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Poly(vinyl alcohol) (PVA) hydrogels produced using the freeze-thaw method have
attracted attention for a long time since their first preparation in 1975. Due to the
importance of polymer intrinsic features and the advantages associated with them, they
are very suitable for biomedical applications such as tissue engineering and drug delivery
systems. On the other hand, there is an increasing interest in the use of biobased
additives such as cellulose nanocrystals, CNC. This study focused on composite
hydrogels which were produced by using different concentrations of PVA (5 and 10%)
and CNC (1 and 10 wt.%), also, pure PVA hydrogels were used as references. The
main goal was to determine the impact of both components on mechanical, thermal,
and water absorption properties of composite hydrogels as well as on morphology and
initial water content. It was found that PVA had a dominating effect on all hydrogels. The
effect of the CNC addition was both concentration-dependent and case-dependent. As
a general trend, addition of CNC decreased the water content of the prepared hydrogels,
decreased the crystallinity of the PVA, and increased the hydrogels compression modulus
and strength to some extent. The performance of composite hydrogels in a cyclic
compression test was studied; the hydrogel with low PVA (5) and high CNC (10) content
showed totally reversible behavior after 10 cycles.

Keywords: poly(vinyl alcohol), cellulose nanocrystals, water absorption, thermograms, compression, load-unload
experiments

INTRODUCTION

A great number of studies were devoted to the structure and properties of PVA hydrogels. These
were obtained by freeze-thawing techniques, first prepared by Peppas (1975). Despite first being
prepared nearly half a century ago and commercial PVA cryogel material (Salubria™) being readily
available, the study on PVA hydrogels prepared by the freeze-thawing method is still in an early
stage of research. Table 1 shows the distinct research works on the PVA-based hydrogels obtained
by the freeze-thaw method (or so called cryogels). The authors are aware that there are plenty
of other publications on PVA-based materials produced by techniques other than freeze-thawing
(e.g., injection molding, film casting, etc.) as well as methods, which include the usage of chemical
cross-linking agents (for example, glutaraldehyde). However, the key interest of the authors was
freeze-thaw as a method, which allows the production of three dimensional porous structures with
the possibility to modify the network structure by a changing of freezing and/or thawing parameters
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(e.g., temperature and/or time). The formation of physical
hydrogels or cross-linking through shifts in temperature is a
unique feature of PVA as a synthetic polymer and it makes it
similar to natural biopolymers. By means of Table 1 the authors
would also like to point out that, even with the existing body of
work that has already been done, there are still questions that
arise when working with these materials.

As can be seen from the Tablel, it is quite difficult to
compare the results of different studies because of the difference
in polymer characteristics [degree of hydrolysis (DH), molecular
weight (Mw), and degree of polymerization (DP)] and the
difference in number and continuation of freeze and thaw (F/T)
cycles. The characteristics of PVA such as degree of hydrolysis
(DH), concentration (C), molecular weight (Mw and Mn),
and chain tacticity all affect the gelation process (Timofejeva
et al, 2017). Moreover, the importance of all these factors
on properties of hydrogel were clearly demonstrated in the
referred studies.

The great interest in the physically cross-linked PVA hydrogel,
prepared by the freeze-thaw method, can be explained by its
suitability to biomedical applications. Physically cross-linked
PVA hydrogels are used in different implantable devices, for
example, hydrophilic coating of catheters, tissue adhesion
barriers, nerve guides, and cartilage replacements (Baker et al.,

2012). Moreover, physically cross-linked PVA hydrogel has
similar characteristics to soft cardiovascular tissue (Millon et al.,
2006). It is also used as a drug loaded hydrogel (for example, in
wound dressing) (Koehler et al., 2018).

