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Hypothesis: Carboxylated nanocellulose gels and superabsorbents (SAPs) can be engineered by ion
exchange of TEMPO treated cellulose fibers with different cations prior to shearing, thus creating a
nanofibrous network ionically cross-linked. The structure and properties of these materials are highly
influenced by the type counter-ion used as it controls both the degree of fibrillation and crosslinking.
Experiments: Functionalised nanocellulose SAPs were made using TEMPO-mediated oxidation followed

by ion-exchange before fibrillation into a hydrogel and freeze-drying. Seven different cations were tested:
4 of valency 1 (H, Na, K, NH4), and 3 of valency 2 (Ca, Mg, and Zn). The effect of the counter-ion on the
gelation mechanism and the superabsorbent performance was evaluated. The SAP absorption capacity in
deionised water was related to the superabsorbent structure and morphology.
Findings: The gel stability of nanocellulose superabsorbents is governed by the counter-ion type and

valency. The viscoelastic properties of all nanocellulose hydrogels are controlled by its elastic regime, that
is storage modulus (G0) > loss modulus (G00). The type of cation dictates the rheology of these gels by alter-
ing the fibrillation efficiency due to the extent of ionic cross-links occurring before and after fibrillation.
The driving force for gelation in monovalent gels is due to the coupling of nanofibrils by physical inter-
actions, creating an electrostatic stabilisation of the ionised COO– groups at high shear forces. Cation –
carboxylate interactions dominate the gelation in divalent gels by supressing the repulsive charges
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generated by the COO– and also creating interfibril connections via ionic-crosslinks, as confirmed by the
zeta potentials. The superabsorption performance is dominated by the counter-ion and is in the order of:
NH4

+ > K+ > Na+ > Mg2+ > Zn2+ > Ca2+. NH4
+-SAPs present the slowest kinetics and the highest absorption

capacity. Its high pore area, which extends the number of accessible carboxyl groups that participates
in hydrogen bonding with water, is responsible for this behaviour. Nanocellulose SAPs are attractive
renewable materials, suited for many applications, including as nutrient cation carriers in agriculture.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

Hydrogels are characterised by cross-linked networks of hydro-
philic polymers that hold large amounts of water and remain stable
[1–4]. The gelationmechanism is controlled by the density and type
of cross-linking, physical or chemical. For physically cross-linked
hydrogels, gelation is due to physical interacting forces such as
van derWaals, hydrogen bonding, electrostatic and chain entangle-
ments, among others [5]. Chemically cross-linked hydrogels
undergo chemical reactions that covalently cross-linked the poly-
mer network. These hydrogels are typically strong and permanent
[5]. The formation of ionically-crosslinked hydrogels has been
reported when metal salts are added to the polymer network,
inducing gelation by screening repulsive charges [6,7].

Hydrogels can be used as superabsorbent polymers (SAPs) by
removing the water of the network which, for nanocellulose, is
often achieved by freeze-drying [8,9]. The resulting material from
freeze-drying appears as a foamy-like structure, also referred to
as nanocellulose foam or aerogel [8,10]. Their swelling is dictated
by the movement of the counter-ions from outside to inside the
superabsorbent, causing an osmotic pressure difference across
the network [11]. These materials are found in numerous applica-
tions such as hygiene and personal care products [12]. agriculture
[13] and biomedicine [14]. In agriculture, SAPs can act as soil con-
ditioners, increasing plant water availability and soil water reten-
tion [15,16], and as slow release fertilisers or nutrient carriers [16].

The majority of the available superabsorbents are fossil fuel
derived polymers which degrade slowly and raise health and envi-
ronmental concerns due to the formation of microplastic particles
that can be harmful to soil biota [17–19]. These environmental
issues have driven the development of superabsorbents from nat-
ural polymers, especially those made of starch [20], pectin [21],
alginate [22], or cellulose [23,24]. From these, cellulose, the most
abundant carbohydrate and biopolymer on earth, is often preferred
as source material due its biodegradability, availability and
hydrophilicity [16,25]. Cellulose-based SAPs can be produced
through the 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-
mediated oxidation of cellulose followed by (freeze)drying. This
process converts the primary alcohol groups of cellulose into
sodium carboxylate groups [26]. and adds the required electro-
static repulsion which forms nanocellulose hydrogels upon
mechanical fibrillation. Nanocellulose-based SAPs are regarded as
highly-porous materials with high swelling and water retention
properties [8,27].

