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Abstract Nanofibrillated cellulose (NFC) was com-
pounded with poly(acrylic acid) (PAA) via solvent
casting. Nanocomposite films were thermally-cross-
linked to allow the formation of ester bonds between
NFC and PAA, as confirmed by 3CNMR and infrared
spectroscopy. The network morphology of the cellu-
lose nanofibrils was left intact by the introduction of
PAA and crosslinking. Water absorption and swelling
was diminished by the introduction of crosslinking,
due to the reduced number of vacant hydroxyl and
carboxyl groups available to interact with water
molecules. Crosslinking with PAA increased the
activation energy required for thermal degradation.
PAA effectively reinforced NFC, increasing Young’s
modulus, tensile strength and glass transition temper-
ature. Crosslinking imparted restraints on segmental
motion of polymer chains, further enhancing the
thermomechanical properties and retaining elasticity.
Wet-strength properties were enhanced due to the
reduced hydrophilicity of crosslinked nanocomposite
films.
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Introduction

Nanocellulose derivatives are rapidly becoming a
promising and important material, fueled by the shift
in research trends towards ‘greener’ and environmen-
tally friendly materials. Of the various nanocellulose
materials, nanofibrillated cellulose (NFC) has
attracted much interest due to its remarkable stiffness,
mechanical and barrier properties and ability to form
networks at low concentrations. These characteristics
are derived from NFC’s high aspect ratio (4-20 nm
wide, 500-2,000 nm in length), allowing the nanofi-
brils to form strong interactions amongst themselves
and with surrounding molecules/polymers (Klemm
et al. 2011). NFC has readily been incorporated as
reinforcement into polymer matrices (Al-Turaif 2013;
Endo et al. 2013; Fujisawa et al. 2012; Littunen et al.
2013), with nanocomposites exhibiting enhanced
tensile mechanical properties (Nakagaito and Yano
2005) compared to conventional wood-pulp rein-
forced composites. The fibril’s nano-scale diameter
is below the wavelength of visible light, allowing NFC
to be compounded with polymer matrices without
altering optical properties (Nogi et al. 2005). In
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addition, NFC is non-toxic, biodegradable and renew-
able (Fox et al. 2012).

Several challenges and limitations are present in the
utilisation of NFC. Lignocellulosic fibres’ polar
structure (facilitated by the vast number of hydroxyl
groups) and subsequent hydrophilic nature results in
incompatibility between NFC and many polyolefins
and thermoplastics, unless chemical or physical treat-
ment of the nanofibrils is performed. Compounding
NFC with a hydrophobic matrix generally results in
filler agglomeration and inadequate matrix-fibre inter-
action. This weak interface can potentially deteriorate
composite mechanical, thermal and other properties.
Furthermore, cellulose fibrils readily absorb moisture
due to their polar structure, leading to reduced material
stability, mechanical and water barrier properties.
Processing conditions and polymer choice are limited
since cellulose fibres begin to thermally degrade at
~200 °C (Moon et al. 2011). And finally, NFC
possesses inherently poor elastic and tear-strength
behaviour.

Various polar and water-soluble polymers have
been compounded with NFC in an effort to retain or
enhance material properties. Amongst the most com-
mon, poly(vinyl alcohol) (PVA) is one of the most
widely studied (Cho and Park 2011; Lee et al. 2009;
Paralikar et al. 2008; Peresin et al. 2010; Srithep et al.
2012), with nanocomposites yielding enhanced
mechanical and barrier properties. To overcome
PVA’s poor moisture stability (Priest 1951), poly(-
acrylic acid) (PAA) has been utilised as a crosslinking
agent (Bagtiirk et al. 2013; Kim et al. 2005; Kumeta
et al. 2003; Li and Hsieh 2005; Paralikar et al. 2008).
The thermally-activated crosslinking reaction results
in ester formation between the hydroxyl groups and
carboxylic acid. The method is simple, effective, fast
and occurs without the formation of toxic side
products. Due to the numerous hydroxyl group present
within NFC, it is highly likely that PAA can interact
with and crosslink the nanofibrils in addition to PVA.
Clemons et al. (2013) obtained similar conclusions
regarding this multi-component interaction using
chemical imaging. However, they found that PAA
was prone to migrating out of the PVA into surround-
ing NFC regions, weakening the interface and reduc-
ing stress-transfer efficiency.