From the other side, there is increasing interest in nanosized
additives, especially in those that are bio-based, and their
uses for food packaging and biomedical applications, namely
drug delivery, wound dressing, and tissue engineering scaffolds
(Valdés et al., 2014; Du et al., 2019; Yang et al., 2020). According
to the Scopus database, the amount of publications on cellulose
nanocomposite hydrogels has increased from one in 2010 to 50
in 2019, among which very few papers were devoted to physically
cross-linked nanocomposite hydrogels. Nanosized cellulose is of
particular interest because it enables the production of hydrogels
with enhanced mechanical performance owing to its high
aspect ratio and surface area, in addition to its biocompatibility
and biodegradability (Curvello et al., 2019). The presence of
hydroxyl groups on the surface of nano-sized cellulose is
advantageous for physical cross-linking through the formation
of hydrogen bonding, which in its turn is one of the current
strategies in the functionalization of nanocomposite hydrogels
(Tu et al, 2019). Table2 shows examples of PVA/cellulose
nanocomposite hydrogels prepared by the freeze-thaw method
via physical cross-linking.

TABLE 1 | List of the most significant studies on pure PVA hydrogels obtained by F/T method.

PVA

F/T cycles

Studied properties

References

Mp = 88.8 kg/mol
DP, = 2,020

DH = 99.3%
C=25t0 15wt.%

1
(freeze at —20°C for 45 to 120 min and
thawing at 23 + 1°C for 60 to 720 min)

Scattering light intensity of
supermolecular PVA structures

Peppas, 1975

DP = 3,500
DH = 99.8%
C=5,10and 15 wt.%

110 10
(freeze at —15°C for 23 h and thaw at rt for
1h)

X-ray diffraction, tensile properties
morphology

Yokoyama et al., 1986

M, = 80.0 kg/mol
DH = 98.0%
C=15%

1,2,3,and 4
(freeze at —25°C for 16 h, and thaw at 5,
21, 35, 50°C)

Swelling, dynamic viscoelasticity

Urushizaki et al., 1990

M, =35.4 kg/mol
My = 79.2 kg/mol
DH = 99.6%
C=10and 15 wt.%

1t05
(freeze at —20°C for 1-24 h, and thaw at
23 4 1°C for up to 24 h)

Water uptake and water diffusion in
hydrogels, compressive creep
experiments

Stauffer and Peppas, 1992

M, = 35.74, 64.0 and 88.88 kg/mol
DH = 99.0 t0 99.8%
C=7,10,15wt.%

3to7
(freeze at —20°C for 8 h and thaw at 25°C
for 4h)

Swelling and dissolution, degree of
crystallinity (DSC), crystal size
distribution

Hassan and Peppas, 2000;
Hassan et al., 2000

Salubria™ PVA hydrogels in 0.9% saline
with water content of 75 and 80%

Cyclic F/T processing

Mechanical properties, shear and
compression loading

Stamen et al., 2001

My =115 kg/mol
DH = 98-99%
C=11wt%

1t0 10
(freeze at —22°C for 20 h, and thaw at
25°C for 4 h)

Crystallinity from XRD
NMR, DSC, rheological behavior

Ricciardi et al., 2003;
Riccardi et al., 2004a,b

My = 95.0 kg/mol
DH = 95%

15, 30 and 45 cycles (freeze at 0 °C for 8h
and thaw at 37 £ 2 °C for 16 h)

Crystallinity

Pramanick et al., 2012
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The latest trend, among PVA and nanosized additives is to use
the combinations of cellulose nanocrystals and chitin nanofibers
(Irvin et al, 2019) or boron nitride nanosheets (Zhang et al.,
2018). It has been recognized that nanosized additives affect the
properties of composite material. The selection of CNC as the
additive in this work was due to their numerous advantages
(Pilate et al., 2016), such as low cost, availability, renewability, and
exceptional physical and chemical properties.

In this study the impact of both poly(vinyl alcohol) polymer
and nanocrystalline cellulose on water absorption, and thermal
and mechanical properties of nanocomposite hydrogels was
investigated. Pure PVA hydrogels were prepared as references.
Important characteristics such as the initial water content of
material prepared and their microstructures were evaluated.
In addition, load/unload tests were conducted on a group of
composites containing 10 wt.% of CNC.

