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Hypothesis: Carboxylated nanocellulose fibres formed into foam structures can demonstrate superab-
sorption capacity. Their performance can be engineered by changing process variables.
Experiments: TEMPO-oxidised cellulose nanofibres of varying concentration and surface charge are pro-
duced from hardwood kraft pulp. Foams were prepared through a 2-step freezing and lyophilisation pro-
cess. The absorption capacity of water and saline solution (0.9 wt%) were measured as a function of time
and related to the foam structure.
Findings: The absorption capacity of nanocellulose foams can be manipulated from initial gel properties
and processing conditions. Pore structure and distribution of nanocellulose foams are dictated by fibre
content and charge density and freezing rate. The best performing foams are at 0.3-0.5 wt%, with a car-
boxylate concentration of 1.2 mmol/g and frozen at —86 °C before freeze-drying, which can absorb 120 g
H,0/g fibre. Fibre surface charge influences the absorption capacity of the foams by dictating the amount
of participating carboxylate groups. Absorption capacity in saline (60 g/g) is lower than in deionised
water (120 g/g); but is only slightly lower than that of a commercial polyacrylic acid (PAA) SAPs (80 g/
g). Nanocellulose foams are attractive renewable alternatives for superabsorbent applications, contribut-
ing to a reduction of plastic microspheres.

Crown Copyright © 2018 Published by Elsevier Inc. All rights reserved.

1. Introduction

polymer networks is driven by the difference in osmotic pressure
inside and outside the gel caused by the movement of the counte-

Superabsorbent polymer (SAP) hydrogels contain cross-linked
network of hydrophilic polymers capable of absorbing large vol-
umes of water [1]. Upon contact with water, the glassy polymers
hydrate to form a three-dimensional network which does not dis-
solve due to the presence of cross-linking [2]. The swelling of these
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rions in the system. The high absorption of water molecules is due
to a high concentration of COO~ groups able to form hydrogen
bonding with water molecules [3]. Although commercial SAPs are
usually known for applications in personal care and hygiene prod-
ucts, these materials are also increasingly utilised in agriculture
and horticulture [4], biomedical products [5-7], and even wastew-
ater treatment [8,9]. Currently, the majority of superabsorbent
products in the market is synthesised from acrylic and acrylamide
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polymers from petrochemicals which exhibit poor environmental
degradability. This lack of sustainability has driven research
towards developing alternatives which are renewably sourced
and biodegradable.

There are many reports of superabsorbents made from natural
polymers in literature. Natural-based SAPs, such as chitosan, gela-
tine, carrageenan and starch, have been modified to increase water
absorption [10,11]. Cellulose, the most abundant biopolymer, has
also been studied for its desirable characteristics: biodegradability,
renewability, and innate hydrophilicity [12]. Cellulose can be pro-
cessed into porous materials such as foams [13,14] and different
synthesis methods have been explored to functionalise cellulose
as a superabsorbent hydrogel [12]. Among those are foam and
hydrogel composites made with carboxymethyl cellulose [15-19]
and hydroxyethyl cellulose [20,21] used in combination with other
polymers and nanoparticles. Another strategy is to graft side
groups such as butanetetracarboxyl, acrylic, and acrylamide groups
onto the cellulose backbone which results in large absorption of
water (~720g/g) [22,23]. Functionalising the cellulose hydroxyl
groups can significantly increase water interactions.

Another method of producing foams is through the production
of nanocellulose and manufacture of foams via ice-templating
followed by sublimation or via supercritical drying [24].
TEMPO-mediated oxidation is alternative method of functionalis-
ing cellulose fibres [25]. This oxidation process selectively converts
the primary alcohol (C6) groups into carboxylate groups. The
added electrostatic repulsion produces nano-scale fibres upon
mechanical fibrillation. Brodin and Theliander initially tested the
superabsorbent characteristics of TEMPO-oxidised nanocellulose
by varying different process conditions such as pulp types, compo-
sition, and oxidation severity [26-29]. Jiang and Hsieh investigated
the production of nanocellulose aerogels via cyclic freeze-thawing
process and also introduced functionalisation to create oleophilic
foams [30-32]. However, the effects of varying foam properties
by changing the fibre density were not explored nor related to
composite structure. There are limited studies on the effect of
processing conditions (i.e. freezing rate) on the performance of
nanocellulose foams. Moreover, the kinetics of nanocellulose foam
swelling remain unknown.