Directly crosslinking the NFC network may pre-
vent the formation of a weakened interface and
enhance intrinsic mechanical and barrier properties.
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Syverud et al. (2011) prepared cryo-structured gels by
crosslinking nanocellulose fibrils with poly(ethylenei-
mine) and poly(N-isopropylacrylamide-co-allyla-
mine-co-methylenebisacrylamide). The prepared gels
exhibited enhanced elasticity and regained their
original shape following the release of applied
pressure. Electrospun cellulose nanocrystal-PAA
fibrous membranes prepared by Lu and Hsieh (2009)
displayed enhanced tensile mechanical properties and
reduced hydrophilicity. Crosslinking the membranes
doubled the Young’s modulus and quadrupled max-
imum stress. Although PAA has been compounded
with various nanocellulose forms and derivatives
(Dubolazov et al. 2006; Loria-Bastarrachea et al.
2002; Luo et al. 2013; Nikolaeva et al. 2000; Sakar-
Deliormanli 2012) to the best of the authors’ knowl-
edge no studies have been performed regarding NFC-
PAA nanocomposites or the crosslinking of NFC with
PAA. Furthermore, the majority of compounding
techniques involve grafting, polymerisation or other
advanced processing/fabrication methods. This pro-
vides an opportunity to examine solution casting (and
subsequent thermally-induced crosslinking) as an
effective and simple method of preparing crosslinked
NFC-PAA nanocomposite films with enhanced intrin-
sic properties.

The aim of this research was to determine the
influence of PAA concentration and crosslinking on
the material properties of NFC. Crosslinking has been
successfully utilised to enhance NFC properties,
including mechanical, thermal and barrier. Further-
more, there is great environmental and economic
benefit in preparing nanocomposites with the highest
possible NFC concentration, highlighting the impor-
tance of optimising the NFC-PAA ratio within the
nanocomposite films. Solvent casting was utilised to
prepare nanocomposite films, while the mechanical,
thermal, morphological and solubility properties were
characterised.

Experimental
Materials

Nanofibrillated cellulose (NFC) was provided by
UPM Corporation (Helsinki, Finland), under the
product name UPM Fibril Cellulose. The NFC was
prepared via mechanical disintegration of bleached
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Scheme 1 Esterification reaction between PAA and NFC

birch pulp, which was pre-treated with a Voith refiner.
The material was subsequently fluidised by seven
passes through a M7115 fluidiser (Microfluidics Corp,
Newton MA, USA). The solids content of the prepared
dispersion was 1.39 wt%. Poly(acrylic acid) (PAA,
M,, = 450,000) was provided by Sigma Aldrich,
USA.

Preparation of nanocomposites

Nanocomposites were prepared via a solution casting
method. Appropriate amounts of NFC and 5 wt%
PAA solution were mechanically stirred at room
temperature for 2 h (700 rpm). Prior to stirring,
additional Milli-Q water was introduced to adjust the
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total solid content to 1.1 wt%. The nanocomposite
solutions were degassed for 20 min using a Bran-
son 5510 sonicator, then cast into polystyrene petri
dishes. The films were allowed to dry in air at 23 °C
and 50 % relative humidity before being dried in an
oven (non-crosslinked films: 120 °C, 20 min). Cross-
linking was performed by placing the films in an oven
at 140 °C for 30 min. The (esterification) crosslinking
reaction between PAA and NFC is presented in
Scheme 1. Films were kept in a vacuum oven for
24 h at 60 °C before being stored at 23 °C and 50 %
relative humidity. Films were kept under these con-
ditions for at least 7 days prior to testing, in order for
the films to stabilise. PAA was added in concentrations
of 5, 10, 25 and 50 wt%.
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Characterisation of nanocomposites
Solid-state °C NMR

Solid state "*C cross polarisation magic angle spinning
(CP MAS) NMR spectra of NFC-PAA nanocompos-
ites were recorded with a Bruker AVANCE-III
400 MHz spectrometer operating at 100.6 MHz for
13C. The spinning speed of samples was 8000 Hz,
contact time 2 ms and delay between pulses 5 s.

Attenuated total reflectance infrared spectroscopy
(ATR-FTIR)

A Unicam Mattson 3000 FTIR spectrometer equipped
with PIKE Technologies GladiATR (with diamond
crystal plate) was used to characterise the chemical
structure of the nanocomposites. All spectra were
scanned within the range 400—4000 cm™!, with a total
of 16 scans and a resolution of 32 cm™".

Scanning electron microscopy (SEM)

A Zeiss SIGMA VP scanning electron microscope
operating at 3 kV was used to characterise the
morphology of the nanocomposites. Composites with
average dimensions ~5.00 x 5.00 x 0.05 mm® were
mounted to the specimen holder using carbon tape.

Crosslink density

The crosslink density of the nanocomposites was
determined using a swelling method and Flory-Rhener
theory as displayed in Eq. 1;

{111(1 — !)275) + V25 + X3 (02,5)2} /1

pe =
(2=

where y;is the Flory—Huggins polymer—solvent
dimensionless interaction term for cellulose-water
(0.44), V, is the molar volume of solvent and v, is
the polymer fraction volume.

