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Abstract Poly(vinyl alcohol) (PVA) foams rein-
forced with cellulose nanocrystals (CNCs) were
prepared with formaldehyde as a crosslinking agent.
Two initial reaction times (10, 120 s) and the addition
of CNCs (0-2 wt% based on total reaction suspension)
were found to affect the foam density, water uptake,
morphology and mechanical properties. A longer
initial reaction time resulted in higher mechanical
properties and density, due to the small pore size. The
addition of CNCs induced a progressive decrease in
the pore diameter and an increase in the foam density,
as well as improved mechanical properties. With
1.5 wt% CNC content, the compressive strength of the
PVA foams was significantly improved from 7 to
58 kPa for 10 s-initial reaction time and from 65 to
115 kPa for 120 s-initial reaction time. Results
showed that the cross-linked PVA foams with CNC
had promising properties for use in biomedical
applications.
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Introduction

In recent years, the problems of waste management
associated with petroleum-based foams have provided
opportunity to focus on environmentally compatible
and biodegradable materials. The materials based on
synthetic polymers or natural polymers from renew-
able resources, such as starch and polyvinyl alcohol
(PVA), have attracted more attention. They can serve
as substitutes for petroleum-based polymers in many
applications (Liu et al. 2014).

PVA is a well-known synthetic polymer of great
industrial value with many desirable characteristics. It
is non-toxic, biocompatible, water soluble, semi-
crystalline, fully biodegradable and has relatively
lower cost than current dominating raw material of
foam, polyurethane (De Merils and Schoneker 2003;
Peppas and Tennenhouse 2004; Wang et al. 2006;
Zhao et al. 2014). PVA is also versatile, with varying
average molar mass and degree of deacetylation
(Christie and Nikolaos 2000), which makes PVA
adaptable for many applications (Rapa et al. 2014).
Environmentally friendly PVA foams have been
studied as early as the 1950s (Wilson 1952), and
today we can find PVA in packaging, medical, and
energy-absorption applications (Gottrup et al. 2000;
Sird and Plackett 2010; Avella et al. 2011; Karimi
et al. 2014; Bai et al. 2015). PVA foams are still
studied, for instance, in combination with natural
polymers, such as chitosan, starch and also cellulose
(Wang et al. 2006; Avella et al. 2012; Li et al. 2012).
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Porous PVA foams have been widely and commer-
cially produced by high-speed mixing with and
without pore-forming agent since 1952 (Wilson
1952), through PVA and aldehyde hybrid reaction
using acid as catalyst, i.e., acetalization. The acetal-
ization reaction has been described by several
researchers (Imai et al. 1984; Toncheva et al. 1992,
1994; Gousse and Gandini 1997). Owing to complete
biodegradability, starch is usually used as a pore-
forming agent. Within the process, starch granules
swell in elevated temperature and acid and occupy a
space. Under the same conditions the starch is also
hydrolysed. When the acetalization of PVA and
aldehyde is complete, the hydrolysed starch is leached
using water and the pores are formed. Meanwhile, the
whole porous structure is solidified by the chemical
crosslinks of PVA and aldehyde (Nishimura et al.
1972; Sueoka et al. 1981; Rosenblatt 1996). The foam
exhibits good mechanical properties from chemical
crosslinking, outstanding water adsorption capacity
because of large amounts of hydroxyl groups on the
surface of aldehyde PVA foam network (Buchhlz and
Graham 1997), and excellent biocompatibility (De
Merils and Schoneker 2003). The method is still
studied and further developed in order to enhance
properties and improve the fabricating process (Iwa-
saki et al. 1985; Yoshizawa 1990; Wang and Chiu
2003; Wongsuban et al. 2003; Wang et al. 2006; Pan
et al. 2014; Karimi and Navidbakhsh 2014).

