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ystal-mediated enhancement of
hydrogel anti-swelling and water retention

Kudzanai Nyamayaro, ab Takeo Iwase,a Savvas G. Hatzikiriakosb

and Parisa Mehrkhodavandi *a

Research into the creation of flexible electronics has expanded because of the growing interest in wearable

electronic devices. The field of iontronics employs ionic conductive hydrogels (IHCs) to access flexible

devices that utilize ions as charge carriers. Hydrogel ionic conductors suffer from drawbacks such as low

conductivity, water evaporation, over-swelling, and weak mechanical properties. Hydrogels are prone to

swelling in aqueous environments; however, excessive swelling is undesirable for water-based

applications since overswelling adversely affects the mechanical properties. Here we attempt to improve

the anti-swelling and water retention of polyacrylamide hydrogels and poly(acrylamide-co-3-sulfopropyl

acrylate) ionic conductive hydrogels by incorporating bio-based cellulose nanocrystals (CNCs). Anti-

swelling and water retention were accomplished by introducing hydrogen bonding and by ionic

complexation through incorporating different weight percent of CNC and employing CNC with varying

counter ions. The use of cellulose nanocrystals in ICHs is a pathway toward designing more sustainable

ICHs for electronics.
Sustainability spotlight

Hydrogels are a class of materials with a 3D hydrophilic network that can absorb large amounts of water. These materials are used in a wide array of applications
that include, iontronics, tissue engineering, drug delivery, contact lenses and wound dressing. Improvement of the mechanical properties of hydrogels expands
the potential applications in various elds. Therefore, there is need to develop new sustainable materials to reinforce hydrogels. This work highlights the
benets of using cellulose nanocrystals, a bio-based nanomaterial, to tailor the swelling and water retention properties of hydrogels.
Introduction

Biological systems use ions to conduct signals while devices use
electrons. Ionotronics, exible devices that use both ions and
electrons to conduct signals, exist at the interface between
biological systems and electronics.1 Ionotronics made from
hybrid circuits have been used in the development of diodes,2

capacitors,3 batteries,2a,b capacitors,3 batteries,4 super capaci-
tors,5 and transistors.6

Ionic conductive hydrogels (ICHs), composed of a liquid
phase trapped in a polymer network, can be used in the
production of ionotronics.7 Charged ions may be added to the
matrix by using ion-bearing monomers in the polymer network
or by dissolving ionic salts in the liquid phase.8 The practical
applicability of ICHs depends on their water content and the
microstructure of the hydrogels, which inuence their
conductivity and mechanical properties.9 In particular, ionic
conductivity is highly inuenced by the water content of the
itish Columbia, Vancouver, BC, Canada.

gineering, University of British Columbia,

the Royal Society of Chemistry
hydrogels.9b A higher water content increases ionic conductivity
by enhancing the mobility and effective diffusion of ions.10 In
parallel, the microstructure of the hydrogel can inuence ionic
conductivity by allowing ions to migrate more readily in the
polymer matrix.11 Controlling the degree of swelling in ICHs is
key to their functionality. Excessive swelling is undesirable for
water-based applications since volume expansion due to water
absorption adversely affects the mechanical properties of the
material.12 Conversely, ICHs used in non-water based applica-
tions can dry out and are prone to losing their functionality over
time. Thus, designing ICHs that exhibit anti-swelling for
aqueous based applications and water retaining properties
under dry conditions is desirable.

Anti-swelling hydrogels can be obtained by weakening poly-
mer–water interactions and strengthening polymer–polymer
interactions to reduce osmotic forces within the hydrogel.13 This
has been achieved by employing double network structures,
multiple crosslinking, nanocomposites, and supramolecular
interactions (hydrogen bonding, hydrophobic association, and
ionic complexations).14 The water retention properties have
been improved through a coating or adding hydroscopic matter
such as sugars, and glycerol, or through the formation of
RSC Sustainability, 2024, 2, 1543–1550 | 1543
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nanocomposites with materials like cellulose. Given that both
anti-swelling and water retention can be achieved by forming
nanocomposites, a hydrogel that exhibits both properties is
achievable with the right material.