Water absorption and swelling
Films were weighed and submerged in Milli-Q water

at 23 °C. Specimens were periodically removed,
wiped with a tissue to remove excess water and
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weighed. The submerged films were stored at 50 %
relative humidity and all specimens were character-
ised in duplicate. The swelling degree was calculated
using Eq. 2;

Swelling degree = (W — Wq) / Wq - 100% (2)

where Wy is the weight of the film in the swollen state
and W is the weight of the film in the dry state.

Thermogravimetric analysis (TGA)

A TA Instruments Q8000 thermogravimetric analyser
was used to characterise the thermal stability and
degradation behaviour of the nanocomposites. Sam-
ples of ~10mg were heated to 850 °C at
20 °C min~" in an inert environment provided by a
20 mL min~ " nitrogen purge.

Stress—strain analysis

Stress—strain analysis was performed using an Instron
Universal Testing Instrument, Model 33R4204 with a
100 N static load attached. A strain rate of
0.5 mm min~' was applied to each sample (average
dimensions: 20.00 x 5.30 x 0.05 mm?>) at 23 °C and
50 % relative humidity. Wet strength characterisation
was performed using specimens immersed in distilled
water for 24 h, with the dimensions being measured
from dry specimens. Results presented are the average
of five measurements.

Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis was performed using A
TA Instruments Q800 Dynamic Mechanical Analyser
operating in tensile mode with preload force of
0.01 N, amplitude of 15 um and frequency of 1 Hz.
The storage modulus (E’), loss modulus (E”), loss
tangent (tan 8) and associated glass transition (Ty)
temperatures of the films were measured as a function
of temperature from —30 to 150 °C at a heating rate of
3 °C-min~". Samples exhibited average dimensions of
10.00 x 0.30 x 0.05 mm”.

Material nomenclature
The nomenclature of the nanocomposites is as

follows: NFC-PAA #-x, where # is the concentration
of PAA by percentage weight. Crosslinked
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nanocomposites are denoted by an ‘x’ following the
PAA concentration value.

Results and discussion
Solid-state '*C NMR

Figure 1 displays the solid-state '*C NMR spectra of
PAA and selected crosslinked and non-crosslinked
NFC-PAA nanocomposites. PAA displays two peaks
at 32.6 and 42.6 ppm, attributed to the CH and CH,
groups, respectively (Vasilescu and Ponta 1996). The
carboxyl carbon is assigned to the strong peak at
184.7 ppm (Maeda et al. 2011). NFC-PAA nanocom-
posites exhibited characteristic signals corresponding
to PAA and NFC. NFC exhibited typical cellulose
carbon peaks at 67.1 (C6), 77.3 (C2, C3 and C5), 85.8
(C4 amorphous domains), 91.3 (C4 crystalline
domains) and 107.8 ppm (C1) (Eyholzer et al. 2010;
Gilardi et al. 1995; Kono et al. 2002). As the PAA
concentration increased, the CH and CH, peaks at 32.6
and 42.6 ppm, respectively, became more intense.
Examination of the PAA carboxyl peaks at 181.5 ppm
showed subtle differences between non-crosslinked
and crosslinked nanocomposites. Both NFC-PAA
10-x and NFC-PAA 50-x displayed a shoulder at
186.3 ppm, while non-crosslinked nanocomposites
NFC-PAA 10 and NFC-PAA 25 did not exhibit such
a shoulder. The shoulder formed at 186.3 ppm is
attributed to the ester COO groups formed during

oH GG

200 ' 1 éo ' 1 (Im ' 50 ' i
Chemical shift (ppm)

Fig. 1 '3C NMR spectra; (i) pure PAA, (ii) NFC-PAA 10, (iii)
NFC-PAA 10-x, (iv) NFC-PAA 25, (v) NFC-PAA 50-x

thermal crosslinking; however the presence of a peak
at 181.5 ppm within the crosslinked nanocomposites
indicates that non-reacted PAA is also present within
the films.

Attenuated total reflectance infrared spectroscopy

ATR-FTIR was utilised to characterise the structure of
the nanocomposites and determine the presence of
crosslinking. The spectra of the nanocomposite films
are presented in Fig. 2. The nanocomposites exhibited
peaks characteristic of NFC and PAA structure;
~3348 cm™' (hydrogen-bonded OH stretching of
NFC), ~2890 cm™' (-OH stretching of PAA),
~1025 cm™!' (C-O stretching within NFC) and
~1705cm™ (C=0 stretching in PAA) (Clemons
et al. 2013; Oh et al. 2005). In non-crosslinked and
crosslinked films, the peak attributed to C = O
stretching within PAA became sharper and more
intense as PAA concentration increased.