Currently, nanotechnology and nanocomposites
enable opportunities within materials science, includ-
ing cellulose nanomaterials from renewable biore-
sources. Cellulose nanocrystals (CNCs), also called
cellulose nanowhiskers, are needle-like cellulose
crystals of 10-20 nm in width and some hundred
nanometers in length, with modulus as high as 172
GPa, determined by X-ray diffraction (Tashiro and
Kobayashi 1985). This has led to a great interest in the
use of CNCs as reinforcement for polymers and also
for PVA. It is reported that the addition of nanocel-
lulose improves the mechanical properties, thermal
and moisture stability of PVA films (Lee et al. 2009;
Souza et al. 2010; Cho and Park 2011; Zhou et al.
2012; Baheti and Militky 2013; Li et al. 2013; Liu
et al. 2013; Lacroix et al. 2014; Lani et al. 2014;
Virtanen et al. 2014a, b). However, only a few studies
on PVA foams with cellulose nanofibers or crystals
can be found (Srithep et al. 2012; Kumar et al. 2013,
2014; Liu et al. 2014), and no research about
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PVA/nanocellulose foams made by means of the
aldehyde crosslinking method has been reported.
Research of PVA/nanocellulose foams based on the
aldehyde crosslinking method is interesting, since this
method is industrial and might be easily utilised for
commercial use. Furthermore, chemically cross-
linked PVA foams are also expected to have better
mechanical properties than PVA-starch-cellulose
mixed foams.

The aim of this work was to investigate how the
modified aldehyde crosslinking process, with starch as
pore-former as well as the addition of cellulose
nanocrystals, affects the foam structure, density, water
uptake and mechanical properties. PVA foams with
improved mechanical properties have potential to find
applications, in soft-tissue engineering for example to
replace cartilage, kidney and liver (Karimi and
Navidbakhsh 2014).

Materials and methods
Materials

Polyvinyl alcohol (PVA) with a degree of hydrolysis
of over 99 % and a molecular weight ranging between
89 and 98 kDa was supplied by Sigma-Aldrich
(Stockholm, Sweden). The other PVA specifications:
viscosity 25-31 mPa-s and max. ash content 0.4 %.
Potato starch was supplied by Sigma-Aldrich (Stock-
holm, Sweden).

Microcrystalline cellulose (MCC, Avicel® PH-101)
with a particle size of ~50 um was supplied by
Sigma-Aldrich, Stockholm, Sweden. Formaldehyde
solution (ACS reagent, 37 wt% in H,O, 10-15 %
methanol), hydrochloride acid (ACS reagent, 37 wt%
fuming), sodium hypochlorite solution (ACS reagent,
available chlorine 10-15 %), sodium bromide
and 2,2,6,6-tetramethylpiperidine-1-oxyl radical
(TEMPO) were supplied by Sigma-Aldrich (Stock-
holm, Sweden). Calcium carbonate was supplied by
Merck KGaA (Darmstadt, Germany). All chemical
reagents were used as received.

Preparation of cellulose nanocrystals
TEMPO-oxidized cellulose nanocrystals (CNCs) were

produced in lab scale as follows. Briefly, MCC, was
suspended in distilled water containing TEMPO and
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sodium bromide, according to a procedure described
by Saito (Saito et al. 2007) with minor modifications.
TEMPO-mediated oxidation of MCC suspension was
started by adding NaClO reagent, while the suspension
was continuously stirred at room temperature. After
the addition of NaClO, the pH remained constant at
10.5 by adding 0.5 M NaOH solution until no more
consumption of alkali was observed, indicating that
the reaction was completed. This step took approxi-
mately 4-5 h, depending on the amount of NaClO
added. The sediment of the TEMPO-oxidized CNCs
was obtained after thoroughly washing with distilled
water by centrifugation four times to remove unre-
acted chemicals. The final CNC suspension was
obtained by ultra-sonication (Isogai et al. 2011).
Ultra-sonication was performed on batches of
100 ml CNC suspensions in beakers supported by an
ice bath to minimize overheating of suspensions for
10 min. The generated CNC suspension was stored in
a refrigerator at 4 °C.

Foaming of PVA

PVA was dispersed in cold distilled water by stirring
(300 rpm, Heidolph, Germany), and dissolved by
heating (Heidolph MR Hei-End, Germany) with
temperature rising slowly to 80 °C for 30-60 min.
The PVA solution was cooled to below 50 °C, and the
potato starch was subsequently added into the solution
while stirring at 50-60 °C until a homogeneous, pasty,
aqueous solution was obtained. The PVA-starch
solution was cooled down below 50 °C. After that,
foaming agent (CaCO;) and formaldehyde solution
were gently added while stirring and large amounts of
froth were immediately formed after adding HCI. The
mixture was vigorously stirred (14,000 rpm) using
Ultra-Turrax (IKA T25, Germany) for two different
initial reaction times (10, 120 s). The two initial
reaction times were chosen based on the experimental
trials, when averagely after 10 s the formed froth
started to collapse down, and averagely after 120 s the
froth did not change further by visual. The final
solution was poured into a mold and transferred into
oven for 3 h at 55 °C, and a water-insoluble foam was
formed. It was then washed by distilled water until the
washing water became transparent and the pH of the
water reached about 5.5, indicating that most of the
remaining HCI, formaldehyde and starch were
removed.