In this study, we produced nanocellulose superabsorbent foams
via a two-step process: (1) TEMPO-mediated oxidation/high-
pressure homogenisation to produce a nanocellulose hydrogel
[33,34] and (2) freeze-drying the hydrogel to produce nanocellu-
lose foams. The aim of this study is to understand the relationship
between process variables (freezing rate) and nanocellulose prop-
erties (surface charge and fibre concentration) to the resulting
foam structure and absorption characteristics. The swelling kinet-
ics of the foams is also determined. Insight into the mechanism of
superabsorbency of these carboxylated nanocellulose foams is
demonstrated.

2. Methodology
2.1. Materials

Bleached Eucalyptus Kraft (BEK) pulp, containing approximately
10 wt% solids, was obtained from Australian Paper, Maryvale,
Australia. 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) and
sodium bromide (NaBr) were purchased from Sigma-Aldrich.
Hydrochloric acid (HCl) and Sodium Hydroxide (NaOH) were
diluted for solutions as required and were purchased from ACL
Laboratories and Merck, respectively. 12 w/v% Sodium Hypochlo-
rite (NaClO) was purchased from Thermo Fisher Scientific and used
as received. Commercial sodium polyacrylate superabsorbent
(HySORB R 8130) was provided by BASF.

2.2. TEMPO-mediated oxidation

The TEMPO-mediated oxidation process employed is based on a
previously developed method [25]. 100 g BEK pulp was suspended
in 2500 mL water containing 0.4 g TEMPO and 2.5 g NaBr. The 12 w/v%
NaClO solution was initially adjusted to pH 10 via addition of
36 w/v% HCL To produce high surface charged fibres, 75 mL NaClO
(5 mmol NaClO/g cellulose) was added drop-wise to the suspension
whilst stirred. Lower surface charged fibres were produced by add-
ing a lower amount of the primary oxidant (50 mL NaClO,
3.33 mmol/g). The pH of the reaction was maintained at 10 through
the addition of 0.5 M NaOH. The oxidation process is deemed to be
complete when the pH change is negligible. The oxidised fibres
were recovered through filtration and stored refrigerated (2-8 °C).

The TEMPO-oxidised pulp is then dispersed in deionised water
at a desired concentration. Fibrillation is accomplished through a
high-pressure homogeniser (GEA Niro Soavi Homogeniser Panda)
at 1000 bar. Suspensions which contain less than 1 wt% TEMPO-
oxidised pulp is homogenised with two passes. More concentrated
suspensions are homogenised with only one pass.

2.3. Preparation of nanocellulose foams

Nanocellulose foams were prepared by spreading 15 g gel in a
50 mm petri dish and freezing at either in a freezer for at least
12 h (—20°C, —80 °C) or in liquid nitrogen (—196 °C). For freezing
at —196 °C, the samples were placed in a cold-proof container
and liquid nitrogen was poured in ensuring full immersion for 4-
5 min. Once frozen, all samples were freeze-dried (Christ Alpha
2-4 LD Plus) for 2 days.