MATERIALS AND METHODS

Materials
The commercial grade PVA which had an average molecular
weight (Mw) of 89-98 kg/mol and a 99+4% degree of hydrolysis

was purchased from (Aldrich Chemistry). Cellulose nanocrystals
(2013-FPLCNC-0499) were provided by US Forest Service,
Forest Product Laboratory, Madison, USA. The product consists
of 10.3 wt.% suspension of CNC in water and it also contains 1.02
wt.% sulfur determined on the base of weight of dry CNC. An
AFM of highly diluted CNC dried on a mica plate was performed
using a Veeco Multimode microscope with the Nanoscope V
software in tapping mode. Figure 1 shows the image of the dilute
suspension as well as the length and height, which were measured
by using the “FibreApp” software.

Preparation of Composite and Reference
Hydrogels

The samples of the original CNC suspension were dispersed
in distilled water (stirred for 24h at 500 rpm) followed
by ultrasonication by using Ultrasonic Processor UP 2005
(Hielscher Ultrasound Technology) with the 0.5 cycle and 50%
amplitude for 10min. The amount of PVA polymer listed
in Table 3 was dissolved either in distilled water (for P5C,
and P;oCy reference samples) or in CNC dispersion at 90°C
under intensive stirring (500 rpm) for about 3 h; the completely
dissolved PVA and PVA/CNC solutions were transparent. The

TABLE 2 | PVA/cellulose nanocomposite hydrogels prepared by the freeze-thaw method.

PVA Additive F/T cycles

Studied properties References

M, = 124-186 kg/mol
C=75,10,12.5and
15 wt.%

Bacterial cellulose 0.15 to
0.61 wt.%

1 1o 6 cycles between 20 and —20°C
(0.1°C/min and 1 h holding time at 20°C)

Tensile testing, stress
relaxation, testing

Millon et al., 2006

My = 146-186 kg/mol
DH = 99+%
C=10wt.%

Bacterial cellulose 0, 0.30
and 0.85 wt.%
-20 °C)

1, 8 and 6 cycles between 20 and —20°C
(0.1 °C/min and 1 h holding time at

Unconfined compression
test, stress relaxation testing

Millon et al., 2009

My = 25.0 kg/mol
DH = 98.5 mol%
C=15gPVA/100g

CNC 0.75, 1.5, 3.0 wt.%

5 cycles (freeze at —20°C for 18 h and
thaw at RT for 4 h)

Compression testing,
swelling, DSC

Abitbol et al., 2011

My = 98.0 kg/mol TEMPO CNFs 10 wt.%

1 (freeze at —18°C overnight)

Morphology, dynamic
mechanical analysis (DMA)

Mihranyan, 2013

My = 146-186 kg/mol CNC 1 wt.%

1 (freeze at —20°C for 24 h)

Compression tests, DSC,
DMA

Tummala et al., 2019

Counts

3.0

FIGURE 1 | AFM image of diluted CNC sample (A) together with height (B) and length (C) distributions.

C 50

h=5.0nm+1.5nm L =122.6 nm +53.3 nm

Counts

0
40 80 120 160 200 240 280 320
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TABLE 3 | Composition of investigated hydrogels.

Sample Content of PVA, Content of CNC Number of F/T
w/v% w/w (dry PVA) % cycles
PsCo 5 - 3
PsC+ 5 1 3
PsCio 5 10 3
P10Co 10 - 3
P10C+ 10 1 3
P10C1o 10 10 3

slightly cooled melt (~30min kept at room temperature) was
poured into a plastic mold (16 x 16 x 10 mm?) with 14 sections
and kept there until it reached room temperature. After that,
the mold was placed in the freezer at —20°C for 24 h followed
by a 2h thawing step. The formation of crosslinks between PVA
chains appeared during the subsequent freeze-thawing steps. The
number of freezing/thawing (F/T) cycles was selected to be three
based on our previous experiments. After the last F/T cycle
was over, half of each composite and each reference hydrogel
samples were studied using DMA testing equipment preceded
by equilibration in a distilled water bath for the period of 3 days
(72h). The other half was subjected to freeze-drying followed by
different characterization procedures such as determination of
water absorption, DSC, and SEM studies.