The CNC-reinforced foams were prepared simi-
larly to the neat PVA foams by firstly dispersing a
certain amount of the CNC gel (3.67 % dry weight) in
calculated amounts of distilled water (Table 1). A
visible homogeneous and transparent suspension was
obtained by stirring after 30 min. After that, PVA was
added and dissolved in the CNC suspension with
heating and stirring 300 rpm using a shear mixer
Heidolph (Germany) for about 60 min. Starch, foam-
ing agent, formaldehyde and HCl were added, and
foams containing 10 wt% PVA, 5 wt% potato starch
and CNC (0.5, 1, 1.5 and 2 wt%) were formed, as
described above for foams without CNC presence.

For the purpose of characterizations, all foams were
first frozen at —40 °C, and then lyophilized using a
freeze dryer Alpha 2-4 LD plus (Germany) for 72 h.
The flow scheme of the foaming process is shown in
Fig. 1, and prepared foam combinations are presented
in Table 1.

Characterization

Flow birefringence is a preliminary and very easy
method to confirm the presence and dispersion of
CNCs in water. The whole setup includes two cross-
polarized filters and a lamp.

CNC diameter distribution was characterized by
atomic force microscope (AFM) Veeco Multimode,
(Santa Barbara, CA, USA). A drop of diluted CNC
suspension was spin-coated on the surface of a clean
mica film. The surface of mica was scanned in air.
Height, amplitude and phase images were obtained in
tapping mode. The CNC diameter was determined
from the height images using the Nanoscope V
program.

Bulk density of foams was calculated according to
BS EN ISO 845:2006 “Cellular plastics and rubbers”.
Determination of apparent density, the ratio of the
dried weight over the dimensions of each sample were
measured with an electronic digital caliper. The
average density was obtained by measuring 7 speci-
mens for each sample.

Water uptake (W,) was tested by immersion of
freeze-dried cubic specimens into distilled water until
the weight remained constant. The specimens were
taken out of the water at specific intervals and weighed
on balance after removing the excess water by gently
tapping the specimens on dry soft tissue paper. The
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Table 1 Material combinations based on the weight of the final suspension

Short name Initial reaction time (s) PVA (%) Starch (%) CNC (%) Water (%) Others (%)°
10PVA-S 10 10 5 0 61.0 24
10PVA-S-0.5CNC 0.5 61.5
10PVA-S-1CNC 1.0 60.0
10PVA-S-1.5CNC 1.5 59.5
10PVA-S-2CNC 2.0 59.0

120PVA-S 120 10 5 0 61.0 24
120PVA-S-0.5CNC 0.5 61.5
120PVA-S-1CNC 1.0 60.0
120PVA-S-1.5CNC 1.5 59.5
120PVA-S-2CNC 2.0 59.0

# Total amount of water (CNC suspension and added water)

° CaCO;, formaldehyde and HCI were kept constant; 1, 11 and 12 % of the total suspension

Fig. 1 Schematic of the

foaming process PVA Powder Distilled water or

CNC dispersion

Hot plate and mixer

Stirring, Heating up to 80°C to dissolve PVA

Stirring and adding starch, below 60°C
Homogeniser
Foaming agent —— || Stirring
Formaldehyde —*1 Stirring

Hydrochloride acid —— | Stirring 10 s or 2 min

Mold and Oven

55°C, 3 hours, Acetalization

l Wash off starch, remaining acid and formaldehyde

PVA/CNC foam

value was calculated through gravimetric determina-

i A ) where W, is the weight of the specimen after uptake of
tion using the equation:

water, and Wy is the dried weight before water uptake.

Morphology of foams was investigated using a
x 100 high-resolution scanning electron microscopy (HR-
SEM) (Carl Zeiss, Merlin, Germany). Samples were

(Ww - Wd)
d

W, =
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Fig. 2 a Transparent TEMPO-CNC gel, b flow birefringence of CNCs in water, indicating well-dispersed crystals and AFM images of
CNCs ¢ height and d amplitude and e diameter distribution measured from height AFM images

sputter-coated with a thin layer of gold to avoid
electron charging effects.