2.4. Determining solids concentration

The solids concentration of any sample (i.e. hydrogel or pulp) is
determined through oven drying. The sample is weighed before
(w;) and after (wg) drying, where the sample moisture is
evaporated in a ventilated oven at 105 °C for at least 4 h. The solids
content is determined through the following equation:

Solids content (%) = % x 100% (1)

1

2.5. Determining the carboxylate content of nanocellulose

The carboxylate content of the nanocellulose fibre is deter-
mined via conductometric titration [35]. 0.1 dry g oxidised pulp
is suspended in 40 mL deionised water. 100 puL 1 wt% NaCl is added
to the suspension to increase base sample conductivity. The sam-
ple pH is then lowered to pH 2.5-3 to protonate all of the carboxy-
late groups prior to the beginning of titration. Sample titration is
initiated by the addition of 0.1 mL/min NaOH (Mettler Toledo T5
titrator). The conductivity is monitored throughout the progress
of the titration. The amount of carboxylate groups is then calcu-
lated through the following equation:

_V])
w

[ 1%
Carboxylate Content <m;no ) _ e x100 (2)
where V, and V; pertain to the required amount of titrant to neu-
tralise the carboxylic groups (plateau region in the titration curve),
c is the NaOH concentration (mol/L), and w is the dray sample weight.

2.6. Measurement of absorption capacity
The freeze-dried fibres are then allowed to be in contact with

deionised water or 0.9 wt% NaCl solution for reabsorption. The
foams were repeatedly taken out of immersion and weighed.
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Intake of water by the foam is measured in regular intervals up to
2 h. The free swell capacity W is then calculated through the fol-
lowing equation:

Free Swell Capacity, W = %
i

3)
where m; is the mass of the swollen foam at a particular time inter-
val and m; is the initial mass of the foam. The results are reported as
the average and standard deviation of 3 replicates.

2.7. Imaging of nanocellulose structure

Nanocellulose foams were imaged by optical microscopy (Nikon
Eclipse Ni-E Upright Microscope) in bright-field mode at 5x
magnification.

2.8. Mercury porosimetry

The pore size distribution, porosity (total and at P = 1 atm), and
pore surface area were determined for selected nanocellulose
foams via mercury porosimetry (Micromeritics Autopore V).
Nanocellulose foams were cut in small cubes (0.5 x 0.5 x 0.5 cm)
by a laser cutter (Epilog Laser Helix). The samples were prepared
by initially de-gassing (24 h, 100 °C) followed by testing. Two repli-
cates per sample were tested. In all measurements, the contact
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Fig. 1. Free Swell Capacity (FSC) in deionised water of nanocellulose foams (—80 °C)
at different solids concentrations as a function of swelling time.
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angle at the Hg-Foam interface is assumed to be 130° and a testing
pressure range from 0.1 to 60,000 psia is applied. The desired val-
ues are calculated via the Washburn Equation:

—4ycos
D=—"—""— 4

5 (@)

where D is the pore diameter, 7 is the surface tension of mercury, 0

is the contact angle between the pore wall and mercury, and P is the

applied pressure. Important values are reported at either as a result

of considering 1 atm (14.7 psia) intrusion pressure or at total max-

imum porosimetry pressure (60,000 psia/4082 atm).

3. Results

The effect of initial gel properties such as the solids concentra-
tion and surface charge on the structure and morphology as well as
the absorption behaviour of the foams is initially studied (frozen at
-80 °C). The effect of freezing rate is then analysed. Lastly, the best
performing foam in distilled water is tested with saline and com-
pared against a commercial SAP.

3.1. Effect of gel solids concentration

Fig. 1 shows the free swell capacity (FSC) of nanocellulose foams
in deionised water as a function of the initial gel solids concentra-
tion in deionised water. In all cases, the initial rapid swelling is fol-
lowed by a slower absorption process in the 2 h testing period.
There is no significant difference between the performance of
foams produced from 0.3 wt% and 0.5 wt% (overlapping error bars).
Measurement error also increases at lower initial gel concentra-
tions. However, increasing the fibre concentration in gel from
0.5wt% to 1 and 3 wt% resulted in a decrease in the FSC values.