Characterization
Initial Water Content and Water Absorption
Initial water content is the mass of water retained in hydrogel
after the manufacturing procedure has been completed and
measured as the difference between the mass of hydrogel in its
original state and the mass of dried hydrogel. Hydrogel samples
were freeze-dried using the Alpha 2-4 LD plus a freeze dryer at a
temperature of —40°C under a vacuum of 0.12 mbar for 48 h.
The freeze-dried hydrogels were then immersed in distilled
water for 3 days (in the case of P5C(_1(), hydrogels were kept
up to 7 days) and their weight was measured after 1, 3, 6, 24, 48,
and 72h (a total of 168h). Water absorption was expressed as
the mass of the hydrated sample to the mass of the freeze-dried
sample (g g !).

Differential Scanning Calorimetry (DSC)

The crystalline nature of composites prepared by the
freezing/thawing processes was studied using the differential
scanning calorimeter, Mettler Toledo DSC821e. For the standard
measurements, 5-10 mg of a freeze-dried composite sample was
placed in an aluminum pan and heated at 10°C/min from 20
to 250°C.

Crystallinity was calculated according to the equation:

AH,, — AH 100
Xe (%) = = x (1)
w
m

where AHy, and AH are the enthalpy of melting and cold
crystallization of composite samples, respectively, calculated as
the area of related DSC peaks, AH;¢ is the thermodynamic

enthalpy of 100% crystalline PVA, which equals 138.6J g}, and w
is the weight fraction of the PVA in the composite (Hassan et al.,
2000; Riccardi et al., 2004a).

Attenuated Total Reflectance—Infrared Spectroscopy
(ATR-IR)

The FTIR spectra of the freeze-dried hydrogel samples were
obtained with a PerkinElmer FT-IR Spectrometer Frontier
equipped with the ATR sampling accessory. Each spectrum was
an average of 10 scans at resolution 4 cm~! recorded in the range
of 4,000 to 400 cm ™.

Compression Tests

A compression test was performed by using the submersion
compression clamp on the DMA Q800 dynamic mechanical
analyzer (TA Instrument). Seven square-shaped samples (16 x
16 mm?) with a thickness of 6 mm were tested for each type
of composite. During the measurement samples were immersed
in distilled water. The following testing conditions were applied
in a quasi-static compression test: a compressive ramp of up
to 60% strain and a strain rate of 10% per min, a preload of
0.05 N was used. In a cyclic loading/unloading test 10 cycles were
continuously repeated. A relaxation time of 10 min was used in
between each loading/unloading cycle.

Scanning Electron Microscopy (SEM)

Cross-sections were obtained by fracturing the freeze-dried
samples in liquid nitrogen. The studied sample surfaces were
coated prior to microscopy by using a Bal-Tec MED 020 Coating
system with a tungsten target. A coating thickness of about 3—
5nm was obtained by applying a 6 x 107> mbar vacuum at
100 mA current for 20 s. A FEI Magellan 400 XHR-SEM scanning
electron microscope was used.

RESULTS AND DISCUSSION

Initial Water Content and Absorption of
Water by Dried Hydrogels

As this research concerns hydrogels, first of all, it is important to
define the content of water, because it is a main constituent of
the material itself and may affect its properties (Butylina et al.,
2016). As was described in the previous section, the samples of
hydrogel at the end of the last (third) T/F cycle were freeze-dried.
Table 4 shows the water content of the composite and reference
hydrogels as well as the change in the dimensions of samples
which lost their water upon drying.

The water content of the PsC_jg) hydrogels was higher
compared to the P;9C(y_10) hydrogels. The photos included in
Table 4 are representative of typical photos of as-prepared and
freeze-dried hydrogels belonging to the P5Cy_10) and P19Co—10)
groups, respectively. As it can be seen, the loss of water did
not dramatically change the shape of hydrogels with formulation
P5C(9—10) it may indicate that water was uniformly distributed
inside (or material was relatively homogeneous). In the case of
the P1oC(—_10) hydrogels, drying led to an increase in curvature
in the sample. This may indicate the heterogeneous nature or
uneven distribution of water inside the P19C(y_19) hydrogels.
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There are three types of water in PVA hydrogels: free water,
intermediate water, and bound water (Kudo et al., 2014). The
amount of free and intermediate water decreased when the
cross-linking density increased which, in physically cross-linked
PVA hydrogels, directly relates to the concentration of polymer
(Hatakeyama et al., 2005). Moreover, according to Auriemma
et al. (2006), there is a great difference in crystallization behavior
in 5 and 10% PVA solutions; 5% PVA had a uniform distribution
of liquid microphase.