Mechanical properties of the samples were mea-
sured using a TA-DMA Q800 dynamic mechanical
analyzer at a compressive strain rate of 10 % min~'
and a preload force of 0.1 N. Prior to testing,
samples were incubated in distilled water at 37 °C
for 24 h. The test was continued until 70 % com-
pressive strain. All tests were conducted in a
submersion compression clamp with distilled water
at 37 °C. Average values of compression strength

and modulus for each material were obtained from
three single measurements.

In order to study the reversible behaviors of the foams,
a cyclic loading—unloading experiment was performed.
Foam samples were compressed at a constant rate of
10-70 % min~" compressive strain. After reaching the
70 % compressive strain, the samples were unloaded to a
small load of 0.1 N. Relaxation time was 5 min before
the beginning of the next cycle. The loading—unloading
cycle was continuously repeated three times. The tests
were carried out in distilled water at 37 °C.
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Fig. 3 Microscopy images of a neat PVA, b neat CNC dispersion in water, ¢ neat starch in water, d PVA-CNC, e PVA-starch, f PVA-
starch-0.5CNC, g PVA-starch-0.5CNC with x40 magnification; SEM images of h PV A-starch, and i PVA-starch-0.5CNC

Results and discussion
Cellulose nanocrystals characteristics

The obtained TEMPO-CNCs form a transparent gel,
shown in Fig. 2a, with 3.67 % dry weight. The
presence and dispersion of crystals in aqueous sus-
pension obtained from TEMPO-mediated oxidation
was confirmed by flow birefringence (Fig. 2b). AFM
height (Fig. 2c) and amplitude (Fig. 2d) images
showed the presence of well-dispersed CNC in water,
and diameter distribution of the crystals, seen in
Fig. 2e, ranging between 2 and 5 nm.

Dispersion of CNCs in PVA

The homogeneous dispersion of nanocellulose will
lead to a very large interfacial area between the matrix

@ Springer

and the reinforcement, which is critical to enhance the
mechanical properties of the final nanocomposites.
Well-dispersed CNCs in PVA and in PVA//starch
mixture will promote the actual formation of hydrogen
bonds between PVA and CNCs and are therefore
important for the reinforcement of PVA foams. In
order to ensure dispersion of CNCs, optical micro-
scopy images (6.3 x magnification) were taken every
time immediately after mixing the CNC in dissolved
PVA, and images are presented in Fig. 3. The PVA-S-
CNC showed similar microcopy images; therefore,
only the image of PVA-S-0.5CNC is presented. For
comparison, this image is also shown with 40x
magnification. Figure 3b, d indicate homogeneous
dispersion of CNC in water and in PVA-mixture,
respectively. This also confirms that the addition of
stable negative or positive electrostatic charges on the
surface of CNCs is a simple means of obtaining good
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Fig. 4 SEM images of external surface of a 10PVA-starch-
CNC foam, b 120PV A-starch-CNC foam and ¢ 120PV A-starch-
CNC foam with higher magnification, with CNC content 0, 1

dispersion. Few small particles in neat PVA and PVA-
CNC suspension are visible (Fig. 3a, d); these are
probably small amounts of undissolved PVA granules.
When starch was presented in the mixture, large
amounts of big particles were seen (Fig. 3e, f). The
particles were swollen starch granules formed when
temperature was over 50 °C (Wajira and David 2006).
Furthermore, in Fig. 3 the PVA-starch-CNC mixture
(Fig. 3f, g), there are a lot of slurry-like substances
seen between the swollen starch granules. The

and 2 %, as seen from top to bottom in the pictures; SEM images
of d potato starch granules; cross-section photos of dry 10PVA-
starch-CNC foam and 120PV A-starch-CNC foam

formation of the slurry can be explained by gela-
tinization of starch at 60 °C (Wajira and David 2006).
At this temperature, starch granules can disperse in the
highly sticky PVA-CNC mixture. The same phenom-
ena can also be confirmed in SEM micrographs
(Fig. 3h, 1). Well-dispersed CNCs in PVA-CNC
mixture were also confirmed by flow birefringence,
as shown in Fig. 3d. However, flow birefringence
cannot be applied after adding starch into PVA-CNC,
because of the high viscosity of the suspension.
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Fig. 5 SEM images of inner surface of a I0PVA-starch-CNC foam and b 120PV A-starch-CNC foam, with CNC content of 0, 1 and