Herein, we report nanocomposite hydrogels, composed of
polyacrylates and cellulose nanocrystals (CNCs), and study their
anti-swelling and water retention properties. Firstly, the impact
of CNCs with different counter ions (Na, Mg, and Al) on the
characteristics of poly(acrylamide) (PAM) is explored. Then, the
effect of the CNCs on the characteristics of poly (acrylamide-co-
3-sulfopropyl acrylate) (poly(AM-co-SPA)) ICHs is investigated.
The research shows how CNC's intrinsic features may be
exploited to affect the anti-swelling and water retention prop-
erties of hydrogels systematically. The introduction of biobased
nanomaterials in the design of functional materials is a prom-
ising strategy towards sustainable products. Despite the use of
polyacrylates hydrogels to demonstrate the effectiveness of
using CNCs to tailor hydrogel properties, this approach can be
applied to degradable hydrogel systems.

Results and discussion
Characterization of CNC-Na, CNC-Mg and CNC-Al

Successful ion exchange was evaluated using zeta potential (z),
dynamic light scattering (DLS), thermogravimetric analysis (TGA)
and Fourier Transform Infrared Spectroscopy (FTIR). Zeta poten-
tial is used as ameasure of surface charge and colloidal stability of
CNCs.15 The z of the CNCs decreased as the valency of the coun-
terion increased (Fig. 1a). The reduction in zeta potential leads to
increased interactive forces between CNC particles, allowing the
them to aggregate and form a networked structure. The formation
of aggregated networks withmonovalent, divalent or trivalent ions
leads to a relative increase in particle size measured by DLS
(Fig. 1b). The effective diameter increases from ∼90 nm, which is
normal DLS effective diameter for CNC with a Na+ counterion, to
165 nm with Mg2+ and to 1500 nm with Al3+ counterions. Ther-
mogravimetric analysis (TGA) data (Fig. 1c) show differences in
the thermal properties of CNCs with the different counterions,
highlighting that the cation exchange was successful.16 The FTIR
Fig. 1 (a) Zeta potential, (b) dynamic light scattering, (c) thermogra-
vimetric analysis and (d) FTIR of CNC with different counterions.

1544 | RSC Sustainability, 2024, 2, 1543–1550
spectra (Fig. 1d) of CNCs with varying counterions display char-
acteristic absorption bands at 3000–3700 cm−1 (O–H stretching),
∼2900 cm−1 (C–H symmetric stretching vibration), 1650 cm−1

(absorbed H2O stretching vibration), and several peaks between
1300–1500 cm−1 due to in-plane bending vibration bands of the
primary and secondary hydroxy groups.17
Design and synthesis of PAM hydrogels

The polyacrylamide (PAM) hydrogels were prepared by free radical
polymerization using polyethylene glycol diacrylate (PEGDA) as
the crosslinker (Fig. 2). PEGDA was used as a chemical crosslinker
because of its hydrophilic nature and biocompatibility, as well as
its ability to increase the swelling in a resulting cross-linked
hydrogel.18 We aimed to control the swelling in this highly
hydrophilic hydrogel by incorporating cellulose nanocrystals with
varying counter ions to increase the overall cross-linking density.
The composition of the PAM hydrogel and the different CNC
composites are summarized in Table 1.

The hydrogel of pure PAM (1) and its composites with 5%
CNC-Na (1A-5%), CNC-Mg (1B-5%) and CNC-Al (1C-5%) were
dried and analyzed by FTIR spectroscopy (Fig. 3). Cellulose
nanocrystals display typical absorption bands at 3000–
3700 cm−1 (O–H stretching), 2900 cm−1 (C–H symmetric
stretching vibration), 1642 cm−1 (absorbed H2O stretching
vibration), and several peaks between 1300–1500 cm−1 due to
in-plane bending vibration bands of the primary and secondary
hydroxy groups.17 The spectrum of 1 has characteristic peaks of
PAM at 3192 cm−1, 1662 cm−1 and 1606 cm−1 due to the N–H
stretching vibration, C]O stretching vibration and N–H
bending vibration of the –CO–NH2 groups, respectively.19 The
spectra of the composites exhibit characteristic features of both
cellulose and PAM. In addition, no new absorption peaks are
observed, which suggest no chemical reaction between CNC
and PAM.19a,20 Moreover, the adsorption peak at 3436 cm−1 for
cellulose has shied to 3404 cm−1 and broadened, possibly
Fig. 2 Schematic illustration of (a) the synthesis of poly(acrylamide)
hydrogels and their composite with cellulose nanocrystals with varying
counter ions, (b) proposed hydrogen bonding and ionic complexation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Composition of poly(acrylamide) hydrogels and their composite with cellulose nanocrystals with varying counter ionsa