The sodium ions present in the polymer matrix is not desirable
for agricultural related applications of nanocellulose superab-
sorbents. Adding sodium to soils will have an adverse effect on soil
structure, oxygen and water availability and can impose a stress on
growing crops, resulting in a decrease of yields or crop failure [28].
The exchange of the counter-ion with others can tailor this mate-
rial not only as a superabsorbent, but also as a nutrient carrier
for plants. Literature suggests that the cation can significantly
influence the properties of cellulose-based materials. Homma,
Fukuzumi, Saito and Isogai [29] found that the biodegradation rate
of TEMPO-oxidised nanofibril films is greatly influenced by the
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counter-ion; Na+ are reported to have the fastest rate and Cu2+

the lowest. Dong, Snyder, Williams and Andzelm [6] revealed that
the storage modulus (G’) of cellulose nanofibril hydrogels increase
with increasing valency of the metal cation and are strongly asso-
ciated to the binding energy of the COO– groups with the nanofi-
bers. Yang, Xu and Han [7] showed that cellulose nanofibers
(CNF) covalently cross-linked with polyacrylamide (PAAm) can
be reinforced with multivalent cations to create hydrogels of high
stiffness and toughness. The addition of these ionic-links between
the metal cation and CNF improves hardness and elasticity by 600%
compared to pristine gels.

Ionically cross-linked nanocellulose hydrogels can be prepared
by subjecting the TEMPO-oxidised nanocellulose to an aqueous salt
solution before or after fibrillation, with most of the studies using
the latter. This technique consists on adding the salt solution drop-
wise to a dispersion of TEMPO-oxidised cellulose nanofibers, with-
out stirring, which are left standing overnight [6,7,30,31]. This
process selectively substitutes the sodium ions present in the dis-
persion with another ion of stronger affinity. However, this tech-
nique is not only slow – which can sometimes take up to 5 days
[30]- but also challenging to scale up, thus limiting the application
range.

While several studies investigated the effect that different
metal cations have on the gelation of nanocellulose-based hydro-
gels, none have studied the effect of the different cations on the
viscoelastic properties of nanocellulose hydrogels nor associated
those to the superabsorption performance. Similarly, while some
studies suggested that the addition of salt solution after fibrillation
results in the formation of heterogenous clumps and the loss of the
gel structure [32]. the effect of the cation on the fibrillation effi-
ciency upon homogenisation is unknown.

Here, TEMPO mediated oxidation was used to prepare carboxy-
lated nanocellulose hydrogels. The oxidised fibres were subjected
to an acid wash with HCl to remove all Na+ cations present, fol-
lowed by fibre re-suspension in different salt solutions, homogeni-
sation and freeze-drying. The fibrillation efficiency, hydrogel
rheology and SAP structure and swelling properties were mea-
sured. This study innovates by the technique used to prepare ion-
ically cross-linked SAPs. The addition of these cations can not only
assist in the transition of the superabsorbent as a hydro-retentor
material to a nutrient carrier material for applications in sustain-
able agriculture, but also help in understanding the behaviour of
superabsorbent in soils where there is a natural mixture of
exchangeable cations, including Ca2+, Mg2+ and K+.
2. Materials and methods

