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A B S T R A C T

Hypothesis: The absorption performance and structure of superabsorbents prepared from carboxylated nano-
cellulose are strongly influenced by the rate of water removal. Their structure can be engineered by changing the
drying profile.
Experiments: TEMPO-oxidised nanocellulose superabsorbents were prepared using five different drying techni-
ques, each providing a distinct drying rate. The absorption capacity of deionised water was measured as a
function of time and the swelling kinetics was determined, modelled and related to the superabsorbent structure.
Superabsorbent phytotoxicity was assessed through seed emergence tests.
Findings: The absorption performance of nanocellulose superabsorbents is controlled by the drying rate. In most
cases, drying the nanocellulose superabsorbents via evaporation increases the absorption capacity compared to
freeze-dried superabsorbents. The best nanocellulose superabsorbent was the air-dried, absorbing around 230 g
water/g dry fibre. The high absorption capacity of the evaporative dried superabsorbents is due to their high
pore area which increases the interaction between water molecules and fibres. This leads to a stronger physical
entrapment of water by capillary forces. Seed germination studies demonstrated that oven-dried 50 °C super-
absorbent increased germination by 40 %. Carboxylated nanocellulose superabsorbents emerge as high-per-
formance renewable materials which can be used extensively in many applications, including agriculture.
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1. Introduction

Superabsorbent polymers (SAPs) are physically or chemically cross-
linked three-dimensional (3D) networks made of linear or branched
hydrophilic polymers [1]. Superabsorbents can absorb water or fluids at
hundreds of times their own weight and remain stable in the swollen
state [1–4]. The degree of swelling is governed by the mobility of ions
from the external solution toward the centre of the superabsorbent, also
known as counter-ion entropy, that induces an osmotic pressure dif-
ference across the material network [5,6]. Superabsorbents have been
used in many applications including biomedicine [5], food and bev-
erages [7], personal care and hygiene products [8], soil remediation
and wastewater treatment [9] and agriculture [10]. In agriculture, SAPs
can ameliorate water availability for plants [11]. These serve as soil
conditioners, improving soil properties, reducing the irrigation water
consumption, and increasing crop yield [12,13], and as nutrient carriers
[13].

Most of the commercial superabsorbents are synthetic polymers,
such as polyacrylamides or polyacrylates, which are non-biodegrad-
able. Growing environmental and health concerns have driven the
search for natural polymer-based superabsorbents, especially those
made of polysaccharides, such as pectin or starch [14,15]. Cellulose, the
most abundant polymer on earth, has also been investigated as a su-
perabsorbent for its availability, low-cost, biodegradability, renew-
ability and hydrophilicity [13,16]. Different synthesis methods have
been examined to produce cellulose-based SAPs [17]. Among those, the
TEMPO-mediation oxidation of cellulose is currently considered one of
the most effective method for producing nanocellulose-based SAPs
[6,18]. This process oxidises the easily accessible primary alcohol
groups (C6) to the carboxylic acid, resulting in a cellulose structure
containing some C6 carbons in carboxylic acid form. This surface
modification provides the necessary electrostatic repulsion which as-
sists the liberation of nanocellulose fibres upon mechanical fibrillation
[19]. The resulting material, also referred to as hydrogel, consists of an
entanglement of cellulose nanofibres (CNF) creating a porous material
of high specific surface area [20]. Several reviews about nanocellulose-
based material properties, production, structure and applications have
been published [17,20–22].

A major challenge in the production of nanocellulose-based super-
absorbents is to retain their porous structure during water removal.
Different drying rates determined by the drying process have been ex-
amined to remove the water from hydrogels. Among these, freeze-
drying has become the preferred method for laboratory preparation of
highly-porous, ultralow-density solid SAPs of high water retention and
swelling properties [20,23]. These are commonly known as foams or
aerogels [20]. Freezing followed by sublimation of ice prevents the
formation of capillary pressure, preserving the structure of the original
dispersion. However, freeze-drying is not only expensive and difficult to
perform on a large-scale [23], but it also produces low-density and fast
swelling superabsorbent of limited application range. In agriculture, for
example, a fast swelling rate can selectively sequester water, thus re-
stricting the water availability to plants creating an undesirable water
stress environment [12]. Thus, controlling the superabsorbent proper-
ties and structure which affect plant growth is crucial.