Several differences were observed when comparing
the spectra of non-crosslinked and crosslinked NFC-
PAA nanocomposites. Non-crosslinked films dis-
played intense peaks in the region ~3348 cm ',
which are associated with hydroxyl groups bound with
free water (Kondo and Sawatari 1996; Kondo 1997).
In contrast, the OH bands exhibited by crosslinked
nanocomposites were flatter and less intense. This
indicates a reduced amount of free water within the
crosslinked samples, and can be attributed to the ester

4000 3400 2800 2200 1600 1000 400
Wavenumber (cm™)
Fig. 2 ATR-FTIR spectra of NFC-PAA nanocomposites;

(i) NFC-PAA 50, (ii) NFC-PAA 10, (iii) NFC-PAA 50-x, (iv)
NFC-PAA 10-x
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Fig. 3 Scanning electron micrographs of NFC-PAA nanocomposites; a NFC-PAA 5, b NFC-PAA 25, ¢ NFC-PAA 50, d NFC-PAA

5-x, e NFC-PAA 25-x, f NFC-PAA 50-x

formation reaction between carboxyl groups (on PAA)
and hydroxyl groups (on NFC) (Luo et al. 2013). The
reduced number of unoccupied hydroxyl groups
decreases the likelihood of hydrogen bonding with

@ Springer

water molecules. In addition, the peak observed at
~2,900 cm~! in non-crosslinked peaks (OH stretch-
ing in PAA) reduced in intensity for crosslinked films.
The carbonyl peak located at ~ 1,705 cm™" shifted
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Table 1 Degree of crosslinking, water content, absorption and swelling data of NFC-PAA nanocomposites
Material Crosslinking Water content (%) Absorbed water Degree of
density (mol-cm3) after 72 h (%) swelling (%)
NFC-PAA 5 - 10.9 31.7 4349
NFC-PAA 10 - 11.6 349 369.2
NFC-PAA 25 - 139 355 344.6
NFC-PAA 50 - 14.3 46.5 2454
NFC-PAA 5-x 0.000443 6.8 18.7 215.5
NFC-PAA 10-x 0.000567 7.8 19.0 186.3
NFC-PAA 25-x 0.000591 9.3 21.3 181.7
NFC-PAA 50-x 0.001290 9.0 22.5 115.0

towards higher wavenumbers for crosslinked nano-
composites. Similar behaviour was observed by Par-
alikar et al. (2008) within crosslinked poly(vinyl
alcohol)-cellulose nanocrystal membranes, with the
shift in peak location attributed to the formation of
carboxylic esters. Furthermore, the C = O peak was
more intense for crosslinked films than their non-
crosslinked counterparts with identical PAA concen-
trations. This behaviour strongly suggests that cross-
linking has occurred within thermally-treated NFC-
PAA films.

Scanning electron microscopy (SEM)

Scanning electron micrographs of the NFC-PAA
nanocomposites are presented in Fig. 3. All films
exhibited a similar surface morphology. A randomly-
orientated entangled network of cellulose nanofibrils,
with diameters of 30-150 nm, was evident. Some
bundling or aggregation amongst NFC fibrils occurred
due to strong interactions (hydrogen bonding and van
der Waal’s forces) between fibres. The addition of
PAA caused no observable change in nanocomposite
morphology, with all films displaying similar net-
work-like structures. Although NMR and FTIR ana-
lysis confirmed interaction and bonding between the
cellulose and PAA, these interactions occur without
altering the surface morphology, fibre orientation or
cellulose structure. No visible difference between
crosslinked and non-crosslinked films was noticeable.

Crosslinking density, water absorption
and swelling properties

The crosslinking densities, water-absorbed percent-
ages and degree of swelling of the nanocomposite

films are presented in Table 1. NFC-PAA 5-x dis-
played a crosslinking density of 0.000443 mol cm®.
Increasing the PAA concentration raised the cross-
linking density to 0.000567 (NFC-PAA 10-x) and
0.000591 mol cm® (NFC-PAA 25-x) before reaching
a maximum of 0.00129 mol cm® (NFC-PAA 50-x). At
high loadings of PAA, the NFC hydroxyl groups are in
greater proximity to the carboxyl groups of PAA,
allowing for an increased likelihood of bonding.
Furthermore, the chance of crosslink formation is
higher due to the larger volume of PAA present
throughout the nanocomposite.