2.1. Materials

Bleached Eucalyptus Kraft (BEK) pulp was provided by Aus-
tralian Paper, Maryvale, Australia with a chemical composition of
cellulose (78.8% ± 0.8), hemicellulose (17.7% ± 0.4), lignin (3.2% ±
0.1), extractives (0.3% ± 0.1) and ash (0.2% ± 0.1) [33]. Sodium
hypochlorite (NaClO) at 12% w/v was purchased from Thermo
Fisher Scientific and used as received. 2,2,6,6-Tetramethylpiperi
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dine-1-oxyl (TEMPO) and Sodium bromide (NaBr) were purchased
from Sigma-Aldrich. Sodium hydroxide (NaOH) and hydrochloric
acid (HCl) were purchased from ACL Laboratories and Merck,
respectively, and diluted for solutions as needed. Zinc sulfate
monohydrate (ZnSO4�H2O), sodium sulfate anhydrous (Na2SO4),
ammonium sulfate ((NH4)2SO4) and potassium sulfate (K2SO4)
were purchased from Sigma-Aldrich. Calcium sulfate hemihydrate
(CaSO4.½H2O) and Copper (II) sulfate pentahydrate (CuSO4�5H2O)
were purchased from Westlab. Magnesium sulfate anhydrous
(MgSO4) was purchased from Merck. 70% Nitric acid (HNO3) was
purchased from Ajax Finechem.
2.2. Synthesis of carboxylated cellulose

The oxidation process was based on a previously developed
method [26]. In brief, 25 g of BEK pulp (dry basis) was dispersed
in 2500 mL of water with 2.5 g and 0.4 g of dissolved sodium bro-
mide and TEMPO, respectively. Prior to the oxidation process, the
sodium hypochlorite at 12% w/v was adjusted to pH 10 through
the addition of hydrochloric acid at 36% w/v. To achieve a carboxy-
late content of 1.4 mmol/g of dry fibre, 100 mL of sodium
hypochlorite was added drop-wise to the suspension whilst stir-
ring. The pH of the reaction was maintained at 10 by adding
0.5 M NaOH. The reaction was complete when the change in pH
was negligible. The oxidised cellulose was washed with deionised
water, filtrated and stored refrigerated at 4 �C until required. The
sodium carboxylate content of the TEMPO oxidised cellulose was
1.4 mmol/g dry fibre and was measured by conductivity titration
[34].
2.3. Ion exchange treatment of carboxylated cellulose

The ion exchange treatment employed was based on a previ-
ously reported method [29]. 1 g of the TEMPO-oxidised fibres, con-
taining sodium carboxylate groups, was suspended in 1 L of 0.01 M
HCl and stirred for 1 h. The oxidised cellulose pulp was later
washed with Milli-Q water and filtrated. The oxidised pulp with
protonated carboxyl groups was then re-suspended in 1 L of salt
solution and stirred for 3 h at room temperature. The number of
moles of salt dissolved in the suspension was fixed to be 10 times
as much as the calculated carboxylate groups present in the oxi-
dised cellulose. After 3 h, the salt treated cellulose fibres were
washed with Milli-Q water, filtrated and stored refrigerated at
4 �C until required. The following solutions were used for the
ion-exchange treatment: hydrochloric acid (HCl), sodium sulfate
(Na2SO4), zinc sulfate (ZnSO4), potassium sulfate (K2SO4), ammo-
nium sulfate ((NH4)2SO4), copper (II) sulfate pentahydrate (CuSO4),
calcium sulfate (CaSO4), magnesium sulfate (MgSO4). Sulfate anion
salts were selected to negate the effect of the anion and for its suit-
ability for agriculture.
2.4. Preparation of nanocellulose hydrogel and superabsorbent

To prepare the nanocellulose hydrogel, the TEMPO-oxidised
fibres treated with the various counter-ions were suspended in
Milli-Q water to achieve a concentration of solids of 0.5% w/v
and fibrillated through high pressure homogenisation (GEA Niro
Soavi Homogeniser Panda) at 800 bar and two passes. To produce
the nanocellulose superabsorbent, the resulting hydrogel from
homogenisation was stored for at least 12 h at �80 �C and
freeze-dried for 48 h using a Christ Alpha 2–4 LD Plus.
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2.5. Characterisation

Freeze-dried nanocellulose SAP was characterised using a Four-
ier Transform Infrared (FTIR) spectrometer (Agilent Technologies
Cary 630 FTIR).