Sample Composition AM (mol%) PEGDA (mol%) CNC (wt%)

1 1 PAM100 100 0.05 0
2 1A-0.5% PAM100–0.5% CNC-Na 100 0.05 0.5
3 1A-3% PAM100–3% CNC-Na 100 0.05 3.0
4 1A-5% PAM100–5% CNC-Na 100 0.05 5.0
5 1B-0.5% PAM100–0.5% CNC-Mg 100 0.05 0.5
6 1B-3% PAM100–3% CNC-Mg 100 0.05 3.0
7 1B-5% PAM100–5% CNC-Mg 100 0.05 5.0
8 1C-0.5% PAM100–0.5% CNC-Mg 100 0.05 0.5
9 1C-3% PAM100–3% CNC-Mg 100 0.05 3.0
10 1C-5% PAM100–5% CNC-Mg 100 0.05 5.0

a AM-acrylamide, PAM-poly acrylamide, PEGDA-polyethylene glycol diacrylate, CNC-cellulose nanocrystals.

Fig. 3 FTIR spectra of PAM (1) and its composites with CNC-Na (1A-
5%), CNC-Mg (1B-5%) and CNC-Al (1C-5%).
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owing to the formation of hydrogen bonds between cellulose
and polyacrylamide chains in the PAM–CNC composites.21
Swelling in PAM/CNC-Na composite hydrogels

Equilibrium swelling ratios (ESRs) of 1 and its composite
hydrogels with 0.5, 3 and 5 wt% of CNC-Na (1A) were measured
to investigate their swelling capacity (Fig. 4a). The equilibrium
swelling ratio for 1 is 42 g g−1 which is in the range of reported
Fig. 4 Equilibrium swelling ratios of PAM (1) and its composites with (a)
PAM (1) and its composites with (d) CNC-Na (1A), (e) CNC-Mg (1B) and

© 2024 The Author(s). Published by the Royal Society of Chemistry
ESRs for acrylamide hydrogels (∼50 g g−1).22 CNC-Na (1A)
composites exhibit lower swelling ratios with increasing
amount of CNC-Na : ESRs at 0.5 and 3 wt% lowered to 32 g g−1

and 30 g g−1 respectively (Fig. 4a). The incorporation of CNC-Na
into PAM decreases its swelling capacity, likely due to an
increase in the hydrogen bond crosslinking density in the
hydrogel network. In addition, the CNCs act as llers in the
matrix of the hydrogel which reduces its porosity.21 However,
when the CNC-Na loading was increased to 5 wt%, the ESR
increased (Fig. 3a). This phenomenon was reported for high
loadings of CNC and has been attributed to the interference of
large amounts of CNCs on chemical crosslinking during poly-
merization, leading to a decrease in crosslink density.20 Similar
results were observed when CNC-Mg and CNC-Al were used. The
equilibrium swelling ratios of 1 with CNC-Mg (1B) and CNC-Al
(1C) were lower at 0.5 and 3 wt% loading, whereas at 5 wt%
the ESR increased (Fig. 4b and c).

Water retention of PAM/CNC composite hydrogels

To preserve functionality, ICHs should retain water for as long
as possible. Water retention can be quantied as the length of
time that the hydrogels can preserve their water content.
CNC-Na (1A), (b) CNC-Mg (1B) and (c) CNC-Al (1C). Water retention of
(f) CNC-Al (1C).

RSC Sustainability, 2024, 2, 1543–1550 | 1545
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Cellulose can lower the rate of water evaporation due to the
presence of hydrogen bonding hydroxyl groups on the surface.
As shown in Fig. 4d, at 80 °C hydrogel 1 retained 20% of its
water weight aer 1 h, while CNC-Na (1A) at loadings of 0.5, 3,
and 5 wt% retained 50, 50, and 70% of their water weight under
these conditions. At 5 wt% of 1A, the water retention capacity
extends to 20% aer 4 h under these conditions. This increased
water retention can be attributed to increased hydrogen
bonding due to the hydroxyl groups of CNC.21,23