The mass of NFC-PAA 5 increased by 31.7 %
following immersion in water. Increasing the PAA
concentration to 10 wt% raised this value to 34.9 %.
The mass gain continued to increase with PAA
content, with NFC-PAA 50 exhibiting a maximum
of 46.5 %. The water absorption abilities of PAA are
well-known (Pourjavadi et al. 2008). The polar COOH
groups readily interact with water molecules, leading
to hydration and hydrogen bond formation. Further-
more, repulsions between negative COO- ions formed
during hydration expand the polymer chains. The
likelihood of this behaviour increases with PAA
concentration. Crosslinked NFC-PAA films also
exhibited an increase in water absorption with PAA
concentration, ranging from 18.7 % (NFC-PAA 5-x)
to 22.5 % (NFC-PAA 50-x). However, crosslinked
nanocomposites exhibited significantly less water-
uptake than equivalent non-crosslinked materials.
Introducing crosslinking into the films creates ester
linkages between NFC and PAA, reducing chain
mobility and reducing the total number of hydroxyl
and carboxyl groups within the nanocomposites
(Paralikar et al. 2008). This leads to reduced hydro-
philicity and water absorption potential.
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Fig. 4 Degree of swelling as a function of crosslink density of
crosslinked NFC-PAA films

Although water retention increased with PAA
concentration, the degree of swelling displayed an
inverse relationship to PAA content. This suggests that
although PAA is susceptible to water absorption, the
stability of the nanocomposite as a whole (in relation
to swelling) is maintained. Introduction of PAA
reduces the total free volume available for swelling
and solvent penetration within the nanocomposites.
The degree of swelling was further diminished by the
introduction of crosslinking, decreasing linearly as the
crosslink density increased up to and including
25 wt% PAA concentration before deviating at
50 wt% (Figure 4). Swantomo and Megasari (2013)
observed similar behaviour in crosslinked cellulose
hydrogels. The introduction of crosslinks into the NFC
network imparts further restrictions on chain seg-
ments, leading to a greater reduction in free volume
and more compact structure.

Thermal stability and degradation

Figure 5a displays the mass loss curves of non-
crosslinked NFC-PAA nanocomposites, while cross-
linked nanocomposite mass loss curves are presented
in Figure 5b. All materials displayed degradation
curves with similar characteristics; a slight decrease in
mass is observed beginning at ~ 67 °C and is attrib-
uted to the release of residual water within the films.
This is followed by a second degradation step
commencing at ~200 °C during which anhydride-
type structures are formed and subsequently decar-
boxylated (Dubinsky et al. 2004). The large, third
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mass step (starting temperature ~ 250 °C) involves
thermal cracking of NFC (Liu et al. 2011). A final
mass loss event begins at ~355 °C during which
chain scission and depolymerisation of PAA occur,
leading to the formation of short chain fragments
(McNeill and Sadeghi 1990). As the PAA fraction
within the nanocomposites was increased, the per-
centage mass during the decarboxylation (for PAA)
and thermal cracking (for NFC) stages changed
correspondingly. This was due to the amount of NFC
or PAA available to undergo degradation decreasing
or increasing, respectively. Furthermore, increasing
the PAA concentration shifted the curves towards
higher temperatures, indicating an increase in degra-
dation temperature.

The deterioration in thermal stability observed in
the non-crosslinked nanocomposite can be attributed
to the nature of interactions between NFC and PAA
(that is, hydrogen bonding). The presence of weakly-
bound or free PAA (or other acids) within the NFC
nanocomposites can catalyse hydrolysis during ther-
mal degradation (Area and Cheradame 2011), accel-
erating the breakdown of NFC. Likewise, the presence
of moisture can encourage hydrolysis and subsequent
degradation within cellulosic materials (Kucerova
et al. 2007). This is correlates to the water absorption
data, which showed an increase in water content with
increasing PAA concentration.

The derivative mass loss curves of the nanocom-
posites are displayed in Figure 5c. The temperature at
which the maximum rate of degradation occurs (Ty)
was determined from the peak of the degradation
events. NFC-PAA 5 exhibited T4 values of 326 °C
(NFC thermal cracking, Td-NFC) and 378 °C (PAA
chain scission and depolymerisation, T4-PAA). The
addition of 10 wt% PAA reduced T4-NFC to 324 °C
and increased T4-PAA to 381 °C. Td-NFC diminished
further with the incorporation of 25 wt% PAA, before
returning to 326 °C at a PAA loading of 50 wt%. Tg-
PAA continued to increase with PAA concentration,
with NFC-PAA 50 displaying a T4-PAA of 395 °C. In
contrast, crosslinked nanocomposites displayed an
increase in both T4-NFC and T4-PAA with PAA
loading. NFC-PAA 5-x exhibited T4-NFC and Tg-
PAA values of 327 and 398 °C. Peak degradation
temperatures continued to increase for NFC-PAA10-x
(T¢-NFC = 328 °C, T¢-PAA =381 °C), NFC-
PAA 25-x (T4-NFC = 331 °C, T4-PAA = 384 °C)
and NFC-PAA 50-x (T¢-NFC =333 °C, Tg-
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Fig. 5 Thermal degradation behaviour of NFC-PAA nanocomposites; a mass loss curves of non-crosslinked NFC-PAA films, b mass
loss curves of crosslinked NFC-PAA films, ¢ derivative mass loss curves of NFC-PAA films

PAA = 398 °C). Furthermore, crosslinked NFC-PAA
nanocomposites displayed higher T4-NFC and Ty-
PAA values than their non-crosslinked counterparts
for identical PAA concentrations.