The counter-ion content in nanocellulose hydrogels was anal-
ysed by either elemental analysis (HCNS) using a Perkin Elmer
2400 Series II analyser, for NH4

+ and H+ gels, or by inductively cou-
pled plasma – optical emission spectrometry (ICP-OES), for all
other ions. For ICP-OES analysis, 3 g of nanocellulose hydrogel
was placed in crucibles and ashed using a muffle furnace, based
on a previously reported method [35]. Temperature ramped to
600 �C over 3 h and kept for a further 3 h. The metal residues left
in the crucible were dissolved using 1 mL of 70% HNO3 and diluted
with Milli-Q water to achieve a total volume of 15 mL. The dis-
solved metals were then analysed by ICP-OES using a Perkin-
Elmer Avio 200. Each sample was analysed in triplicate.

The zeta potential of the nanocellulose hydrogels was measured
following the method described by Mendoza, Hossain, Browne,
Raghuwanshi, Simon and Garnier [36]. Briefly, 1 mL of each salt
treated gel was diluted to a concentration 0.01% and sonicated
using an ultrasonic homogeniser at 70% amplitude (ON/OFF, 5 s)
and 19.5 kHz for 2 min. Large cellulose fibres were removed by
centrifugation for 5 min at 4400 rpm. The zeta potential was mea-
sured using a Brookhaven Nanobrook Omni. Each sample was anal-
ysed 5 times.

The viscoelastic properties of nanocellulose hydrogels were
evaluated using a rheometer (Anton Paar MCR302) at 25 �C. A cone
(0.997�) and plate (49.975 mm) geometry was selected for Na+, K+

and NH4
+ and a cup and bob for H+, Mg2+, Ca2+ and Zn2+ ions. During

the measurements, a solvent trap was employed to maintain a con-
stant temperature. The amplitude sweep was varied from 0.01 to
100% at a constant frequency of 1 Hz.

The morphology of the SAPs was observed using scanning elec-
tron microscopy (SEM) (FEI Magellan 400). Nanocellulose foams
were placed on a metal stub and coated with an Iridium layer of
less than 2 nm thick.

The porosity, pore size distribution and pore properties of all
SAPs were measured by mercury porosimetry (Micromeritics
Autopore IV). Samples were degassed at 50 �C for at least 24 h prior
testing and analysed in triplicates. The testing pressure ranged
from 0.1 to 60,000 psia was applied.

The swelling or absorption capacity of nanocellulose SAPs was
quantified in Milli-Q water. The swelling rate and absorption were
measured by weighing the samples before and after immersion in
water over different periods of time (1, 5, 15, 30, 60, 90, and
150 min) at room temperature. The following equation was used
to determine the swelling capacity:

Swelling capacity;Q ¼ mt �md

md
ð1Þ

where mt refers to the weight of the swollen gel at time t and md is
the weight of the dried sample.
3. Results

TEMPO oxidised BEK pulp, which had a carboxylate content of
1.4 mmol/g dry fibre and was washed with acid, was first dispersed
into different salt solutions of varying valency and cation type and
then homogenised under high shear forces, thus forming hydro-
gels. These hydrogels were characterised in chemical structure
and ion content. Rheology was used to evaluate the cross-linking
density and fibrillation efficiency. Hydrogels were then lyophilised
and the aerogels produced were analysed for morphology, pore
size distribution and swelling in water.



Fig. 2. Counter-ion content of the TEMPO-oxidised nanocellulose sheared after the
ion exchange treatment. Measurements are determined from ICP-OES and HCNS
analysis. Results are reported as mean ± standard deviation (n = 3).
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3.1. Ion exchange of carboxyl-group counter-ions

The FT-IR spectra and the zeta potential of the hydrogels pre-
pared with the various counter-ions is displayed in Fig. 1a and b,
respectively. The presence of a band at 1720 cm�1 for the H+-
hydrogel indicates the conversion of the Na+ carboxylate groups
from the TEMPO-mediated oxidation to carboxylic acid groups
using the acid treatment (Fig. 1a). All samples with monovalent
ions (Na+, K+ and NH4

+) and divalent ions (Mg2+, Ca2+ and Zn2+)
show a sharp peak at 1600 cm�1, distinctive of the C@O stretching
groups, which confirms the presence of the carboxylate functional
group which will be associated with the respective counter-ions.
Interestingly, the zeta potential of the nanocellulose hydrogels
decreased with increasing ion valency. Monovalent hydrogels have
a zeta potential ranging from �80 mV to �74 mV; for divalent, it
ranges from �50 to �35 mV. Ca2+-hydrogels have the lowest sur-
face charge of all samples (Fig. 1b). The difference between and
among the valencies is significant, as previously reported [37].