Evaporative-drying presents an alternative. Buchtová and Budtova
[24] reported the evaporative vacuum drying at room temperature of
microcrystalline cellulose dissolved in ionic liquids to produce super-
absorbents with a volume shrinkage of 90 %, very low porosity and no
measurable surface area because of the collapse of the porous polymer
network. Beaumont et al. [25] compared the effects of oven-drying at
60 °C and freeze-drying on the redispersibility of TENCEL gel, com-
posed of spherical cellulose II microparticles. Surprisingly, they showed
that oven-dried superabsorbents had better colloidal stability and
higher water retention than freeze-dried superabsorbents. This was
attributed to the low process temperatures and superabsorbent ad-
ditives, such as carboxylmethylcellulose, that minimises the

agglomeration and collapse of fibres during drying, referred to as hor-
nification [26]. Hornification can also be minimised by preparing su-
perabsorbents at high pH or by carboxylation of cellulose; a high-den-
sity of dissociated carboxylic groups prevents agglomeration by
electrostatic stabilization [22,27].

While several studies have investigated the synthesis and formula-
tion of cellulose-based superabsorbents, none have systematically
compared the effect of drying rate and profile on the structure of na-
nocellulose superabsorbents nor related those to the absorption capa-
city and swelling kinetics. The effect of the drying rate on the mor-
phology, porosity and pore properties of nanocellulose superabsorbent
and how these properties influence plant growth remains poorly un-
derstood.

In this study, carboxylated nanocellulose hydrogels were prepared
via TEMPO oxidation followed by high-pressure homogenization. This
standard carboxylated nanocellulose hydrogel was dried to create a
superabsorbent using five different drying techniques, each providing a
different drying rate: freeze-drying, air-drying, vacuum drying, and
oven-drying at high and low temperature. The superabsorbent absorp-
tion properties and the swelling kinetics were quantified. It is our ob-
jective to analyse the effect that drying rate has on the resulting su-
perabsorbent structure and to establish the relationship with its
absorption characteristics. Of special interest is the production of cel-
lulose-based superabsorbents as hydro-retentor materials for applica-
tions in sustainable agriculture.

2. Materials and methods

2.1. Materials

Bleached Eucalyptus Kraft (BEK) pulp, containing around 90 % w/w
of moisture was provided by Australian Paper, Maryvale, Australia. The
chemical composition of the BEK pulp is displayed in Table 1 [28].
2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) and sodium bromide
(NaBr) were purchased from Sigma-Aldrich. Sodium hydroxide (NaOH)
and hydrochloric acid (HCl) were diluted for solutions as required and
purchased from Merck and ACL Laboratories, respectively. 12 % w/v
sodium hypochlorite (NaClO) was purchased from Thermo Fisher Sci-
entific and used as received. Radish (Raphanus Sativus) and cress (Le-
pidium sativum L.) seeds were purchased from Mr. Fothergill’s (South
Windsor, Australia).

2.2. Superabsorbent preparation

Nanocellulose superabsorbent was prepared following the TEMPO-
mediated oxidation process developed by Isogai et al. [19]. Briefly, 25 g
(dry weight) of BEK pulp was suspended in 2500mL of water con-
taining 0.4 g and 2.5 g of dissolved TEMPO and NaBr, respectively. The
12 % w/v NaClO was initially adjusted to pH 10 through addition of 36
% w/v HCl. The oxidation process started by adding 100mL NaClO
(6.6mmol NaClO/g cellulose) drop-wise to the suspension under con-
stant stirring. The pH of the reaction was kept at 10 via addition of
0.5 M NaOH. The reaction was maintained for 3 h or until no decrease
in pH was observed. The oxidised fibres were washed with deionised
water, recovered by filtration. The TEMPO-oxidised cellulose had a
carboxylate content of 1.4 mmol/g as determined by conductivity

Table I
Chemical composition of BEK pulp in dry basis.

Chemical composition Average content (%± standard deviation)

Cellulose 78.7 ± 0.8
Hemicellulose 17.7 ± 0.4
Lignin 3.2 ± 0.1
Extractives 0.3 ± 0.1
Ash 0.2 ± 0.1

R.M. Barajas-Ledesma, et al. Colloids and Surfaces A 600 (2020) 124943

2



titration [29].
The TEMPO-oxidised cellulose was then dispersed in deionised

water to achieve a concentration of 0.5 % w/v. Fibrillation was ac-
complished by using a high-pressure homogeniser (GEA Niro Soavi
Homogeniser Panda) at 1000 bar and two passes.