The values of water absorption by composite and reference
hydrogels were evaluated in a period of 72h as presented in
Figure 2. As shown, most of the water was absorbed during the
first hour, after that the water absorption increased gradually.
Absorption is dependent on the composition of the hydrogel,
both the polymer content and CNC content affect it. The
formation of denser (less porous) networks in hydrogels with
higher polymer content could explain the decrease in water
absorption compared to those that have lower polymer content
(2.44g g7 v's 5.94¢g g~ ! after 1h of immersion for P;oCq and
P5Cy, respectively). An increase in CNC concentration also led
to a decrease of water absorption in composites, which was more
apparent at the beginning of the immersion experiment.

TABLE 4 | Water content of reference and composite hydrogels.

Samples Water content
based on
composition (%)

Water content Before and after freeze drying
measured (%)

PsCo 95.00 96.37 £ 0.12

The comparison of water absorption between the P5C_ o)
and P1oCy_10) graphs (Figure 2) revealed that the P19Cy_1o)
hydrogels had a consistent level of behavior: water absorption
reached its maximum level after 24h and then was constant.
In the case of the P5C(y_1p) hydrogels, similar behavior was
only found for the P5Cy reference hydrogel; water absorption
of the PsC; and P5Cjp composites continued to grow further
and at prolonged immersion [it was monitored up to 168h
(or 7 days)] didn’t reach equilibrium. Moreover, after 72h of
immersion the water absorption values of the PsC; and P5Cyg
composites exceeded that of the P5Cy reference (for example, for
the beforementioned samples, water absorption values measured
at the end of 168h period were 9.40 and 9.47g g~! against
8.02g g !, respectively). Earlier, Abitbol et al. (2011) showed that
the minimum time for equilibrium saturation increased with an
increase of CNC concentration in PVA hydrogels.

However, results obtained in this study cannot be directly
compared with the study done by Abitbol et al. (2011) due
to differences in the concentration and molecular weight of
the PVA polymer used, as well as the dimensions of the
hydrogel samples and the method of their preparation. The
characteristics mentioned above may affect the porosity and
crystallinity of the hydrogel, which are known to be dominating
factors in swelling/absorption behavior. The crystallinity and
morphology of obtained composites was studied using DSC and
SEM techniques and will be discussed in the following sections.

DSC Analysis

Thermograms obtained at both heating and cooling stages for
P5C(9—10) and P19C(g_1¢) hydrogels are shown in Figure 3.

The heating thermograms for P5Cy_jp) hydrogels
PsC1 94.95 95.56 + 0.17 . .
(Figure 3A) were characterized by the presence of a broad
PsCio 94.50 94.31 +0.27 . ) .
peak between 60 and 100°C which represents the evaporation
of residual water present in the sample. This peak was less
P10Co 90.00 91.32+0.08 obvious on the heating thermograms for P19C(_10) hydrogels
P10Cr 89.90 90.30 +£0.43 (Figure 3B), which can be explained by a lower content of water
P10C1o 89.00 87.97 £0.23 in these hydrogels. The sharp peaks at ~230°C correspond to
A B
107 ®P5C0 ®mP5C1 mP5C10 107  =mP10CO mP10C1 mP10C10
© o g -
o o
< c
(=] 2 6
g B
<] <]
@ @
2 2
© ©
3 ]
& K
s s
1 3 6 24 48 72 1 %) 6 24 48 72
Immersion time, h Immersion time, h
FIGURE 2 | Water absorption by reference and composite hydrogels: (A) PsCo_10) and (B) P1oCio-10).
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FIGURE 3 | Heating (A,B) and cooling (C,D) thermograms for the reference and composite hydrogels.
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the melting point of PVA polymer. The melting temperature
decreased in hydrogels with higher levels of CNC. Unusually,
the heating thermogram of P;oC; composite hydrogel was
characterized by the presence of a double melting peak (Tp;
= 230.7 and Ty = 224.4); this indicates the heterogeneity of
crystal population. The decrease in the melting point indicates
that interactions between CNC and the polymer resulted in
restricted movement of the polymer chains and hindered
the chain ordering that affects crystallinity. The crystallinity
(X+) values obtained for hydrogels can be placed in the
following order: 0.56/0.54/0.52/0.51/0.48 for the P1oCo/P5Co =
P5C1/P5C19/P19Ci1/P19Cio samples, respectively. The reduction
of crystallinity after CNC addition was more pronounced in
P10Co—10) hydrogels. A decrease in PVA crystallinity upon the
addition of different nanofillers (e.g., CNC, cellulose whiskers,
and nano silica) has been discovered in earlier studies (Roohani
et al,, 2008; Abitbol et al., 2011; Sun et al., 2018). In theory, a
reduction of crystallinity should decrease the strength of the
hydrogels and increase the swelling degree (in other words
water absorption) of the hydrogels. However, analysis of water
absorption behavior in PjoC(_19) hydrogels showed that
despite the low crystallinity of P1oC; and P;oCjo composites
their water absorption values were also lower compared to the
P19Cy reference, thus confirming that the relationship between
the different characteristics of composites seems to be very