The pore size distribution of nanocellulose foams was measured
by mercury porosimetry as a function of the initial gel solids con-
centration is shown in Fig. 2A. Calculated foam properties for each
of the nanocellulose foams is also summarised in Fig. 2B and C. At
increasing initial gel solids concentration, the foam bulk density
consistently increases. Foam porosity is calculated at two pressure
levels (1 atm and at 4082 atm) to signify pores accessible at atmo-
spheric pressure and the total maximum pore volume, respec-
tively. Total foam porosity is similar (>94%) across all original gel
concentrations; however, porosity at 1 atm is halved when the
solids content is increased by an order of magnitude. The total pore
surface area also decreased with increasing gel solids concentration.
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Fig. 2. (A) Pore size distribution of nanocellulose foams (—80 °C) at different solids concentrations. Foam properties such as (B) porosity (1 atm? and total®), (C) bulk density
and pore area derived from mercury porosimetry. Further details on porosimetry data and related calculations are provided in the Supplementary Information. Notes:
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3.2. Effect of surface charge

Fig. 3 shows the effect of the nanocellulose carboxylate group
content on the foam absorption capacity. Lowering the carboxylate
group from 1.2 mmol/g to 0.65 mmol/g resulted in lower absorp-
tion values for all concentrations tested.

3.3. Effect of freezing rate

The formation of nanocellulose foams is a two-step process
which includes freezing of the nanocellulose gels and sublimation
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Fig. 3. Effect of cellulose fibre surface charge of nanocellulose foams (—80 °C) at
different solids concentration on FSC in deionised water.

—=—-20C

-

B

(=)
1

FSC at 2 hours (g H,0/ g foam)

T T T
0.3 0.5 1 3

Initial Gel Solids Concentration (wt.%)

of the frozen water. In this study, the effect of freezing rate is stud-
ied by freezing at different temperatures (—20°C, —80 °C,
—196 °C). The freezing rate will be the slowest at —20 °C whereas
freezing at —196 °C will be the fastest. The lyophilisation step is
kept constant in this study. The effect of freezing rate on the per-
formance of nanocellulose foams in absorbing deionised water is
shown in Fig. 4A. Aside from 0.3 wt%, foams processed at —80 °C
has performed slightly better than —20 °C. Freezing rate was mod-
ified to control foam morphology. Freezing at the lowest rate
(—20°C) results in sheet-like structures with interspersed pores
(Fig. 4B) whereas at the fastest freezing rate (—196 °C), the pores
formed are more uniform (Fig. 4D). At —80 °C, the structure formed
is a combination of those from the two freezing rates (Fig. 4C).

3.4. Absorption of saline

Fig. 5 shows the FSC of nanocellulose foam in 0.9 wt% saline. For
all foams, lower FSC values are recorded in saline than in deionised
water. Absorption after 2 h is very similar for all concentrations
tested with capacity ranging between 50 g/g and 70 g/g. The saline
absorption capacity of nanocellulose foams were slightly lower to
those of commercial SAP (80 g/g).

4. Discussion
4.1. Effect of foam and fibre properties on superabsorbent capacity

In this study, fibre properties, including the initial solids con-
centration and surface charge, are varied to determine the effect
on the superabsorption performance of nanocellulose gels. When
the initial gel solids concentration was varied from 0.3 wt% to

Fig. 4. (A) The effect of freezing rate (initial freezing at —20 °C, —80 °C, and 196 °C) on the FSC in deionised water. Optical microscopy illustrating the effect of freezing at (B)

—20°C (C) —80°C, and (D) —196 °C on the morphology of nanocellulose foams.
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Fig. 5. FSC of nanocellulose (—80 °C) in 0.9 wt% saline as a function of swelling time compared against the equilibrium absorption capacity of a commercial SAP polymer.

Images showing a (A) NC foam and (B) commercial SAP polymer.

