beginning at approximately 
70 °C reported by researchers such as Dai et al. [2018] 
and Poletto et al. [2014], which were attributed to water 
loss, were not observed.

4. SEM analysis 

SEM (scanning electron microscopy), which supplies 
information about the surface morphology, internal 
structure and network formation of hydrogels, provides 
important indications regarding their potential areas 
of application. With this aim in mind, images were used 
to analyse the surface characteristics of the hydrogel sam-
ples with the highest degrees of swelling. These images 
are shown in Figure 4.

SEM analysis offers a variety of insights into the inter-
nal structure, network formation, and surface morphol-
ogy of hydrogels. Fibrillation, an increase in surface area, 
a reduction in fibre length, and hydration of the fibres are 
results of the mechanical forces applied during the refin-
ing process. The surface opacity is slightly increased by 
refining following chemical treatment (Process 2). Con-
versely, when refining is performed initially, as in Pro-
cess 3, fibre clusters and pores are visible. The quantity 
of small particles (fines) is increased, particularly at the 
micro and nano scales, by mechanical treatment using 
SMC (Processes 4 and 5). The swelling rates decreased 
as a consequence of the increased amount of fines, which 
in turn led to a reduction in micropores.

Fig. 4. Selected SEM images of hydrogels. The images were captured at a magnification of 1kx, except for P1, which was 
captured at 5kx
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Conclusions 

This study has examined the influence of the pretreat-
ment of cellulose on the characteristics of cellulose/
CMC-based hydrogels, with the aim of addressing con-
cerns related to gel resistance, dispersion, and dissolu-
tion. The FTIR analyses demonstrated the successful 
formation of chemical bonds between the molecules, 
resulting in the crosslinking of the hydrogel. Addition-
ally, the investigation revealed noticeable alterations 
in the structure of the hydrogel when reinforcements 
were introduced. The hydrogels exhibited excellent re-
sistance to gelation for all liquids and successfully com-
pleted swelling tests without dispersing or dissolving. 

The hydrogel produced by Process 1 exhibited the 
least amount of swelling, whereas the hydrogel syn-
thesized by Process 3 gave more encouraging outcomes. 
The swelling characteristics of hydrogels in salt solu-
tions varied depending on the specific type of salt used. 
The MgCl2 solution produced the lowest rate of swelling 
due to its strong ionic connections, whereas NaCl had 
a higher permeability. The DSC investigations revealed 
notable disparities in energy absorption levels, with 
Process 1 leading to minimal absorption curves. Scan-
ning electron microscopy (SEM) images showed that 
mechanical pretreatments, specifically PFI refinement, 
increased the surface area of cellulose and influenced 
its swelling capacity. 
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