The increase in water retention is enhanced when higher
valent salts of CNC are used. For composites CNC-Mg (1B)
(Fig. 4e) and CNC-Al (1C) (Fig. 4d) the water retention improved
at all loadings of CNC. Aer 1 h, hydrogel 1 retained 20% of its
water weight, while CNC-Mg (1B) and CNC-Al (1C) at loadings of
0.5, 3, and 5 wt% retained more than 60% of their water weight.
A portion of this increase can be attributed to the increasing
hydration number which in turn increases with valency.24

However, given the very small concentration of counter ions
introduced with the CNC, other factors, such as a change in the
porosity of the hydrogels due to different connectivity from the
different valence counter ions, may have a higher impact on
water retention.
Fig. 6 (a) Synthesis of poly(AM-co-SPA) hydrogels and their
composite with cellulose nanocrystals with varying counter ions, and
(b) proposed hydrogen bonding and ionic complexation.
Morphological analysis of PAM/CNC composite hydrogels

Fig. 5 depicts the SEMmicrographs of PAM composites with 3%
CNC-Na (1A-3%), CNC-Mg (1B-3%) and CNC-Al (1C-3%) hydro-
gels that were swollen in water for 24 h. The presence of CNCs in
PAM hydrogel composites has been shown to result in of three-
dimensional pore structure.25 Similarly, a network structure was
observed in the PAM/CNC-Na composite, with the pores clearly
visible in the 100 mm length scale. Conversely, PAM/CNC-Mg
and PAM/CNC-Al do not have an observable pore structure at
the same 100 mm length scale. However, when imaged at 20 mm
length scale the pores in the PAM/CNC-Mg and PAM/CNC-Al
hydrogels are visible. Thus, the increased crosslinking going
from CNC-Na to CNC-Mg and CNC-Al resulted in smaller pores
and visibly different network structure.
Fig. 5 SEM micrographs of with (a) PAM/CNC-Na (1A), (b) PAM/CNC-M
CNC-Na (1A), (e) PAM/CNC-Mg (1B) and (f) PAM/CNC-Al (1C) at 500× m

1546 | RSC Sustainability, 2024, 2, 1543–1550
Design and synthesis of poly(AM-co-SPA) hydrogels and
composites

In the previous sections, it was demonstrated that for an
uncharged hydrogel like PAM (1), the incorporation of CNCs
with varying counter ions imparts the hydrogel with anti-
swelling behavior and enhanced water retention properties. In
this section, the aim is to apply the same strategy in a hydrogel
containing acrylamide (AM) and charged monomer 3-sulfo-
propyl acrylate (SPA) and investigate whether the properties of
the ICH can be tuned in the same manner. The synthesis of
poly(AM-co-SPA) hydrogels and composites with CNC with
varying counter ions is illustrated in Fig. 6. Due to the presence
of charged monomers in the solution, the CNC particles
aggregate; this is typical behavior when CNCs are in the pres-
ence of salts.26 To counter this effect, the solution was sonicated
to obtain a well dispersed colloidal system. The polymerization
initiator was added immediately following sonication to avoid
reaggregation of the CNCs. The composition of the poly (AM-co-
SPA) hydrogels and the different CNC composites are summa-
rized in Table 2.
g (1B) and (c) PAM/CNC-Al (1C). At 100× magnification and (d) PAM/
agnification.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Composition of poly (AM-co-SPA) hydrogels and their composite with cellulose nanocrystals with varying counter ion

Sample Composition AMa (%) SPAa (%) PEGDAa (%) CNCa (%)

1 2 P(AM95–SPA5) 95 5 0.05 0
2 2A-0.5% P(AM95–SPA5)–0.5% CNC-Na 95 5 0.05 0.5
3 2A-3% P(AM95–SPA5)–3% CNC-Na 95 5 0.05 3
4 2A-5% P(AM95–SPA5)–5% CNC-Na 95 5 0.05 5
5 2B-0.5% P(AM95–SPA5)–0.5% CNC-Mg 95 5 0.05 0.5
6 2B-3% P(AM95–SPA5)–3% CNC-Mg 95 5 0.05 3
7 2B-5% P(AM95–SPA5)–5% CNC-Mg 95 5 0.05 5
8 2C-0.5% P(AM95–SPA5)–0.5% CNC-Mg 95 5 0.05 0.5
9 2C-3% P(AM95–SPA5)–3% CNC-Mg 95 5 0.05 3
10 2C-5% P(AM95–SPA5)–5% CNC-Mg 95 5 0.05 5
11 3 P(AM80–SPA20) 80 20 0.05 0
12 3A-0.5% P(AM80–SPA20)–0.5% CNC-Na 80 20 0.05 0.5
13 3A-3% P(AM80–SPA20)–3% CNC-Na 80 20 0.05 3
14 3A-5% P(AM80–SPA20)–5% CNC-Na 80 20 0.05 5
15 3B-0.5% P(AM80–SPA20)–0.5% CNC-Mg 80 20 0.05 0.5
16 3B-3% P(AM80–SPA20)–3% CNC-Mg 80 20 0.05 3
17 3B-5% P(AM80–SPA20)–5% CNC-Mg 80 20 0.05 5
18 3C-0.5% P(AM80–SPA20)–0.5% CNC-Mg 80 20 0.05 0.5
19 3C-3% P(AM80–SPA20)–3% CNC-Mg 80 20 0.05 3
20 3C-5% P(AM80–SPA20)–5% CNC-Mg 80 20 0.05 5