2 %, as seen from top to bottom in the pictures

Morphology

SEM images of PVA foams by two initial reaction
times are illustrated in Figs. 4 and 5, showing the
cross-section (Fig. 4) of the prepared foams, and the
surfaces in the pores (Fig. 5). Figure 4a shows that the
pore size distribution of 10PVA-starch-CNC foams
varied greatly, mostly from about 50 pm up to about
1 mm. Also, some nanosize pores were seen, but only
very few. On the other hand, longer time stirring
enhanced the overall homogeneity of the 120PVA-
starch-CNC foam surface and resulted in decreases in
pore size (Fig. 4b). Obviously, more pores with
diameters of larger than 200 um in 10PVA-starch-
CNC foams were observed, compared to those in
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120PV A-starch-CNC foams. Most of the bigger pores
(diameter over 200 pm) were from the CO, gas
entrapped during the foaming process. However, the
leaching of big swollen starch granules can also form
the pores in this range, since the diameter of potato
starch is in the range of approximately 10-100 pm
(Baldwin et al. 1998; Fig. 4d). The number of big
pores decreased with the increase in CNC content, due
to the increase in viscosity, which inhibited the
formation of big bubbles from CO, gas into the
mixture, and also the leaching of starch by water.
Some remnants of swollen starch granules can be seen
on the surfaces of the foams under greater magnifica-
tion (Fig. 4c), especially those obtained by longer time
stirring, and containing PVA and CNCs.
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High-magnification images show that the interior of
the pores appears to be more homogeneous than cross-
sectional pore surface (Fig. 5a, b). Both initial reaction
times created similar inner pore surfaces. The pores
were interconnected and had an obvious open-cell
structure. All pores have a very small size, up to about
20 pm. It is worth mentioning that these small pores
were probably mainly from removal of ice crystals in
the samples during freeze-drying, and also from CO,
gas, which can only form very small bubbles in the
polymer matrix. The leaching of small starch granules
could also form pores within 20 pm.

Density

The bulk density of the foams made from two different
processes is listed in Table 2. As itis listed in Table 2,

Table 2 Bulk density of the foams made from two processes
with five different CNC contents

CNC content (Wt%) Bulk density (g/cm3)

10PVA-S-CNC 120PVA-S-CNC
0 0.07 £ 0.00 0.26 £ 0.01
0.5 0.12 £ 0.00 0.27 £ 0.01
1.0 0.13 £ 0.00 0.27 £ 0.01
1.5 0.20 £ 0.00 0.26 £+ 0.01
2.0 0.20 £ 0.00 0.21 £ 0.00

The average bulk density was taken from measurements of 7
specimens

= r‘;“—”%

Wu (%)
N
g

120PVA-S-0CNC —#-120PVA-S-0.5CNC  —®-120PVA-S-1CNC

1¢120PVA-5-1.5CNC  -©-120PVA-S-2CNC

0 20 40 60 80 100 120 140 160 180

Time (hours)

with shorter time stirring, the density of the 10PVA-S-
CNC foams was increased with increased CNC
content. This was caused by the increase in viscosity
of 10PVA-S-CNC mixture due to the higher content of
CNCs, which resulted in the difficulty for CO, gas
generated from CaCOj; to form big bubbles in the
mixture. Furthermore, starch granules inside the foams
were difficult to leach into the water bath, which is also
expected to increase the density. The previous SEM
images (Figs. 4, 5) supported these density results.

However, with longer time stirring, the density of
120-foams was higher than 10-foams and appears
almost the same, independent of the CNC content,
because all mixtures were homogenized during the
process. Most of the large bubbles generated from CO,
were broken and became homogenous. Therefore,
there were only a few big bubbles in the mixture,
which can be seen from the SEM images shown
previously.