0.5 wt% (—80°C), FSC values were similar. However, further
increase in the fibre concentration (0.5 wt% to 3 wt%) resulted in
lower FSC values due to the limited availability of the foam internal
structure because of a narrower pore distribution (Fig. 2). The per-
centage of accessible pores, quantified by the porosity at 1 atm,
decreases with increasing initial solids concentration. For instance,
increasing the fibre density by an order of magnitude (0.3 wt% to
3 wt%) resulted in halving (~50% decrease) the available pores at
1 atm. However, the high absorption capacity of nanocellulose can-
not be explained merely by the available pore volume shown in
Fig. 6. For instance, the foam from 0.5 wt% gel, which is capable
of absorbing 120 g/g, has a calculated volume of easily accessible
pores of 1.4 mL/g foam (at 1atm) and a total pore volume of
29 mL/g foam. The available pore volume cannot solely take into
account such a large absorption. This means that the 0.5 wt% foam
structure needs to significantly expand by a factor four its initial
volume. The absorption capacity of nanocellulose can be attributed
largely to the swelling of the fibre network leading to physical
entrapment of liquid water loosely held between nanofibres by
capillary forces. This is in contrast to the absorption mechanism
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Fig. 6. Effect of the initial gel solids content on the superabsorbent nanocellulose
foam FSC (—80 °C) in deionised water (2 h) and available pore volume at 1 atm and
total pore volume from mercury porosimetry.

of conventional polyacrylic SAPs which are composed of longer
polymer chains (DP=~20,000 [36], compared to nanocellulose
DP = ~600 [37]) with a higher density of COO— groups participat-
ing in hydrogen bonding with water.

Fibre surface charge is indicative of the amount of COO~ groups
which participate to water absorption. Fibrous structures with a
higher concentration of COO~ groups can be expected to have
higher absorption and FSC values. Nanocellulose fibres have a the-
oretical and demonstrated upper carboxylate limit of 1.6 mmol/g
fibre [38]. Our fibres contain 1.2 mmol COO /g fibre, indicating
near-complete oxidation of the C6 hydroxyl group. Doubling the
carboxylate content on the cellulose polymer resulted in an
increase in the absorption capacity (19 g/g to 51 g/g), as shown
in Fig. 3.

4.2. Swelling kinetics of nanocellulose foams

The swelling of nanocellulose foams over time can be charac-
terised by two distinct regimes: (a) the initial rapid uptake of
absorbate and (b) the asymptotic increase of absorption towards
the equilibrium absorption capacity W,, (Fig. 1) [39]. Swelling
kinetic parameters such as the equilibrium absorption capacity
W, (g/g) and swelling rate constant ks (g/g min) describing the
swelling kinetics of the foams can be estimated by assuming a sec-
ond order rate of swelling of absorption W (g/g) at swelling time ¢
(min) as derived by Schott [40]:

aw

at
Eq. (5) can be linearised by setting the following conditions:

W=0att=0and W=W at t =t, resulting in Eq. (4):

k(W — W)? (5)

t
W A+ Bt (6)
where:
1
B= Wo (7)
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Linearising Eq. (6) by plotting t/W versus t provides good fit with
the experiments (R%>0.99) (Fig. 7A). This suggests that the
second-order kinetic assumption with respect to capacity is indica-
tive either of a bimolecular mechanism (water-cellulose) or of a
system with diffusion constraints. The actual absorption capacity
at 2 h is close to the theoretical capacity W, which indicates that
the foams reach saturation within the testing period (Fig. 7B). In all
concentrations tested, at least 90% of the theoretical capacity was
reached within the first 30 min of testing - independent of the ini-
tial gel concentration. The foam swelling rate constant is constant
between 0.3 wt% and 1 wt% and increased dramatically at 3 wt%
(Fig. 7C). The increase in the swelling rate constant at increasing
solids content can be due to saturation reached much faster
because of smaller pores and numerous inaccessible carboxylate
groups leading to an overall lower free swell capacity.