The degree of counter-ion exchange from the protonated car-
boxyl group to other cations was evaluated through ICP-OES anal-
ysis (Fig. 2). NH4

+ ions were determined by HCNS analysis, also
shown in Fig. 2. Except for Zn2+-gels, the measured counter-ion
content of all ions is similar to that calculated by stoichiometry –
1.4 and 0.7 mmol/g dry fibre for mono and divalent cation gels,
respectively. This confirms the complete conversion of the proto-
nated carboxyl groups to their respective carboxylate salt. Samples
with divalent ions formed cationic carboxylate groups with 1:2
(cation-COO) molar ratio, corresponding to (COO)2-cation struc-
tures ionically cross-linked. The increase in the measured
counter-ion content of Zn2+-gels higher than the calculated value
can be attributed to an excess of salt solution that was not com-
pletely removed upon washing.
3.2. Viscoelastic properties

The effect of the counter-ions on the gelation properties of the
nanocellulose hydrogels was measured by rheology. The viscosity
curves of all gels are presented in Fig. 3a. In general, increasing
shear rate decreases viscosity. This is known as a shear-thinning
behaviour and is common in nanocellulose gels [38,39]. Gels with
divalent ions have lower shear viscosity than those with monova-
lent ions.
Fig. 1. (a) FT-IR spectra and (b) zeta potential of TEMPO-oxidised nanocellulose pretreat
COO– and COOH groups. Results are reported as mean ± standard deviation (n = 3).
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The storage modulus or solid-like behaviour (G’) and the loss
modulus or liquid-like behaviour (G’’) were evaluated as a function
of shear strain in oscillatory flow mode (Fig. 3d-e). The viscoelastic
properties of the nanocellulose gels is governed by the elastic
regime in all cases, noted by a higher G’ than G’’ over the strain
range. The storage modulus of the gels decreases with increasing
ion valency. Monovalent gels, except those with H+ ion, exhibit
an elastic modulus an order of magnitude higher than all divalent
ions providing an indication of fibre crosslinking in between the
gel matrix [7]. Gel stiffness, described by the G’ values (Fig. 3b),
is in the order of NH4

+ � Na+ > K+ > Mg2+ > Zn2+ > Ca2+ > H+. Simi-
larly, gel relaxation, described by G’’ values (Fig. 3c), is in the
decreasing order of NH4

+ � Na+ > K+ > Mg2+ > Ca2+ ~ Zn2+ > H+.
The linear viscoelastic region (LVR) changes for both curves, G’
and G’’, depending on the valency and type of counter-ion. Both
hydrogels display a similar LVR regime that drops at a shear strain
of 10%. Finally, the difference between the G0 and the G00 values for
monovalent gels is an order of magnitude higher than for divalent
ed with different counter-ions. The dashed line highlights the absorption bands for



Fig. 3. Rheological properties of TEMPO-oxidised nanocellulose sheared with different counter-ions: (a) viscosity curves, (b) nanocellulose gel stiffness and (c) relaxation
represented by the storage modulus (G’) and the loss modulus (G’’), storage (G’) and loss (G’’) modulus of (d) monovalent and (e) divalent ions. Results are reported as
mean ± standard deviation (n = 3).
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gels. This suggests that monovalent gels are mostly dominated by
the elastic character, whereas divalent and H+ gels are dictated by
both the elastic and the viscous behaviour in the same proportion.