Water uptake

Soft tissue (e.g., cartilage, nucleus pulposus, dura
mater, synovial fluid, collagen-proteoglycan matrix,
etc.) is rich in water and constitutes a significant part of
the human body. It is important to investigate the
water uptake of the PVA-S-CNC foams. The results of
the water uptake are shown in Fig. 6. All foams had
very fast water uptake (300-500 %) after immersing
them into water for 10 min. 10PVA-S-CNC foams
showed a higher water uptake than the 120PVA-S-
CNC foams. After 7 days immersion, the water uptake

Wu (%)

10PVA-S-0CNC

—-10PVA-S-0.5CNC  —*—10PVA-S-1CNC
—-10PVA-S-1.5CNC  —©~10PVA-S-2CNC

0 20 40 60 80 100 120 140 160 180 200
Time (hours)

Fig. 6 Water uptake of 10PVA-S-CNC foams (fop) and 120PVA-S-CNC foams (below) with five different CNC contents, and a
picture of 10PVA-S-CNC foams with 2 % CNCs (left) and 0 % CNCs (right) after 24 h water absorption
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of 10PVA-S-CNC foams was in the range of
400-1000 %, compared to that of 120PVA-S-CNC
foams (300-500 %). Most of the 10PVA-S-CNC
foams reached an equilibrium water uptake after
24 h, except the 10PVA-S-OCNC foam. It seems that
the water uptake ability of 10PVA-S-CNC foams is
mainly dependent on the density, corresponding to
size and amount of the pores. The foams with lower
bulk density have more big pores in the structure
(Fig. 6), which results in higher water uptake. Fur-
thermore, in the foams with higher density, there were
a lot of starch granules in the structure. This caused
fewer pores in the foam structure, which also resulted
in lower water uptake. The 120PVA-S-CNC foams
almost reached equilibrium of water uptake after 24 h.
There was a slight increase of about 50 % after 7 days.
Considering 120PVA-S-CNC foams have similar

a | T T T T
——T10PVA-S
60 10PVA-S-0.5CN(] !
10PVA-S-1CNC P
- - - - 10PVA-S-1.5CNQ
< 451 -~ 10PVA-S-2CNC K
[a¥ 4
M ’
Nt
17 ot
g 304 e 4
n i
15-
0] ==
0 15 30 45 60 75
Strain (%)
T T T T
1204 —120PVA-S j
120PVA-8-0.5CNQ 7
100 4 120PVA-S-1CNC S
- - - - 120PVA-S-1.5CN( 1
= | b 120PVA-S-2CNC /
£ 80 7 ]
-
N
2 60
2
& .
40 -
20 - .
0+
T T T T T
0 15 30 45 60 75
Strain (%)

Fig. 7 Stress—strain compressive curves for CNC reinforced
PVA foams with a 10 s and b 120 s initial reaction time
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density, the difference in water uptake can be inferred
as such by the effect of CNC addition. When CNCs
were added, interactions between PVA and CNC free
hydroxyl groups to form hydrogen bonding may occur
(Peresin et al. 2010). When a small amount of CNCs
was added, the interactions resulted in lower amounts
of free hydroxyl groups in the foams to interact with
water molecules, and further decreased the ability of
water uptake. However, when a larger amount of
CNCs was added, after interactions of PVA and CNC-
free hydroxyl groups, there were still large amounts of
free hydroxyl groups on CNC surfaces, which were
able to interact with water molecules. In this regard,
the water uptake of 120PVA-S-CNC foam increased
with the addition of a greater amount of CNC.

Mechanical properties

Stress—strain behavior of PVA foams with different
CNC contents and initial reaction times conducted at
37 °C are shown in Fig. 7. The deformation mecha-
nism of the foam can be separated into three different
phases during compression (Ashby and Medalist
1983; Pampolini and Piero 2009). At the early stage
a linear-elastic region appears, where the cell walls
start to bend. After this, there is a plateau-like state,
corresponding to the buckling of cell walls. When the
foam is further compressed to a higher strain, its
volume decreases and the cell walls begin to collapse,
showing a significant increase in the stress. In this

Table 3 Mechanical properties of PVA foams with different
CNC contents and with 10 and 120 s reaction times in wet
conditions

Materials Compressive Compressive
strength at 70 % modulus (kPa)
strain (kPa)