4.3. Effect of freezing rate and absorbate on superabsorbent capacity

The freezing rate of nanocellulose before lyophilisation dictates
either nucleation or crystal growth of ice in the gel influencing the
nanocellulose porous structure [41]. Freezing at —20 °C promotes
the crystallisation of larger ice crystals as the degree of supercool-
ing is low [41]. Hence, large pores are produced in certain regions
where the ice crystals are formed, and individual fibres are aggre-
gated forming sheet-like structures together, as seen from Fig. 4B.
Freezing at a faster rate (—80°C) led to an intermediate state
wherein there are still sheets formed with the hornified fibres pro-
ducing a more uniform structure. Vitrification of the network
structure is promoted by freezing at a much faster rate (—196 °C)
producing a more homogeneous pore structure. This is due to the
fibre spacing present within the gel structure (electrostatic repul-
sion) being maintained upon foam formation. In this instance,
the higher rate of freezing promoted the rapid nucleation of smal-
ler ice crystals leading to a more homogenous pore structure [42].
The foams produced at —196 °C however were brittle and difficult
to handle in contrast to those treated at —20 °C and —80 °C. Other
studies have corroborated with our findings and also reported brit-
tle foams produced from freezing in liquid nitrogen [30,43]. Hence,
it was rather difficult to test low solids content foams such as
0.3 wt%; these results were omitted from Fig. 4A. Although, the
morphologies of nanocellulose structures are visibly affected by
the freezing rate, the absorption capacity remains similar. This

could be due to the hornified fibres in foams prepared at —20 °C
and —80 °C that separate partially while swelling.

The lower values of absorption in saline compared to deionised
water is due to the charge shielding from the ions. This reduces the
interaction with the COO~ groups and the water molecules. The
saline capacity of the nanocellulose foams is similar to those
reported by Theliander et al. with FSCs ranging between 30 and
60 g/g [26-29]. The performance of the nanocellulose foams is
slightly lower in contrast to a granulated commercial polyacrylic
acid SAP. Further optimising the method to produce the foams
may yield similar performance to commercial SAPs.

5. Conclusion

Cellulose-based superabsorbents were investigated as sustain-
able substitutes for the current acrylic acid and acrylamide-based
SAPs. While numerous studies have examined cellulose-based
superabsorbents using various methodologies, few have analysed
the SAP structure-performance relationship of TEMPO-oxidised
nanocellulose foams [26-29,44]. In particular, the effect of fibre
content and processing conditions (ie. freezing conditions) were
not investigated. Moreover, the kinetics and mechanism of absorp-
tion for nanocellulose have not been studied. TEMPO-mediated
oxidation produces charged nanocellulose fibres capable of form-
ing cellulosic colloidal gels. The carboxylate groups of TEMPO-
oxidised nanocellulose can be exploited for superabsorption. In
this study, the potential of TEMPO-oxidised fibres as a superab-
sorbent polymer is demonstrated. The effect of fibre properties
and processing conditions on the resulting nanocellulose foam
morphology and its superabsorption performance is determined.
Nanocellulose foam density is dictated by the initial gel solids con-
centration. The best performing foams are at 0.3-0.5 wt% frozen at
—80 °C which are capable of absorbing 110-120 g/g H,O0. In gen-
eral, a higher solids concentration produces foams with a narrower
pore size distribution and a lower porosity leading to a decreased
absorption performance. Nanocellulose foams follow a pseudo-
second order absorption kinetics which is affected by foam density.
Freezing temperature affects the foam network structure by dictat-
ing whether ice nucleation or crystallisation dominates, expanding
or not the fibrous structure. A homogeneous porous structure is
formed at the fastest freezing rate (—196 °C) whereas uneven
sheet-like formations were observed at lower freezing rates
(=20 °C, —80 °C). The free swell capacity remained unaffected even
with differences in morphology. Changing the absorbate from deio-
nised water to 0.9 wt% NaCl, mimicking bodily fluids, resulted in
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the decrease of free swell capacity (FSC) values due to charge
shielding. However, the nanocellulose foam performance in saline
is already comparable with granulated polyacrylamide SAPs which
have been optimised over the last 3 decades. With the results
already achieved, the clear link between process-structure-
properties and a robust optimization methodology, matching the
properties of the current commercial polyacrylic superabsorbent
polymers has become a realistic target for cellulose composites.
Absorption behaviour in saline can be further improved by blend-
ing nanocellulose with biopolymers and optimising the shape and
microstructure of foams. Nanocellulose foams has emerged as a
high performance, renewable and biodegradable superabsorbent
material for biomedical, personal care and environmental
applications.
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