After fibrillation, five drying techniques were employed to produce
the superabsorbent: freeze-drying, air-drying, vacuum-drying at 50 °C
and oven-drying at 50 °C and 105 °C. Freeze-dried nanocellulose su-
perabsorbent was prepared by freezing the nanocellulose samples for at
least 12 h at −80 °C. Once frozen, samples were freeze-dried (Christ
Alpha 2-4 LD Plus) for 2 days. Air-dried samples were allowed to dry at
ambient temperature (approx. 23 °C) until no difference in mass was
observed. Vacuum oven-dried nanocellulose samples were prepared by
drying in a vacuum oven (Thermoline Scientific Vacuum drying oven)
at 50 °C until no difference in mass was observed. Oven-dried nano-
cellulose samples were prepared by drying in an oven at either 50 °C or
105 °C until no difference in mass was observed.

2.3. Characterisation

The structural morphology of all superabsorbents was analysed by
SEM using a FEI Nova NanoSEM and a FEI Magellan 400. Samples were
mounted on a metal stub coated with an Iridium layer less than 2 nm
thick. Micrographs were obtained in high vacuum-mode.

The pore size distribution, porosity (total and at P= 1 atm) and
pore surface of all samples were determined by mercury porosimetry
(Micromeritics Autopore IV). Samples were degassed at 50 °C for at
least 24 h prior testing. Two replicates per sample were conducted. In
all measurements, the contact angle at the Hg-sample interface was
assumed to be 130° and a testing pressure range from 0.1 to 60,000 psia
was applied. The desired values were obtained through the Washburn
Equation:

=
−

D
γcosθ
P

4
(1)

where D is the pore diameter, γ is the surface tension of mercury, θ
refers to the contact angle between the mercury and the pore wall, and
P is the applied pressure.

SAXS measurements were performed at the X-ray facility lab,
Monash University with a Bruker N8 Horizon instrument using a CuKα
(λ=1.54 Å) micro-source. The sample to detector distance was 0.6m
which covers the q range between∼0.015 to 0.3 Å−1. The scattered
photons from the sample were collected on a 2D Vantec-500 detector
(pixel size ∼70 μm×70 μm). Final scattering curves were obtained by
radial averaging of scattering images with the Bruker EVA software.

2.4. Swelling and water retention studies

The swelling capacity of the superabsorbents prepared was eval-
uated in deionised water. Both swelling capacity and swelling rate were
measured. The swelling capacity was determined by weighing the
samples before and after immersion in deionised water for at least 24 h.
The swelling capacity was calculated as follows:

=
−Swelling capacity Q m m
m

, t d

d (2)

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

The swelling rate was evaluated by monitoring the weight gain of
the samples after immersion in water over different periods of time and
expressed as Q variations. Results are reported as the average and
standard deviation of triplicates.

The water retention value (WRV) of all rehydrated superabsorbents
was performed in triplicates following ISO 17190-6 [30]. The set up
was adapted from Qingzheng Cheng [31]. Briefly, superabsorbent
samples were immersed in deionised water for at least 48 h prior to

testing. Each wet sample was placed in a polypropylene mesh placed
inside empty centrifugation tubes (supplementary information, S1).
Centrifugation was carried out 3min at a relative centrifugal force
(RCF) of 250 G at room temperature. After centrifugation, the “wet
weight” of the samples was measured. The samples were oven dried at
105 °C until they reached constant mass. The WRV was calculated as
follows:

=
−WRV m m

m
c d

d (3)

where mc is the weight of the wet sample after centrifugation and md
refers to the weight of the dry sample.

2.5. Seed germination tests

The impact of the superabsorbents, freeze-dried and oven-dried
50 °C, on the germination and growth of two plant species was assessed.
The species selected were radish and cress.

Superabsorbent effects on seed germination were evaluated at
concentrations of 2, 5, 10 g of superabsorbent/L. The application rate
was within the recommended range for commercial superabsorbents
[32]. For each treatment, different amounts of the nanocellulose before
drying were spread on a filter paper according to the desired con-
centration. The filter paper was later freeze-dried or oven-dried at
50 °C, assuring even distribution of the superabsorbent on the filter
paper. Once dried, the filter paper with the superabsorbent was placed
in a 90mm Petri dish and 5mL of deionised water was poured. After the
addition of water, 10 seeds of each species were placed on the wetted
filter paper. Dishes were placed at room temperature in the dark. Four
replicates of each treatment and the control (0 g/L – 5mL of deionised
water – dH2O) were performed. Seed germination, defined as the seed
having a radicle length>5mm [33], was evaluated every 12 h over a
period of 7 days. The mean time to germination (MTG) of each plant
species was calculated as follows:

∑=MTG n x d
N (4)

where n is the number of seeds that germinated between each time
period, d is the incubation period in minutes at that point and N is the
total number of seeds that germinated in the treatment.