In the case of the crosslinked NFC-PAA nanocom-
posites, stronger ester linkages are formed between
hydroxyl groups and carboxylic acid. Although some
unbound PAA may remain within the nanocompos-
ites, the amount is significantly less when compared to
non-crosslinked NFC-PAA. In addition, water absorp-
tion analysis confirmed a reduced amount of moisture
within the crosslinked nanocomposites, since ester
bonds occupy NFC hydroxyl groups. This leads to a
reduction in hydrolysis rate during thermal degrada-
tion. Furthermore, the introduction of crosslinks into
the composites increased thermal stability by restrict-
ing molecular rotations and vibrations that occur

within polymers when thermally excited (Dutta 2012).
As a polymer is heated and begins to degrade,
macromolecule chains must break-up or de-bond into
smaller segments that can be eliminated from the bulk
structure. Crosslinking causes the formation of larger-
than-usual fragments, which require more energy to
break into portions small-enough to be eliminated.

Thermomechanical analysis

Stress—strain analysis

The stress—strain curves of the nanocomposites are
displayed in Figure 6a, while the mechanical data is
summarised in Table 2. NFC-PAA 5 displayed a

Young’s modulus of 17.7 GPa and breaking stress of
311.3 MPa. Increasing the PAA concentration to
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Fig. 6 Stress-strain curves of NFC-PAA nanocomposites;
a tested at 23 °C and 50 % relative humidity, b tested following
immersion in water for 24 h

10 wt% raised the modulus to 21.1 GPa while the
stress at break increased to 375.4 MPa. For the non-
crosslinked nanocomposites, Young’s modulus and
stress at break reached maximum values of 24.2 GPa
and 437.6 MPa, respectively with NFC-PAA 50. The
strain at break diminished with PAA concentration,
ranging from 7.2 (NFC-PAA 5) to 2.6 % (NFC-PAA
10). Crosslinked films experienced an increase in
Young’s modulus with the addition of PAA, increas-
ing from 18.5 (NFC-PAA 5-x) to 26.6 GPa (NFC-
PAA 25-x). Similarly, the stress at break increased
from 353.1 to 562.2 MPa with respective PAA
concentrations of 5 and 25 wt%. NFC-PAA 50-x
exhibited lower modulus and breaking stress values
than NFC-PAA 25-x, however the values were still
larger than its non-crosslinked equivalent, NFC-PAA
50. The strain at break of the crosslinked composites
gradually diminished with increasing PAA content.
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A clear dependence of tensile mechanical behav-
iour on NFC/PAA concentration and the nature of
inter-component interactions are evident. Luo et al.
(2013) described how regenerated cellulose and PAA
can form a semi-interpenetrating network. The strong
interfacial interaction (hydrogen bonding) between
the NFC and PAA determines the mechanical prop-
erties of the films. These interactions, in the form of
hydrogen bonds, impart restrictions on segments of
polymer chain leading to enhanced stiffness and
strength. One consequence of the restricted ability of
polymer chains to rotate about bonds and slide past
one another is the observed reduction in ductility.

In addition to component concentration, crosslink-
ing exhibited a profound effect on tensile properties.
At identical PAA concentrations, crosslinked NFC-
PAA films displayed superior Young’s modulus and
strength values when compared to their non-cross-
linked counterparts. Lu and Hsieh (2009) observed
similar behaviour in cellulose nanocrystal-reinforced
PAA fibres. The covalent bonds formed during the
esterification reaction are stronger and more robust
than the hydrogen bonding that occur between non-
crosslinked NFC and PAA. These covalent bonds (in
conjunction with hydrogen bonds) allow for greater
restrictions to be placed on segmental chain motions,
enhancing material strength and facilitating greater
stress-bearing capacity. Furthermore, as the PAA
concentration is increased the crosslinking density is
also likely to rise. This allows for more restrictions and
reinforcement ability to be imparted on the NFC.