a AM-acrylamide, PAM-poly acrylamide, SPA-3-sulfopropylacrylate, PEGDA-polyethylene glycol diacrylate, CNC-cellulose nanocrystals.
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Swelling of pure poly(AM-co-SPA) hydrogels

To exclude the inuence of crosslinking density on the structure
and swelling ratio of the hydrogels, the mole fraction of the
crosslinker was kept constant at 0.05 mol% for all hydrogels.
The swelling ratios increase from with the mole fraction of SPA,
with PAM (1) I P(AM95–SPA5) (2) < P(AM80–SPA20) (3) (Fig. 7).
The water uptake of a hydrogel is dependent on the hydrophi-
licity of the monomer, hydrophilicity of the crosslinker and the
degree of crosslinking of the hydrogel.27 In particular, the ionic
and hydrophilic poly(SPA) has been used as super absorbent
hydrogels.28 Therefore, increasing the fraction of SPA in the
copolymer hydrogel results in higher swelling ratios.
Swelling of poly(AM-co-SPA)/CNC-Na composite hydrogels

The impact of added CNC-Na to the charged copolymer poly(AM-
co-SPA) increases with increased fraction of SPA in the polymer,
allowing us to tune the swelling properties. While the ESRs of
P(AM95–SPA5) (2) and its composite hydrogels with CNC-Na (2A)
at loadings of 0.5, 3 and 5 wt% are relatively independent of
CNC-Na addition (Fig. 8a and Table 2 entries 1–4), when P(AM80–
Fig. 7 Equilibrium swelling ratios of PAM (1) and poly(AM-co-SPA)
with different monomer ratios P(AM95–SPA5) (2) and P(AM80–SPA20)
(3).

© 2024 The Author(s). Published by the Royal Society of Chemistry
SPA20) (3) with higher fraction of charged monomer is used,
a drastic decrease in ESR is observed (Fig. 8b, entries 11–14). The
decrease in swelling ratio was more pronounced due to presence
of more charged groups that can participate in interactions with
CNC, effectively increasing the crosslinking density.
Swelling of poly(AM-co-SPA)/CNC-Mg and poly(AM-co-SPA)/
CNC-Al composite hydrogels

CNC-Mg and CNC-Al, are more effective at crosslinking the
hydrogel network and thus contribute to a drastic decrease in
the swelling ratio of poly(AM-co-SPA) composite hydrogels
(Fig. 9). Comparable trends are observed in the ESR values for
both 2 and 3, highlighting the importance of the CNC coun-
terions, Mg2+ and Al3+, in controlling swelling ratios. The
presence of multivalent ions results in the formation of ‘‘ionic
crosslinks’’ with the anionic groups in the polymer network.
This explanation is consistent with the results shown in Fig. 9c
and d, illustrating that P(AM80–SPA20) (3) hydrogel samples
which contained a greater concentration of SPA were more
sensitive to the presence of multi-valent ions, displaying greater
reductions in swelling. Similar results have been reported for
Fig. 8 Equilibrium swelling ratios of (a) P(AM95–SPA5) (2) and its
composites with CNC-Na (2A) and (b) P(AM80–SPA20) (3) and its
composites with CNC-Na (3A).