The germination index (GI) was determined for each species over a
period of 48 h using the germination percentage and the radicle length:

=Germination index (GI%) G
G

x L
L

x 100s

c

s

c (5)

where Gs and Gc are the number of seeds that germinated in the sample
and the control and Ls and Lc are the root lengths of the sample and the
control, respectively. Germination index was measured as a percentage
of control.

The germination studies data was analysed statistically using a One-
way ANOVA (analysis of variance) to evaluate differences between the
means of the different treatments. The Dunn’s test was used to de-
termine any significant differences (p < 0.05). ANOVA and Dunn’s
analyses were performed using SigmaPlot 13 (Sysstat, Chicago, IL).

3. Results

3.1. Swelling behaviour

The swelling capacity of the five nanocellulose superabsorbents was
measured in deionised water as a function of time (Fig. 1). In general,
all superabsorbents show a similar behaviour. After an initial absorp-
tion rate, swelling levels up to reach a plateau. The time required to
reach maximum capacity ranged from a couple of hours, for freeze-
dried superabsorbent, to 48 h for air-dried. Lyophilised superabsorbent
is characterised by an initial rapid swelling with most of it occurring
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during the first minutes. These results are consistent with literature on
freeze-dried nanocellulose superabsorbents [6]. For the samples dried
via evaporation, the swelling rate is slower. Both freeze-dried and va-
cuum-dried samples reached their equilibrium capacity within 5 h
whereas oven-dried samples at low and high temperature achieved
equilibrium after 24 h.

The absorption capacity at equilibrium of all samples was measured
over time until constant mass was observed (Fig. 1). The swelling at
equilibrium is a function of the drying rate employed, dictated by the
drying technique. Surprisingly, in all cases- except for oven drying at
105 °C-, drying the nanocellulose by evaporation increased its equili-
brium capacity over freeze-dried superabsorbents. Air-dried super-
absorbent has the highest water absorption capacity at 230 g water/g
dry fibre.

The rate of water removal as a function of time was measured for all
the superabsorbents (Fig. 2). A direct relationship between the ab-
sorption capacity and the drying rate is observed. Among evaporative-
dried superabsorbents, air-dried superabsorbents show the slowest
drying followed by oven-dried 50 °C and vacuum-dried 50 °C. Oven-
dried 105 °C superabsorbents display the fastest drying rate and also the
lowest swelling capacity.

3.2. Pore size distribution

Mercury porosimetry was used to measure the pore size distribution
of the nanocellulose superabsorbents prepared with the different drying
techniques (Fig. 3). Pore size distribution notably changed depending
on the drying mode categorized as freeze-drying or evaporative drying.
Both freeze-dried superabsorbent and oven-dried 105 °C superabsorbent
are characterised by a macroporous structure as defined by IUPAC [34]
with no pores observed at a scale lower than 50 nm. Air-dried, oven-
dried 50 °C and vacuum-dried 50°C superabsorbents all present a
combination of macro, meso and micropores [34].

The relationship between bulk density, porosity, pore area (surface
area) and volume of the superabsorbent is shown as a function of the
drying technique in Fig. 4. Freeze-drying the nanocellulose super-
absorbent produced an ultralight and highly porous material having a
density lower than 170 kg/m3 and a porosity higher than 90 %. These
characteristics are typical of freeze-dried superabsorbents also referred
to as nanocellulose foams [20]. In all cases, evaporative drying pro-
duced porous nanocellulose superabsorbents of porosities ranging from
50 to 60 % and with densities in between 1000 and 1400 kg/m3. Va-
cuum-drying produced the superabsorbent of highest density (1400 kg/
m3). Freeze-drying and oven-drying at 105 °C produced super-
absorbents with the lowest pore area. These values were around 7 times
lower than with the other drying techniques. Freeze-dried nanocellu-
lose superabsorbents have the highest pore volume: around 20mL/g.
This value is 60 times higher than for superabsorbents prepared
through evaporative-drying.