The introduction of crosslinks proved an efficient
method of retaining elongation at break, while
enhancing mechanical strength and toughness. Salmah
et al. (2008) observed similar retainment of elasticity
in vulcanised paper sludge-polypropylene-EPDM
rubber composites. The enhanced elastic properties
were attributed to superior interfacial interaction
between the composite components, facilitated by
the introduction of crosslinks. The reduced Young’s
modulus and breaking stress values displayed by NFC-
PAA 50-x may be explained in terms of composite
structure. Within the 50 wt% filled crosslinked film,
the structure is highly constrained due to the presence
of ester bonds and highly packed due to the large PAA
content. This may limit the total number of PAA
carboxyl groups able to interact with NFC hydroxyl
groups. As a consequence, unbound PAA may retain
water and reduce mechanical properties. Water
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Table 2 Stress-strain data of NFC-PAA nanocomposites

Material Tested at 23 °C and 50 % relative humidity Films immersed in water for 24 h
number Tensile modulus Break stress Elongation at Tensile modulus Break stress Elongation at
(GPa) (MPa) break (%) (MPa) (MPa) break (%)
NFC-PAA 5 177 £ 2.5 311.3 £ 10.8 72+04 240 £ 0.9 28 £58 102 £ 0.4
NFC-PAA 10 21.1 £ 1.8 3454 £ 7.1 54+03 302 £ 3.1 10.2 + 8.3 133 +1.8
NFC-PAA 25 233 +34 4179 £ 54 5.6 +03 509 £ 2.4 374 + 84 21.0 £ 3.8
NFC-PAA 50 242 £ 5.7 437.6 + 10.2 26+ 19 3621 £5.8 254 +175 87+12
NFC-PAA 5-x 185+ 29 3551+ 6.1 84+£04 786 £ 2.8 74 +25 6.8 £ 1.0
NFC-PAA 10-x 23.1 £4.7 413.1 £ 9.5 75+ 15 1222 + 3.0 75+£39 7.1 £0.6
NFC-PAA 25-x 26.6 £4.2 5622 £ 8.2 82+ 0.2 2544 £ 6.9 584 £7.1 155+ 14
NFC-PAA 50-x 253 £ 3.8 458.8 + 4.6 34+13 3570 £ 9.4 40.5 £ 9.7 112 £27

molecules can compete with PAA to hydrogen bond
with NFC, changing the behaviour of the amorphous
regions of cellulose and diminishing mechanical
properties (Myllytie et al. 2010; Zhou et al. 2001).
However, NFC-PAA 50-x exhibited superior tensile
properties than NFC-PAA 50, suggesting that despite
the high PAA loading, sufficient interfacial adhesion
and interaction was achieved to enhance film
properties.

The wet-strength tensile properties of the nano-
composites (Figure 6b), displayed similar trends to
films tested under dry conditions. Young’s modulus
and tensile strength increased with PAA concentra-
tion, as the degree of restrictions imparted on chain
motion increased. Crosslinked samples displayed
higher modulus and breaking stress values due to
greater reinforcement and hindrance on chain motion
provided by ester bonds between the NFC and PAA.
The use of crosslinks to enhance both dry- and wet-
strength properties of cellulosic materials is well
documented (Gérdlund et al. 2003; Hubbe 20006;
Pahimanolis et al. 2013). Elasticity increased with
PAA concentration, which can be attributed to two
factors. Firstly, cellulose is readily plasticised by
water due to its polar structure. Water molecules
disrupt existing hydrogen bonds between cellulose
fibres, increasing the free volume and reducing
hindrance to local chain mobility (Jafarpour et al.
2007). Secondly, PAA’s ability to retain water
encourages a greater degree of plasticisation. Water
absorption analysis determined that water retention
increased with PAA concentration and that crosslink-
ing retards water uptake by increasing film hydropho-
bicity. The wet-strength data correlates accordingly,

where the more-hydrophobic crosslinked films dis-
played lower elongation at break values than non-
crosslinked nanocomposites. The results highlight the
effectiveness of crosslinking to enhance the tensile
properties and mechanical stability of materials sub-
jected to aqueous environments.

Dynamic mechanical analysis

The storage moduli (E’) of the NFC-PAA nanocom-
posites are presented in Figure 7a while the E’ and T,
values are summarised in Table 3. NFC-PAA 5
displayed a E’ value of ~17.2 GPa at —30 °C.
Increasing the PAA content caused a corresponding
increase in E’, ranging from 19.1 (NFC-PAA 10) to
22.5 GPa (NFC-PAA 25). This behaviour is indicative
of the PAA chains’ ability to restrict segmental motion
and impart stiffness into the nanocomposites. Cross-
linked films displayed higher E’ values of 19.6 (NFC-
PAA 5-x), 19.9 (NFC-PAA 10-x) and 21.2 GPa (NFC-
PAA 25-x) compared with non-crosslinked NFC-PAA
films, attributed to stronger interfacial adhesion via
esterification. Nanocomposites containing up-to and
including 25 wt% PAA continued to maintain larger
E’ values than NFC-PAA 5, confirming that rein-
forcement occurs at temperatures above T,. Both
NFC-PAA 50 and NFC-PAA 50-x displayed a reduc-
tion in E’ at —30 °C relative to films filled with
25 wt% PAA, as well as displaying lower E’ values
than NFC-PAA 5 at temperatures above T,.