complex. Torstensen et al. (2019) has assumed that the reduced
swelling of PVA/nanocellulose composites can be linked to
strong interactions between these two components as well as
strong bonding between the nanocellulose itself. An effect of
CNC addition on mechanical properties will be discussed in the
following section.

Moreover, analysis of cooling thermograms (Figures 3C,D)
revealed that the crystallization temperature of P5;C; and
P;oC; composites were 4.4-4.7°C higher than the crystallization
temperatures of other composite and reference samples;
this means that at low concentrations CNC can act as a
nucleating agent.

ATR-IR Analysis

The crystallinity of PVA in reference hydrogels (P5Cy and P19Co)
and in composite hydrogels was also assessed by using ATR-IR
spectra (Figure 4).

According to the literature, the absorption band in the range
1,141-1,145 cm~! serves as an indicator of PVA crystallinity
(Mallapragada and Peppas, 1996; Tretinnikov and Zagorskaya,
2012). There are two viewpoints on the origin of this band: the
first one suggests that it is associated with v(C-O) stretching
vibrations in COH groups of the crystalline phase, while the
second suggests that it results from a symmetrical C-C stretching
vibration within the carbon structures in the crystalline phase of
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PVA. The band at 1,093 cm ™! was used as a reference based on
a proposition made by Tretinnikov and Zagorskaya (2012). They
suggested that this band was most suitable as a reference due to its
similarity to the 1,144 cm™! band especially in cases of samples
with rough surfaces, which do not allow the ideal contact with the
reflecting element. The broad band at 1,093 cm ™! is assigned with
v(C-0O) stretching vibrations. The intensity of the crystallinity
band at 1,144 cm™! was normalized to the intensity of the C-O
stretching band at 1,093 cm™! and the results can be placed in
the following order: 0.539/0.466/0.460/0.440/0.439/0.388 for the
P19Co/P5Cy/P5C1/P5C19/P19C1/P19Cio hydrogels, respectively.
As can be seen, the order based on the ATR-IR spectra is similar
to the order obtained from the DSC results. However, in spite of
its high sensitivity for analyzing the different structural features
of polymer, this method is not suitable for direct determination of
degree of crystallinity. Composite hydrogels were characterized
by an increase in intensity of the following bands: the band at
~3,300 cm !, which is assigned to the O-H stretching of the O-
H groups both hydrogen bonded and non-hydrogen bonded, and
band peak in the region of 1,093 cm™! due to the contribution
of C-O stretching coming from the CNC (Qua et al., 2009).

The characteristic peaks at 1,055 and 1,027 cm™!, obtained
solely in composite hydrogels, were assigned to C-O and O-C-O
stretching vibrations in CNC (Abitbol et al., 2011).