3.3. Morphology

Nanocellulose-based aerogels were prepared by freeze-drying.
SEM imaging was employed to analyse the morphology (Fig. 4).
The internal structure strongly depends on the counter-ion present
in the superabsorbent. Though all treatments produced SAPs with
very porous structures, the pore shape, size and fibre arrangement
differ. Monovalent ions form SAPs characterised by an entangle-
ment of fibres which results in open and porous three-
dimensional assemblies (Fig. 4a-d). Fibres are clearly visible, form-
ing foam structures with pore diameters ranging from 10 to
300 nm. In contrast, superabsorbents with divalent ions are char-
acterised by a more homogeneous and organised structure. Pores
are detected, but the cellulose fibres are still connected to each
other, not entangled (Fig. 4e-g). Pore diameters range between
30 and 200 nm.

3.4. Pore size

The pore size distribution of the nanocellulose superabsorbents
was evaluated using mercury porosimetry (Fig. 5a). Pore size dis-
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tribution is controlled by the counter-ion present in the SAP. Apart
from NH4

+, all monovalent and divalent ions form SAP with a micro-
porous structure. No visible pores are noted at a scale lower than
2 mm. Superabsorbents made with NH4

+ counter-ion display a com-
bination of micro, meso and macropores of size ranging from 5 nm
to up to 100 mm, classified by IUPAC [40].

The pore properties of the superabsorbents is expressed as a
function of the counter-ion (Fig. 5a-c). NH4

+-based superabsorbents
exhibit the highest pore area, more than 15 times higher than any
of the other SAPs. It also has the smallest pore diameter, in the
range of 2–5 nm, which is about 6 times smaller than for the other
materials. Apart from this, there are no other major difference
observed in the SAPs prepared with the other monovalent and
divalent ions. The pore volume is slightly smaller for superab-
sorbents with monovalent ions than for divalent ions, ranging from
25–30 mL/g and 32–37 mL/g, respectively. The porosity of all the
SAPs is in between 90 and 94%, which is typical of freeze-dried
superabsorbents [8].

3.5. Swelling

The degree of swelling of the nanocellulose SAPs was quantified
in Milli-Q water and evaluated as over time (Fig. 6). All superab-
sorbents perform similarly, with swelling uptake reaching a pla-
teau after an initial absorption rate. Apart from NH4

+,



Fig. 4. SEM images of the nanocellulose superabsorbent made from freeze-drying nanocellulose hydrogels of TEMPO-treated cellulose sheared with different counter-ions:
(a) H+, (b) Na+, (c) K+, (d) NH4

+, (e) Mg2+, (f) Ca2+ and (g) Zn2+.
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superabsorbents show an initial rapid swelling, achieving equilib-
rium as soon as they are immersed in water. SAP with NH4

+

counter-ion is characterised a slow swelling rate.
The type of counter-ion dictates the SAP swelling at equilibrium

(Fig. 7). Ammonium-based SAP achieves the highest swelling
capacity of approximately 130 g water/g dry fibre. This is followed
by the other monovalent ions, K+ and Na+, in order, respectively.
SAPs with valency two ions report a lower swelling capacity, with
Ca2+ being the lowest of all.
4. Discussion

TEMPO-mediated oxidation is the most commonly used method
to produce nanocellulose hydrogels. This introduces sodium car-
boxylates at the C6 glycosidic position which contributes to the lib-
eration of cellulose fibres upon homogenisation. However, the
presence of sodium counter-ions may limit the application range
of this material. This study evaluated the effects that different
counter-ions have on the properties of both nanocellulose hydro-
gels and superabsorbents via ion exchange treatment prior
fibrillation.

The FT-IR spectra analysis confirms the evidence of the carboxy-
late groups balanced by different cations or protonated carboxyl
groups. This is noted by the presence of their characteristic peak
of metal carboxylate group at ~1600 cm�1. However, the intensity
of this peak is lower for hydrogels with Zn2+ and NH4

+ ions. In these
cases, the FT-IR spectra also show a small peak at ~1720 cm�1

which corresponds to protonated carboxyl groups. This suggests
that not all the carboxyl groups were converted to the correspond-
ing metal carboxylate group [29,41]. This is because of the pH of
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ZnSO4 and NH4SO4 solutions being 4.8 and 5.5 respectively, which
promotes the partial formation of free carboxylic acid.