3.3. Structure

To analyse the structural morphology of the superabsorbents,
scanning electron microscopy (SEM) imaging was performed (Fig. 5).
The visual appearance of each superabsorbent is shown in the supple-
mentary information, S2. The morphology of the superabsorbents
strongly depends on the drying rate. At low magnification, freeze-dried
superabsorbent is characterised by a sheet-like network of fibres with
interconnected pores of several microns in diameter. This morphology
is typical of freeze-dried materials [20,24]. In contrast, evaporative-
dried superabsorbents present a transparent film-like structure with no

Fig. 1. Swelling capacity of nanocellulose superabsorbents produced using five
different drying techniques as a function of time. Results are reported as
mean ± standard deviation (n= 3).

Fig. 2. Rate of water removal as a function of time of nanocellulose super-
absorbents produced using five different drying techniques. Results are re-
ported as mean ± standard deviation (n=3).

Fig. 3. Pore size distribution of nanocellulose superabsorbents using different
drying techniques.
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visible pores in the micrometre scale. For these, increasing the drying
rate or temperature leads to an increase in surface roughness. Air-dried
superabsorbent structure is homogeneous, soft and glassy whereas more
micro-irregularities become evident as the temperature increases from
50 °C to 105 °C. These are due to fibre hornification which increases
with temperature. At high magnification, freeze-dried superabsorbent
forms a three-dimensional nanoporous network of fibres (Fig. 5a). The
fibres are clearly visible and pore diameters range from 50 to 200 nm.
The superabsorbents prepared by evaporation are characterised by two-
dimensional structures of compact frames made of elemental entangled
fibrils stacked on top of each other. Though the presence of small pores
is observed in these cases, their diameter is difficult to measure by SEM
due to the high density of fibres (Fig. 5b-d). The number of pores in
oven-dried superabsorbent at 105 °C (Fig. 5e) is much lower than for
the other evaporative-dried superabsorbents.

Small angle X-ray scattering (SAXS) was used to evaluate the pore
structure and their distribution in the superabsorbents (Fig. 6). SAXS is
a non -destructive method providing the morphology and distribution

of nanoscale structures over a complete volume [35–37]. The pore
structure and distribution of the superabsorbents are dependent on the
drying technique. In SAXS, superabsorbents air-dried, oven-dried 50 °C
and vacuum-dried 50 °C display a uniform isotropic scattering. The pore
size distribution from the SAXS curves were obtained by modelling the
scattering using the sphere shape model [38] combined with the log-
normal pore distribution. The pore size distribution evaluated from
SAXS curve fitting is similar to the pore distributions from mercury
porosimetry (Fig. 6d). However, the SAXS images of freeze-dried and
oven-dried 105 °C superabsorbents show anisotropic scattering (sup-
plementary information, S3) revealing the pores are not distributed in a
particular direction. In both cases, the pore sizes are large and beyond
the size range measurement of lab SAXS setup.

3.4. Phytotoxicity assays

To determine the effect of the superabsorbents in plants, a germi-
nation experiment was conducted. Radish and cress seeds were treated
with three different concentrations of 2 types of superabsorbents:
freeze-dried and oven-dried 50 °C (to represent superabsorbents pro-
duced via evaporation). The mean time to germination (MTG) of both
species is shown in Fig. 7. There was no significant difference in the
MTG between the dH2O control (0 g/L) and the freeze-dried or oven-
dried 50 °C treatments. The MTG remains constant in all cases.

The germination index (GI) was calculated by measuring the radicle
length of seeds grown on the superabsorbents for 48 h (Fig. 8). Radish
and cress seeds grown over freeze-dried superabsorbent show no sig-
nificant difference between the dH2O control and any of the freeze-
dried concentrations. Radish seeds treated with oven-dried 50 °C su-
perabsorbent exhibit an increase in GI between the concentrations of
2–5 g/L (compared with the control). In contrast, a slight decrease in GI
is observed in cress seeds treated with oven-dried 50 °C superabsorbent
at the highest concentration of 10 g/L.

4. Discussion

4.1. Effect of drying rate on the superabsorbent structure and swelling rate

Nanocellulose-based superabsorbents of varying structures were
prepared by adjusting the drying rate controlled with the drying mode.
We raise the hypothesis that the rate of water removal from the hy-
drogel network controls its micro and nano structure. The effect of the
structure on the swelling rate and superabsorption of nanocellulose was
measured.