10PVA-S 6.7+ 12 75 +28

10PVA-S-0.5CNC 102+ 1.5 19.5 £ 4.8

10PVA-S-1CNC 226 £24 379 £ 2.7

10PVA-S-1.5CNC 582 £ 4.1 432 £63

10PVA-S-2CNC 435 £ 38 37.8 £ 3.5

120PVA-S 652 + 4.8 65.1 £ 14.2

120PVA-S-0.5CNC 784 £ 29 99.6 &+ 37.9

120PVA-S-1CNC 87.2 £ 6.0 96.61 &+ 37.9

120PVA-S-1.5CNC 114.6 &£ 2.5 70.8 &+ 30.5

120PVA-S-2CNC 70.7 £33 85.0 £ 30.4
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work, the foams with a longer initial reaction time
showed higher mechanical properties than those with a
shorter time. Considering the interaction between
PVA and CNC was the same, this is due to the higher
density of the foams with smaller pore sizes obtained
by longer initial reaction time, as discussed in the
previous section. A compressive stress value of
6.7 kPa can be obtained from 10 PVA-s, while that
of 65.2 kPa was measured from 120 PVA-s. With the
addition of CNCs, compressive strength and modulus
of the PVA foams increased, as summarized in
Table 3. With 1.5 wt% CNCs, both foams with 10
and 120 s reaction times showed the highest com-
pressive strength. Values of 58.2 and 114.6 kPa were
obtained from the compressive strength of PVA foams
with 1.5 wt% CNCs with the initial reaction time of 10
and 120 s, respectively, while the compressive
strength of the neat PVA foams with the initial
reaction time of 10 and 120 s was only 6.7 and
65.2 kPa, respectively. Compressive strength and
modulus of the foams decreased when the content of
CNCs was higher than 1.5 wt%. Similar decrease was
observed for mechanical properties of the PVA foams
with the content of hydroxyapatite more than 1.5 wt%
(Gonzalez and Alvarez 2014).

Also, the polyurethane foams reinforced with
CNCs showed the same behavior, with increasing
CNC contents (Zhou et al. 2015). At low concentration
of CNCs, the compressive strength and modulus of the
foams were improved due to the good dispersion of
CNCs, and strong interaction between PVA and CNC.
With the higher CNC content, however, values of the
compressive strength and modulus of the foams were
reduced. This decrease can be because of aggregated
CNCs because of high viscosity and difficulties to
disperse the CNCs.

These materials were further studied to understand
their reversible properties. Figure 8 shows three
compression loading—unloading cycles up to 70 %
compressive strain with a 5 min relaxation time
between each cycle. It is worth noting that the first
loading cycle showed the highest stress, the stress
decreased slightly for the subsequent cycle with the
same strain. This decrease could be caused by the
collapse or the breakage of the pore structure. After the
first cycle, similar stress—strain behavior could be
observed for all types of foams, meaning no further
change of the pore structure (Harrass et al. 2013). This
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indicates that the foams prepared in this work could
withstand the load at 70 % strain and recover to the
original point. These deformation results indicate that
foams prepared in this study perform like rubber-like
materials and the foam behavior under cyclic defor-
mation shows a change in mechanical properties with
anumber of cycles (Gong et al. 2005; Cantournet et al.
2009; Drozdov 2009). This behavior can also be
observed in polyurethane foams (Gong et al. 2005) and
hydrogels (Harrass et al. 2013).

Conclusions

PVA foams reinforced with different CNC contents
were successfully prepared using crosslinking tech-
nology. Two different initial reaction times (10, 120 s)
were applied. The initial reaction time was found to
have a significant impact on the foam properties. A
wide range of pores ranging in size from a couple of
micrometers up to about I mm was observed. 10PVA-
S-CNC foams had obviously more and bigger pores
than 120PVA-S-CNC foams; however, 120PVA-S-
CNC foams had a more homogenous surface structure.

Because of the formation of bigger pores with
shorter initial reaction time, 10PVA-S-CNC foams
showed lower bulk density but higher water uptake
ability compared to the foams with 120 s reaction
time. The addition of CNCs to PVA resulted in the
decrease in pore size and, subsequently, also in the
decrease in water uptake and increase of the density.

Mechanical properties of foams were also affected
by the presence of CNCs. Foams with 1.5 wt% CNCs
showed the highest values of compressive strength
(58.2 and 114.6 kPa for 10 and 120 s-initial reaction
times), while compressive stress values of 6.7 and
65.2 kPa were obtained from the PVA foams without
CNCs. However, with higher CNC content than 1.5
wt%, the mechanical properties of the foams
decreased due to the aggregation of CNCs. Notably,
the compression loading—unloading testing showed
that after the foam is compressed to 70 % strain, it can
resume its original shape and it can possibly be
compressed again.

These results show that biocompatible PVA foams
prepared in this study are promising materials for soft-
tissue engineering applications because of their
improved mechanical properties in wet conditions.
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