The loss moduli (E”) of the nanocomposites are
presented in Figure 7b. The T, was obtained from the
E” curves’ peak since that is where maximum heat
dissipation occurs. NFC-PAA 5 exhibited a T, of
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Fig. 7 Dynamic mechanical properties of NFC-PAA nanocomposites; a storage modulus, b loss modulus, ¢ loss tangent (tan J)

67.2 °C, which increased to 79.7 °C with the addition
of 10 wt% PAA. Further PAA loading caused the T, to
drop to 73.2 (NFC-PAA 25) and 65.4 °C (NFC-PAA
50). Crosslinked films experienced increased T, with
PAA content, reaching a maximum of 90.1 °C at a
concentration of 25 wt%. However, as the PAA
content becomes greater, the T, shifts towards lower
temperatures. Chung et al. (2004) observed a similar
drop in T, with increasing crosslink density for starch.
The reduction was attributed to the high water- affinity
and retention capacity of the phosphate-based cross-
linking agents, leading to internal plasticisation.
Similar reasoning can be applied to NFC-PAA films,
being further supported by the water absorption and
wet-strength data.

Despite the reduction in T, the increased E” values
with PAA content indicate sufficient interaction
between the PAA and NFC occurs within the nano-
composites. The dynamic mechanical data suggests

@ Springer

that within the NFC-PAA films, two competing
mechanisms are present; (a) the ability of PAA to
interact, reinforce and restrict NFC chain motion, and
(b) the ability of PAA (and NFC) to interact with and
adsorb water molecules.

The loss tangent (tan ) of the films are displayed in
Figure 7c. Although the tan d plateaued above the T,
rather than producing a distinctive peak, the shiftin T,
and curve location with PAA loading was similar in
behaviour to the E” curves. Peak amplitude increased
with PAA concentration. Peak amplitude provides an
indication of the number of kinetic units mobile
enough to contribute to the glass—rubber transition
(Kennedy et al. 2009). Damping ability within poly-
mer composites is believed to be influenced by two
factors: (a) the amount of free volume, (b) internal
friction between the filler and matrix and between the
filler particles themselves across the glass transition
region (Trakulsujaritchok and Hourston 2006). The
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Table 3 Dynamic  mechanical data of NFC-PAA
nanocomposites
Material E’ at E’ at T, from E”
—30 °C 130 °C peak max. (°C)
(GPa) (GPa)
NFC-PAA 5 17.3 10.8 67.2
NFC-PAA 10 19.1 12.1 79.7
NFC-PAA 25 21.0 10.7 73.2
NFC-PAA 50 22.6 5.8 65.4
NFC-PAA 5-x 19.5 12.6 70.3
NFC-PAA 10-x 20.0 12.3 80.0
NFC-PAA 25-x 28.6 10.7 91.3
NFC-PAA 50-x 22.6 6.4 70.3

latter increases as the number of chain movements
become greater, leading to an increase in damping
ability. Increasing the PAA concentration also
increases the amount of water within the nanocom-
posites, allowing films to experience greater chain
motion due to increased free volume and plasticisa-
tion. This results in greater internal friction within the
films and subsequently enhances damping properties.

Conclusion

Solvent casting was utilised to prepare nanocompos-
ites of nanofibrillated cellulose (NFC) and poly(-
acrylic acid) (PAA). Thermally-induced crosslinking
led to the formation of ester bonds, as confirmed by
3C NMR and FTIR. A randomly-orientated network
structure was evident in all films, with PAA and
crosslinking displaying no visible effect on film
morphology. Water absorption increased with PAA
concentration, while the degree of swelling for the
entire nanocomposite decreased. Crosslinking proved
an effective method of restricting water uptake and
swelling, by reducing the total number of hydroxyl and
carboxyl groups able to interact with water molecules
and prevent repulsion amongst ions. Thermal stability
was enhanced by the introduction of crosslinks due to
restrictions imparted on chain motions, increasing the
activation energy for degradation.

Young’s modulus and break strength increased with
PAA concentration, facilitated by effective interaction
between the PAA and NFC. Tensile properties were
further enhanced by crosslinking and ductility was
maintained, due to restraints imparted on segments of

polymer chain. Wet-strength tensile properties were
similarly enhanced by crosslinking, due to the
increased hydrophobicity of the nanocomposites.
Non-crosslinked films displayed better elasticity fol-
lowing immersion in water, attributed to the plasticis-
ing effect of water. The glass transition temperature
increased up to 10 and 25 wt% PAA concentration in
non-crosslinked and crosslinked films, respectively.
Higher PAA loading caused a decrease due to
increased water content, resulting in internal plastic-
isation. Crosslinking proved to be a suitable method of
enhancing the thermomechanical, thermal and water
absorption properties of NFC, particularly in aqueous
environments.
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