The structure of the superabsorbents was analysed by scanning
electron microscopy (SEM), mercury porosimetry and small angle X-ray
scattering (SAXS). While SEM provides three-dimensional and high-
resolution images in a wide range of magnification, this technique is
limited in quantifying material size and distribution [39]. Mercury
porosimetry measures the pore size distribution which is used to cal-
culate specific surface area and density. However, Hg porosiometry
cannot quantify closed pores and measures the largest entrance of pores
- not the actual inner size [40]. SAXS measurement generates the par-
ticle size, distribution and shape variations [37]. The combination of
these three techniques can define the superabsorbent structure both at
the micro and nanoscale with certainty.

Freeze-dried superabsorbent achieved the fastest absorption rate
(Fig. 1). This is due to their high porosity with the network of fibres
forming pores ranging from 50 nm to 100 μm. Kuśtrowski, et al. [41]
also reported similar pore properties for fast-swelling polysaccharides
superabsorbents. High porosity polymeric networks allow fast water
diffusion across the superabsorbent [13]. In general, superabsorbents
dried by evaporation have a much slower swelling rate, with around 10
% of their capacity reached during the first minutes.

Two distinct regimes are observed in the swelling kinetics of na-
nocellulose superabsorbents: (i) a steep initial uptake of water and (ii)

Fig. 4. (a) Porosity and bulk density of the different nanocellulose super-
absorbents. (b) pore area and pore volume obtained through mercury por-
osimetry. Total porosity was calculated as: Total porosity

=.
+( )x 100%.pore volume

skeletal volume pore volume
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Fig. 5. SEM micrographs of the nanocellulose superabsorbent produced by changing the drying rate with the drying methods: (a) freeze-drying, (b) air-dried, (c)
oven-dried at 50 °C, (d) vacuum oven-dried at 50 °C and (e) oven-dried 105 °C.

Fig. 6. Small angle X-ray scattering (SAXs) images of the nanocellulose superabsorbent produced at different drying rates: (a) air-dried, (b) oven-dried at 50 °C, (c)
vacuum oven-dried at 50 °C. (d) Pore distribution of SAXs and mercury porosimetry tests. SAXS images of freeze-dried and oven-dried at 105 °C displayed in
supporting information.
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an asymptotical process towards the equilibrium swelling ratio. The
effect of the drying technique on the swelling ratio was analysed using
Schott’s second-order kinetics model [42]

= +
∞ ∞

t
Q

1
K Q

1
Q

t
t s

2 (6)

where ∞Q denotes the swelling capacity at equilibrium, Ks is the
swelling rate constant, Qt is the swelling capacity at time t. Because

= ∞K K Qis s
2 , Eq. (6) can be expressed as:

= +
∞

t
Q

1
K

1
Q

t
t is (7)

where Kis refers to the initial swelling rate constant [43]. Plots of the
average swelling rate (t/Qt) versus time (t) are displayed in Fig. 9; the
expected straight lines are achieved (R2> 0.99) in all cases. This con-
firms that the swelling process follows a second-order kinetic model.
This model successfully described semicrystalline polymers such as
cellulose or gelatin [6,42,43].

The swelling kinetic parameters ∞K K Q, ands is obtained from the
slopes and intercepts of the plots (Fig. 9) are listed in Table 2 . The
theoretical absorption capacity at equilibrium (Qtheo) is similar to the
experimental absorption capacity (Qactual) in all cases. Both the initial

(Kis) and actual (Ks) swelling rate constants varied accordingly to the
drying technique. Kis indicates the point where the buffer solution has
permeated the entire film but before the polymer network stress re-
laxation retards swelling [42]. For freeze-dried superabsorbents, high
porosity and pore size speed up the diffusion rate of water molecules
into the superabsorbent, resulting in the highest Kis. In contrast, air-
dried superabsorbents present a Kis around four times lower which
indicates a slower diffusion rate of water molecules induced by the
material porosity.