Compression Test in Quasi-Static and
Cyclic Mode

In general, the stress-strain behavior of all studied hydrogels was
characterized by so-called “J” shape. The initial part of the stress-
strain curves corresponding to the PsC(y_jp) and P19C(y—1o)
group of hydrogels showed no difference between the different
samples inside the group, however, at higher strain levels, the
difference between samples becomes more pronounced. Table 5
shows the data on stress and modulus of studied hydrogels
obtained in quasi-stationary compression tests; the two levels
of strain were chosen to evaluate the performance of hydrogels.
The statistical treatment of results, which included ANOVA and
Tukey’s test and linear regression analysis (LRA), was carried out.

As can be inferred from Table 5, if the directions of significant
trends (marked with arrows) are scrutinized, the results are “case-
sensitive.” In general, the content of the polymer predetermines
the mechanical behavior of the composite, meaning that the
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FIGURE 4 | ATR-IR spectra of the reference and composite hydrogels: (A) PsCo_10) and (B) P1oCio—_10).-
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TABLE 5 | Compression strength and modulus of reference and composite hydrogels evaluated at two strain values of 30 and 50 %, and a linear regression model which

shows the impact of material composition on the properties.

Sample Compressive strength (kPa) Compression modulus (kPa)

At 30% strain At 50% strain At 30% strain At 50% strain
PsCo 0.70+0.12 214 +£0.28 4.56 £ 0.67 10.74 £ 0.45
PsC+ 0.64 £ 0.02 (NS) 2.42 4+ 0.26 (NS) 4.58 + 0.48 (NS) 15.90 £ 1.38 (S)
PsCio 0.83 £ 0.17 (NS) 2.61+0.37(S) 1 5.23 +0.78 (NS) 17.65 £3.90 (S)
P10Co 5.67 £ 0.61 25.66 + 2.81 51.74 + 4.97 183.46 + 14.46
P10Cq 9.47 +0.68 (S) 1 38.13 £3.16 () 1 72.62 +5.65 (S) 1 233.19 +£9.88 () 1
P10C1o 7.34+1.11(8) 1 29.55 + 5.53 (NS) 56.01 + 5.97 (NS) 150.26 £+ 26.56 (S) |
LRA
X1 =P, og0% = —6.09 + 1.35 X4 + 0.01 Xo Egzoo, = —49.80 + 11.07 X4 —0.20 Xo
Xo=C o509 = —26.15 + 5.75 X7 = 0.05 Xp Esoo, = —149.99 + 34.84 X4 —2.58 Xo

S corresponds to significant change (at probability level 0.05), NS corresponds to non-significant change (at probability level 0.05), and arrows show the significant trends in behavior:

4 corresponds to improvement and |, corresponds to decline.
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effect of CNC was less pronounced. An increase in concentration
of CNC to the level of 10% resulted in increased standard
deviations (variations) and may serve as an indicator of
amplified heterogeneity in gel structure. As was described in
the previous section, an increase in CNC concentration from
0 to 10 wt.% resulted in a decrease in hydrogel crystallinity.
As a rule, decreased crystallinity must lead to a decrease in
strength, however, it was not the case here. The decrease
in hydrogel strength caused by the decrease in crystallinity
may have been compensated by an improved interaction and

miscibility between the polymer and nanofiller (Abitbol et al.,
2011).

To study the reversibility of composite behavior, a sequence
of compression experiments consisting of 10 cycles, where load
is applied and subsequently taken away, were conducted. For
these experiments the P5C;o and P1oCjo composites were chosen.
The initial and last cycles are shown in Figure5, the curves
corresponding to other cycles were not included in the graphs
to make them easily readable and all shown curves stay between
the curves corresponding to the 1st and 10th cycle. Both types of

35T 1st cycle Load 3T 1st cycle Load
30 + = = =1st cycle Unload 30 1= - -1stcycle Unload
25 4 —— 10th cycle Load 25 L ——10th cycle Load
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FIGURE 5 | Hysteresis cycles of repeating compression experiments for PsC1o and P19C1o composite hydrogels.
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FIGURE 6 | (A) Modulus measured at strain level 30% as a function of the number of compression cycles for the PsC+o composite (blue bars) and P1oC1o composite
(white bars), and (B) change in thickness of composites.
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composites PsCyo and P19Cjo showed a hysteresis loop and the
loop did not disappear even after the tenth cycle of compressive
deformation. As it can be seen in Figure 5, the hysteresis loss
value calculated as the inner area surrounded by the hysteresis
loop were higher for P;oCyo compared to PsCyy composites (84
vs. 21); the values of hysteresis loss were only slightly decreased
with the increase in the number of cycles. An earlier study on
the physical PVA gels showed that hysteresis was not suppressed
after a repeated cyclic deformation at a reduction of 50% (Otsuka
et al,, 2012). Non-suppression of stress-strain hysteresis can be
used as a measure of hydrogel toughness (Zhao, 2014) and
there is tremendous demand for tough hydrogels in various
applications (e.g., artificial loadbearing tissues, oilfield packers,
hydrogel-based actuators, and soft machines).