Except for Zn2+-gels, the addition of multivalent ions forms
cation carboxylate groups with molar ratios of 1:1 and 1:2 for
monovalent cations (NH4

+, H+, Na+, K+) and divalent cations (Zn2+,
Ca2+, Mg2+), respectively. Divalent cations have a higher solvation
volume and binding energy than monovalent cations which allows
interfibril interactions, leading to ionic cross-linking between mul-
tiple fibres [6]. These ionic links generate strong interactions with
numerous carboxylate groups, bridging cellulose nanofibers by
attractive forces that screen the electrostatic repulsion between
neighbouring nanofibres [7]. This screening effect governs the gel
stability and increases with increasing concentration and
counter-ion valency [42]. This is confirmed with the surface charge
of the hydrogels, being almost half that of monovalent gels, indi-
cating the formation of significant cohesive interactions between
nanofibrils due to the strength of these interfibril connections
[6]. The surface charge, measured by zeta potential, is related to
the physical stability of these gels by electrostatic repulsion of
individual fibres. Values higher than +/�30 mV can develop
enough repulsive force to reach good colloidal stability. On the
other hand, smaller values can lead to flocculation and particle
aggregation [43]. In this case, the low zeta potential values of diva-
lent gels, with Ca2+-gels being close to the threshold of agglomer-
ation, led to a decrease in the degree of nanofibrillation, exhibited
by the substantial fibril aggregation observed in the nanocellulose
dispersion after fibrillation and in the morphology of the aerogels
upon drying (Fig. 4) [36]. Fibril aggregation was also observed in
gels with H+ ions. In this case, gel stability is governed by the pro-
tonated carboxyl groups which decrease the electrostatic repulsion
and surface charge, allowing the fibres to come closer as the van



Fig. 5. Pore properties of the nanocellulose superabsorbents with different counter-ions: (a) pore size distribution (b) pore diameter and pore area, and (c) porosity and pore
volume. Results are reported as mean +/� standard deviation (n = 3).

Fig. 6. Effect of the counter-ion on the degree of swelling of nanocellulose superabsorbents over time. Results are reported as mean ± standard deviation (n = 3).
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der Waals forces become dominant, resulting in a decrease in the
degree of fibrillation [32,44]. In contrast, monovalent ionic gels
lack the interfibril cross-linking interactions as observed with the
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viscoelastic properties. Thus, the driving force for gelation is due
to the coupling of nanofibrils by physical interactions that creates
an electrostatic stabilisation of the ionised COO– groups when high



Fig. 7. Effect of the counter-ion on the swelling capacity of nanocellulose
superabsorbents at equilibrium. Results are reported as mean +/- standard
deviation (n = 3).
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shear forces are applied to the oxidised fibres [6,32], forming stron-
ger and more stable materials.

The type of counter-ion governs the superabsorption perfor-
mance. The interaction of the counter-ion with the cellulose nano-
fibers can be explained by two main variables. For monovalent
ions, the swelling at equilibrium follows the Hofmeister effect. This
effect relates the behaviour of hydrophilic colloids in the presence
of salts and is attributed to the size and hydration of ions [45].
According to the Hofmeister effect, stability of hydrophilic particles
follows the indirect series as: NH4

+ > K+ > Na+. Where ions on the
left will adsorb more strongly to a hydrophilic substrate [45]. This
cation specificity coincides with the measured values of swelling
capacity and is attributed to negative volume exclusion entropy
generated by the cation hydration. This results in an increase of
the strength of the electrostatic repulsive forces which increases
the entanglement of nanocellulose fibres [46,47]. Thus, increasing
the absorption capacity due to the increase in hydrogen bonding
between the COO– available to interact with water [48] and also
contributing to the swelling of the fibre network [10].