The swelling rate constant, Ks, is related to the solvent diffusion and
relaxation process of the polymer chains [44]. Low values Ks suggest a
rate controlled by stress relaxation in the swelling polymer network-
not by diffusion-controlled swelling [42]. Air-dried superabsorbent
presented the lowest Ks. The water molecules in this material diffused
throughout the material during the first hour of immersion as shown by
their soft and transparent appearance; however, equilibrium swelling
was reached after 24 h. This indicates that the rate determining process
is stress relaxation of the fibre network driven by the osmotic swelling
pressure [42]. The same absorption mechanism applies to oven-dried at
50 °C and vacuum-dried at 50 °C. Freeze-dried superabsorbent reached
saturation during the first minutes of experiment, suggesting a diffusion
driven process. For the oven-dried superabsorbents at 105 °C, the
swelling rate constant is higher than those from the other drying eva-
poration techniques. This indicates superabsorbent reaching saturation
at a faster rate due to hornification, resulting in superabsorbents of
smaller pores and inaccessible carboxylate groups, lowering swelling
capacity.

4.2. Swelling capacity and water retention of nanocellulose superabsorbents

Two main variables are responsible for the superabsorption beha-
viour of nanocellulose. The first is porosity that enables diffusion of
water molecules into the fibre network. This leads to the physical en-
trapment of water loosely held between nanofibres by capillary forces
[6]. The second is the superabsorbent surface area. This facilitates the
interaction between water and carboxylate groups (COO−) and pro-
motes hydrogen bonding. The fibre network expands and accom-
modates the influx of water through the relaxation of fibres driven by
osmotic pressure [22,42]. The type of cations in the superabsorbent
matrix also impacts water uptake [45]. However, only Na+ was in-
vestigated in this study. Hence, the effects in the swelling capacity are
directly related to the drying rate defining the structure of the super-
absorbents.

Surprisingly, in all cases – except those dried at 105 °C – evaporative
drying resulted in superabsorbents of higher swelling capacity than
those produced by sublimation/freeze-drying. This contrasts from lit-
erature which reports that freeze-dried superabsorbent have higher
absorption capacity than evaporative-dried superabsorbent
[20,22,24,46]. This is because hornification in evaporative drying
produces capillary pressure-induced stresses, shrinking pores and de-
creasing swelling capacity [24,25]. However, low-temperature drying
and introducing anionic charges into the cellulose structure, such as
carboxylate groups, minimise hornification of cellulose fibres
[22,25,27]. These techniques were selected in our study.

Nevertheless, the high absorption capacity of our nanocellulose
superabsorbents prepared by evaporative drying cannot be solely ex-
plained by the minimisation of hornification. Such performance is due
to a combination of factors, all controlled by the drying rate. First,
porosity and pore size enable physical entrapment of water into the
superabsorbent network. This property is accentuated in freeze-dried
superabsorbent having a porosity of> 90 %, which partly explains its
absorption capacity [6]. The high absorption capacity of evaporative-
dried superabsorbents is attributed largely to their high pore area
higher than 45m2/g (Fig. 10). This increases the number of accessible
COO− groups participating in hydrogen bonding with water compared
to freeze-dried superabsorbents, increasing the interaction of water

Fig. 7. Mean time to germination of (a) radish and (b) cress in the presence of
increasing concentrations of two different types of superabsorbents: oven-dried
50 °C and freeze-dried. Results are reported as mean ± standard deviation
(n=4). Pictures of the phytotoxicity tests are shown in supplementary in-
formation, S4.
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adsorbed onto the polymer chains and swelling of the fibre network
[47]. This, coupled with the pore size, lead to a stronger physical en-
trapment of water in between nanofibres by capillary forces.

These characteristics of evaporative-dried superabsorbents are
given by rate of water removal. A relationship between this rate and the
absorption capacity is observed. For these superabsorbents, Figs. 1 and
2 show that the slower the drying rate, the higher the absorption

capacity achieved. This is because slow rates lead to a more uniform
arrangement of fibres, producing superabsorbents with macro, meso
and micropores which results in high absorption capacity.

These hypotheses are also supported by the water retention values
(WRV) shown in Fig. 10. A relationship between the pore area and the
WRV is observed. Evaporative dried superabsorbents – except for those
oven-dried at 105 °C – exhibit high pore area and high-water retention
properties, while freeze-dried superabsorbent shows low pore area and
low WRV. This is attributed to the large pore size which promotes the
release of water molecules from the superabsorbent matrix.