RSC Sustainability, 2024, 2, 1543–1550 | 1547
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Fig. 9 Equilibrium swelling ratios of P(AM95–SPA5) (2) and its
composites with (a) CNC-Mg (2B) and (b) CNC-Al (2C). Equilibrium
swelling ratios of P(AM80–SPA20) (3) and its composites with (c) CNC-
Mg (3B) and (d) CNC-Al (3C).
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a copolymer of acrylamide and sodium acrylate that were
swollen in the presence of salts with varying valency.

Water retention of poly(AM-co-SPA) hydrogels

The presence of salts in poly(AM-co-SPA) strongly enhances
their water retention capability. Addition of further charged
CNC's to these polymers does not change their water retention
ability in a signicant or systematic way, and changes are
unpredictable between systems (Fig. 10).
Fig. 10 Water retention of P(AM95–SPA5) (2) and its composites with
(a) CNC-Na (2A), (b) CNC-Mg (2B) and (c) CNC-Al (2C). Equilibrium
swelling ratios of P(AM80–SPA20) (3) and its composites with (d) CNC-
Na (3A), (e) CNC-Mg (3B) and (f) CNC-Al (3C).
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Conclusions

The goal of this contribution was to design and synthesize
nanocomposite hydrogels containing cellulose nanocrystals
and study the anti-swelling and water retention properties. A
series of poly(acrylamide) and poly(AM-co-SPA) nanocomposite
hydrogels were successfully designed and fabricated. Cellulose
nanocrystals with different valence counter ions were incorpo-
rated into the hydrogel matrices by sonication followed by
radical polymerization of the acrylate monomers.

Firstly, the anti-swelling and water retention properties of
PAM hydrogels were successfully tailored by the incorporation
of CNC. Overall, incorporation of cellulose nanocrystals
imparted hydrogels with anti-swelling behavior by increasing
the crosslinking density and by acting as llers in the hydrogel
matrix. Interestingly, changing from CNC-Na to CNC-Mg and
CNC-Al did not inuence the extent of anti-swelling. On the
other hand, the water retention properties of PAM were signif-
icantly changed by moving from CNC-Na to CNC-Mg and CNC-
Al. The increased water retention may be attributed to the
higher ion hydration number of multivalent ions and the
change in network structure of the hydrogels due to the
different valence counter ions.

The anti-swelling and water retention properties of poly(AM-
co-SPA) ionic conducting hydrogels were successfully tuned by
the incorporation of CNC. The CNCs with different counter
acted as multifunctional crosslinking agents and nanollers in
the ICH network, which signicantly reduced the swelling.
Highlighting the advantage of employing CNC-Mg and CNC-Al
in imparting ICHs with anti-swelling properties. However, the
incorporation of CNC into the ICHs did not signicantly inu-
ence the water retention properties. This was attributed to the
presence of larger quantities of ions from 3-sulfopropyl acrylate
potassium salt (SPA) which would inuence the water retention
properties more than the CNC.
Experimental
Materials

Powdered cellulose nanocrystals (CNCs) were obtained from
CelluForce (Montreal, QC, Canada) in the form of spray-dried
sodium salts with sulfur content of 0.89 wt%, particle size of
1–50 mm (powder), and average hydrodynamic diameter of
70 nm. The following chemicals were purchased from Sigma-
Aldrich and used as received without further purication:
magnesium hydroxide, and aluminum hydroxide were used in
the synthesis of CNCs with varying counter ions; acrylamide
(AM) and 3-sulfopropyl acrylate potassium salt (SPA), were used
as the monomers; polyethylene glycol diacrylate (PEGDA, Mn =

250 g mol−1) was used as a crosslinker and 2-hydroxy-40-(2-
hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) was
used as the radical initiator.
Synthesis of ion-exchanged charged CNCs

It has been demonstrated that the counterions for sulfonated
CNCs can easily be exchanged.16,29 The commercial sodium
© 2024 The Author(s). Published by the Royal Society of Chemistry
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form CNC (Na+CNC−) was converted to the acid from (H+CNC−)
using an ion exchange resin and subsequently neutralized by
the corresponding hydroxyl base of the different counterions. In
short, a 2 wt% solution of Na+CNC− was passed through
a Dowex Marathon C hydrogen form ion-exchange resin
column. The pH changed from 7 in (Na+CNC−) to 3 in H+CNC−.
The acid form was neutralized by either Mg(OH)2, or Al(OH)3 to
produce (Mg2+(CNC−)x), and (Al3+(CNC−)x). For simplicity, the
notation for the different samples will be CNC followed by the
metal cation i.e., CNC-Na, CNC-Mg, and CNC-Al.