Modulus values of the P5Cjy and P1¢C;¢ composites obtained
at 30% strain as a function of the number of compression
cycles are shown in Figure 6. The changes in thickness in
these composites during load/unload are included. The modulus

of the P;yCjo composite, similar to its stress value, increased
significantly with the increase in the number of applied
compression cycles (from 1 to 10). This improvement is likely
the result of the packaging (densification) of the structure in the
P19Cio composite. As a consequence of the release of loosely
bound water under compression, the decrease in the thickness of
the P1oCjo composite after 10 cycles was equal to 0.96 mm (14.3%
of its original value). The difference in behavior of the P5Cyq
and P;oCjo composites under cyclic compression experiments
can be explained by differences in their morphology (porosity)
and swelling ability. As has been demonstrated in our previous
research, the stress and modulus are strongly dependent on the
water content of composites.

SEM Analysis of P5C19 and P10C10

Composites
Figure 7 shows the cross-sections of the PsCjy and P;oCyo
composites, which are, in general, good representatives of all

FIGURE 7 | Scanning electron micrographs of composite hydrogels: (A,C) PsC1o and (B,D) P1oC1o.
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hydrogels belonging to the same group: P5Co—_10) or P1oC(y—10)-
As can been shown in our previous research, the content of
CNC did not change the morphology of composite hydrogels,
while the content of PVA polymer changed it drastically. It is
clear that the size of voids (pores) in the P1pCjo composite
was much smaller than the size of voids in PsCjy composites,
moreover all P;oC(_19) hydrogels were characterized by the
presence of dense (non-porous) areas as shown in the upper left
corner of Figure 7B. Pore structure (in Figures 7C,D) was very
much determined by the concentration of the polymer. The more
concentrated the polymer solution was the thicker the structure
of the pore’s walls became. A less concentrated PVA solution
caused pores to increase in size, this can be explained by the size
of the water-based ice regions formed during freezing.

On the general level, the microstructure of P5C(_q)
hydrogels was more uniform than the microstructure of
P10Co—10) hydrogels. The non-homogeneity in hydrogel
structure, as was mentioned before, can be responsible for the
irregular shrinkage of P19C(y_19) hydrogels and bend in dried
samples. P1gC(o—j9) hydrogels with dense structures are less
prone to absorb water, on the other hand they are more rigid
because water has a plasticizing effect. Moreover, the dense
package of the polymer chain in the P1oCjo composite makes
relaxation after the withdrawal of load more difficult.

CONCLUSION

In this work, the effect of both PVA polymer and cellulose
nanocrystals on various properties of composite hydrogels
produced by using the freeze-thaw method was investigated.
We were interested to study the P5C; and PsCjg composite
hydrogels, due to the fact that most referred studies on PVA
hydrogels were produced with PVA concentration of 10% or
higher, and it was expected that CNC would have a reinforcing
effect. As predicted, PsC(_jp) hydrogels had a higher water
content and a more porous structure than PIOC(O—IO)- Higher
water content and a less dense polymer network seems to be
the key reason for the lower compressive properties of the
P5Cy—10y hydrogels compared to P19Co—10) hydrogels. On the
other hand, water absorption of PsC(_jp) more than twice
surpassed that of the P19Co_10) hydrogels. The impact of CNC
was concentration-dependent as well as composite-dependent.
In general, the addition of CNC caused a reduction in water
content and crystallinity of the PVA. However, no increase in
water absorption (swelling) or decrease in compressive properties
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