4.3. Importance of nanocellulose superabsorbent structure in agriculture

Seed germination is one of the most important phases in the life
cycle of a plant and is highly dependent on the existing environment
[48]. Seed germination bioassays and early stage seedling growth stu-
dies are commonly used for determining toxicity effects in plants. In the
development of novel materials as growing media, the absence of
phytotoxicity is the first requirement [11]. In this study, seed

Fig. 8. Germination index of radish species treated with (a) oven-dried 50 °C and (b) freeze-dried superabsorbents, and cress species treated with (c) oven-dried 50 °C
and (d) freeze-dried superabsorbents. Statistical difference according to ANOVA analysis followed by Dunn's test against 0 g/L concentration as control indicated as
*P < 0.05, N=4.

Fig. 9. Plots of t/Qt vs t according to Eq. 5 based on the experimental data
displayed in Fig. 1.

Table II
Swelling kinetic parameters of the different superabsorbents.

Type Qactual (g/g) Qtheo (g/g) Kis (g/g
min)

Ks (10−5, g/g
min)

Oven-dried 105 °C 101.16 102.04 3.11 29.94
Oven-dried 50 °C 207.25 208.33 4.98 11.48
Freeze-dried 164.13 163.93 17.93 66.73
Air-dried 233.93 232.55 4.75 8.78
Vacuum 50 °C 205.43 204.08 9.95 23.91
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germination and early stage seedling growth tests of radish and cress
were conducted on two materials: freeze-dried and oven-dried 50 °C.
The freeze-dried superabsorbent was chosen because of its difference in
morphology compared to evaporative-dried superabsorbents, while
oven-dried 50 °C was selected to represent superabsorbents dried via
evaporation – the best condition for industrial scale production. Results
show that any of the superabsorbents used in this study influenced the
mean time to germination of either radish or cress seeds compared to
the control (deionized water – dH2O). This indicates that if seeds were
to be grown in soil with nanocellulose superabsorbent, the time to
emergence is unlikely to be affected, and hence its application in
agriculture is safe for plants.

Moreover, radish seeds treated with oven-dried 50 °C exhibit an
increase in the germination index by 30–40%. Such results are not
observed in seeds treated with freeze-dried superabsorbent. This in-
crease is attributed to the swelling kinetics of evaporative-dried su-
perabsorbent being slower than freeze-dried superabsorbent, which
increases the water availability at the early stage of seed germination.
These positive effects confirm the results reported on superabsorbents
improving seedling growth, regulating plants available water and re-
ducing the detrimental effects produced by water stress [11,49].

5. Conclusion

A series of nanocellulose superabsorbents varying in pore properties
was characterized in structure and swelling behaviour for application as
hydro retentor in agriculture. Nanocellulose superabsorbent super-
absorbents were prepared from TEMPO oxidized cellulose super-
absorbents [6]. The structure of the nanocellulose superabsorbent was
controlled with the drying rate of the superabsorbent. This was en-
gineered with the drying process. Five methods, each providing a dif-
ferent rate of water removal, were studied. These include: freeze-dried,
air-dried, vacuum-dried at 50 °C, and oven-dried at 50 °C and 105 °C.
The effect of drying on the superabsorbent structure, swelling capacity,
absorption rate, water retention and seed germination was analysed.

The structure of the nanocellulose superabsorbent, measured in
terms of porosity, pore volume and area, is governed by the drying
technique used. This structure directly impacts swelling capacity and
kinetics. Freeze-dried superabsorbents are characterised by a three-di-
mensional macroporous network of fibres and pores ranging from
50 nm to 100 μm, whereas evaporative-dried superabsorbents form
two-dimensional network of entangled fibrils stacked on top of each
other. The high porosity and large pore size of freeze-dried

superabsorbents are responsible for their fastest absorption rate. These
superabsorbents exhibit a diffusion-controlled swelling mechanism. The
absorption mechanism of evaporative-dried superabsorbents is dictated
by stress relaxation of the fibre network. Both mechanisms are de-
scribed by a second-order kinetics model [42]. Air-dried super-
absorbents have the highest swelling capacity. This is attributed to pore
area and strong water bond interaction. Superabsorbents oven-dried at
105 °C have the lowest swelling capacity due to fibre hornification [25].

Seed germination of radish and cress seeds demonstrates that the
nanocellulose-based superabsorbents tested in this study are suitable
for agricultural use; the SAP performance was independent of the
drying process. This study identified evaporative drying as the best
drying technique to produce high capacity superabsorbents. This
technique is far easier and cheaper than freeze-drying, decreasing
production costs of nanocellulose superabsorbents.
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