Characterization of CNC-Na, CNC-Mg and CNC-Al

Zeta potential (z) and dynamic light scattering (DLS) were
measured using a NanoBrook Omni (Brookhaven Instruments).
Samples were prepared by suspending 0.1 wt% and 0.025 wt%
in deionised water for zeta potential and DLS, respectively. The
reported results are an average of three independent measure-
ments of each sample. Fourier Transform Infrared Spectroscopy
(FTIR) was analysed using a Thermo Scientic Nicolet 6700
FTIR spectrometer. Thermogravimetric analysis (TGA) was
carried out on a Netzsch TG 209 F3 Tarsus. 10–20 mg of sample
was placed in a ceramic crucible and heated at a rate of 10 °
C min−1 from 30–600 °C under a nitrogen atmosphere.

Hydrogel preparation

Hydrogels were prepared from 2 M stock solution of the
monomers. Themolar ratio varied from 100 : 0, 95 : 5 and 80 : 20
AM : SPA to obtain (PAM100), (95AM–5SPA) and (80–20SPA),
respectively. Tables 1 and 2 summarize the composition of each
hydrogel system. In short, required AM and SPA, Polyethylene
glycol diacrylate (PEGDA, Mn = 250 g mol−1) were dissolved in
40 mL deionized water. The sample codes for nanocomposite
gels containing cellulose are labeled with x% CNC, where the
weight concentration of the CNC was against the weight of the
water. To make the hydrogel for analysis, the stock solution was
rst sonicated (3000 J g−1) and stirred vigorously to ensure good
dispersion. 2 mL of the stock solution was transferred into
a cylindrical glass mold, Irgacure 2959 radical initiator was
added, then the solution was deoxygenated by bubbling
nitrogen gas for 10 m. Then the resultant solutions were put
under UV irradiation for 30 min.

Fourier transform infrared spectroscopy (FTIR)

The structures and interactions in CNC-Na, PAM/CNC-Na, PAM/
CNC-Mg, PAM/CNC-Al, and PAM were analysed using a Thermo
Scientic Nicolet 6700 FTIR spectrometer in transmission
mode. All the spectra were collected from 650 cm−1 to
4000 cm−1 with a resolution of 4 cm−1 and 50 scans.

Scanning electron microscopy (SEM)

SEMwas used to investigate themorphological changes of PAM/
CNC-Na, PAM/CNC-Mg and PAM/CNC-Al hydrogels. Hydrogels
were swollen in distilled water for 24 h then frozen in liquid
nitrogen and freeze dried for 48 h. Aer the lyophilization, the
hydrogels were snapped to approximate a cross section and
© 2024 The Author(s). Published by the Royal Society of Chemistry
xed to aluminum SEM stubs using cra glue. The surface was
coated with 5 nm AuPd from 3 different angles on a rotary/
planetary/tilting stage using a Leica ACE600 sputter coater.
The micrographs were obtained using a Zeiss XB350 eld
emission SEM. Samples were measured at a working distance of
22.9 mm with an accelerating voltage of 5 kV.
Swelling ratio measurement

The gravimetric approach was used to determine the swelling
ratio of different hydrogels in distilled water. To achieve equi-
librium, the hydrogel samples were swollen in distilled water at
room temperature for 48 h. The weight of the swollen hydrogel
was measured aer the surface water had been dried off using
lter paper. Then, the sample was dried in a vacuum oven at
45 °C until the constant weight. The equilibrium swelling ratio
(ESR) was calculated as:20,30

% ESR ¼ Ws �Wd

Wd

� 100% (1)

where Ws is the weight of the swollen hydrogel and Wd is the
weight of the dried gel. Three replicates were performed for
each hydrogel and the average value was reported.
Water retention measurement

The deswelling of the hydrogels was measured gravimetrically.
First, the hydrogel samples were swollen in distilled water at
room temperature for 48 hours. Then, the surface moisture was
removed using lter paper and the gel was weighed to obtain
Ws. The mass change was measured at 80 °C at regular time
intervals. Water retention (WR) is dened as follows:

WR ¼ Wt �Wd

Ws �Wd

� 100% (2)

where Ws and Wd are the weight of water in the swollen gel and
weight of dry gel, respectively, and Wt is the weight of the
hydrogel at a certain time interval.31
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