These repulsive forces are screened in the presence of divalent
cations, as van der Waals forces become dominant and strong
cation-carboxylate bonds are created [6]. Cellulose nanofibers
come closer, decreasing the fibre ability to entangle upon fibrilla-
tion and thus, decreasing the swelling capacity. In this case, swel-
ling is mainly attributed to the available pore volume, where
swelling increases with increasing pore volume and decreases in
the order of Mg2+ > Zn2+ > Ca2+. This difference in pore volume
depending on the counter-ion can be associated to the cation radii,
where the increment in ionic radii of valency two cations results in
a decrease in swelling (Mg2+ (72 pm) < Ca2+ (100 pm)) [49].

Lastly, of all the cations studied, NH4
+ produced gels and super-

absorbents with remarkable properties: high gel stiffness and sta-
bility, high SAP pore area and swelling, and slow swelling kinetics.
Such performance is attributed to the unique ability of the ammo-
nium cation to rotate [50]. This ability creates additional hydrogen
bonds between the water molecules and the nanofiber network,
resulting in a higher fibrillation efficiency upon homogenisation.
This increase in fibre entanglement is observed in the small pore
size and wide pore distribution of this SAP (Fig. 4d, 5a and 5b),
increasing the pore area by an order of magnitude. This expands
the number of available carboxyl groups able to participate with
hydrogen bonding, resulting in a high gel stiffness. This also
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increases the swelling of the nanofibre network and the amount
of water adsorbed to the polymer chains, responsible for the high
swelling of this superabsorbent [51].
5. Conclusion

A number of nanocellulose hydrogels varying in the extent of
cellulose fiberization and ion cross-linking was prepared and
freeze-dried into superabsorbents (SAP). Gel and SAP were charac-
terized in terms of rheology, aerogel structure, gelation mechanism
and swelling behaviour. Carboxylated nanocellulose was prepared
from TEMPO oxidized cellulose followed by ion exchange in a ser-
ies of salt solutions prior to high shear homogenization into a gel
[10]. Seven cations were ion exchanged to the COO– groups. These
are: H+, Na+, K+, NH4

+, Ca2+, Mg2+ and Zn2+; the anion was sulfate.
The effect of the cation on the gelation properties and mechanism,
superabsorbent structure, swelling capacity and absorption rate
was analysed.

FT-IR and ICP-OES analyses confirm the formation of metal car-
boxylate groups with 1:1 (metal-COO) molar ratio for monovalent
cations and 1:2 M ratio for divalent cations, which corresponds to
(COO)2-metal structures ionically cross-linked. The gel stability of
the nanocellulose is governed by the valency and the type of
cation. Gelation in monovalent gels is due to the coupling of
nanofibrils by physical interactions which creates an electrostatic
stabilisation of the ionised carboxyl groups during the high shear
forces of homogenizing [6,32]. In contrast, for divalent gels, the
driving force for gelation is due to strong interfibril connections
via ionic-crosslinks which screen the repulsive forces between car-
boxylate groups, enabling fibres to associate together. The type of
ion and their interaction with the COO– groups determine the effi-
ciency of fibrillation during homogenization, which affects the
structure of the hydrogels and aerogels made of those. This aerogel
structure directly impacts swelling capacity and kinetics. Swelling
at equilibrium is in order of: NH4

+ > K+ > Na+ > Mg2+ > Zn2+ > Ca2+.
The swelling capacity of monovalent SAPs follows the Hofmeister
effect and is related to the size and hydration of ions. For divalent
SAPs, absorption is caused by their difference in pore volume given
by the ionic radii. The remarkable properties of NH4

+ gel and SAP,
compared to the other cations, are attributed to the ability of the
ammonium cation to rotate, which increases the number of avail-
able carboxyl groups that engage in hydrogen bonding, resulting in
an increase in pore area, gel stiffness and SAP swelling [51].

This study not only demonstrates the potential of
nanocellulose-based SAPs with different cations to suit a range of
applications but also innovates on the preparation method, that
is by performing ion exchange before fibrillation -and not after-
resulting in a cheaper and faster process than the conventional
treatment. The addition of these cations can assist in the transition
of the superabsorbent as a hydro-retentor to a nutrient carrier
material, increasing the benefits of this material for agricultural
and food use.
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