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Abstract Recent emphasis on the pilot scale pro-
duction of cellulosic nanomaterials has increased
interest in the effective use of these materials as
reinforcements for polymer composites. An important,
enabling step to realizing the potential of cellulosic
nanomaterials in their applications is the materials
processing of CNC/polymer composites through mul-
tiple routes, i.e. melt, solution, and aqueous processing
methods. Therefore, the objective of this research is to
characterize the viscoelastic behavior of aqueous
nanocomposite suspensions containing cellulose
nanocrystals (CNCs) and a water-soluble polymer,
poly(vinyl alcohol) (PVA). Specifically, small ampli-
tude oscillatory shear measurements were performed
on neat PVA solutions and CNC-loaded PV A suspen-
sions. The experimental results indicated that the
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methods used in this study were able to produce high-
quality nanocomposite suspensions at high CNC
loadings, up to 67 wt% with respect to PVA. Addi-
tionally, the structure achieved in the nanocomposite
suspensions was understood through component
attributes and interactions. At CNC loadings near
and less than the percolation threshold, a polymer
mediated CNC network was present. At loadings well
above the percolation threshold, a CNC network was
present, indicated by limited molecular weight depen-
dence of the storage modulus. Overall, these results
provide increased fundamental understanding of
CNC/PVA suspensions that can be leveraged to
develop advanced aqueous processing methods for
these materials.

Keywords Poly(vinyl alcohol) - Cellulose
nanocrystals - Rheology - Nanocomposite - Cellulose -
Viscoelasticity

Introduction

Cellulose nanocrystals (CNCs) are nanoscale fibers
derived from cellulose structures found in plant
sources such as wood, hemp, cotton, and linen (Postek
et al. 2011) as well as organisms such as bacteria,
tunicate, and algae (Khalil et al. 2012; Moon et al.
2011; Ramires and Dufresne 2011). Depending on the
cellulose source material, CNCs (Lahiji et al. 2010)
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have widths between 3 and 50 nm and lengths over a
greater range, from 50 nm to greater than 1 um
(Abitbol et al. 2011; Beck-Candanedo et al. 2005;
Dong and Gray 1997; Moon et al. 2011). Based on the
theoretical mechanical properties of crystalline cellu-
lose, the strength and modulus of CNCs are expected
to be high, approximately 7.5 GPa (Reising et al.
2012) and 100-220 GPa (Hossain et al. 2012; Labhiji
et al. 2010; Moon et al. 2011; Reising et al. 2012;
Silverio et al. 2013; Wu et al. 2013), respectively.
Combining these anticipated mechanical properties
(Abitbol et al. 2011) with their relatively low density
and their potential to be produced from renewable
sources makes them an attractive filler for polymer
composites.

Many CNCs are hydrophilic and can form
stable suspensions in water. Therefore, they do not
have a high level of inherent compatibility with many
widely used polymers in their native state. Their
hydrophilic nature has led to studies of CNC compos-
ites with water-soluble matrices such as poly(vinyl
alcohol) (PVA) (Abitbol et al. 2011; Fortunati et al.
2013; Frone et al. 2011; Mihranyan 2013; Pakzad et al.
2012a, b; Peresin et al. 2010; Roohani et al. 2008;
Silverio et al. 2013; Uddin et al. 2011a, b; Yang et al.
2013). PVA is a synthetically-derived, flexible, water-
soluble, biodegradable, and non-toxic polymer (Gao
etal. 2010; Kim et al. 2004; Lyoo et al. 2006; Song and
Kim 2004) as well as the most widely produced
synthetically derived water-soluble polymer (Roohani
et al. 2008). It is most commonly synthesized from a
poly(vinyl acetate) precursor via free-radical poly-
merization in the presence of alcohol. PVA is used in a
variety of industries including the medical, packaging,
and food industry as well as paper manufacturing
(Chiellini et al. 2003; Jiang et al. 2011; Lyoo et al.
2006; Ram and Mandal 2004). Additionally, chemi-
cally cross-linked PVA is used as a membrane in fuel
cells, waste water treatment (Bolto et al. 2009) and
tissue scaffolding (Scholten et al. 2011) due to its
barrier properties against oxygen and aromatic com-
pounds as well as its resistance to many solvents and
oils (Huang et al. 2010; Maiti et al. 2012; Pakzad et al.
2012a; Wang and Hsieh 2010). It has also been used in
for biomedical applications such as tissue mimicking,
cell culturing, and vascular implants (Jiang et al.
2011).

Based on the wide application spectrum of PVA
and the hydrophilic nature of CNCs, CNC/PVA
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nanocomposites present a potentially sustainable
option for materials development and design in the
nanocomposite field as these nanocomposites are
predicted to be light-weight, biocompatible, and
biodegradable materials. Beyond CNCs, research has
been conducted on cellulose/PVA composites and
nanocellulose/PVA composites for a multitude of
applications. In terms of mechanical properties, tensile
strength and modulus was seen to increase by about 13
and 34 %, respectively with the addition of 3 wt%
microfibrillated cellulose into a neat PVA matrix
(Tanpichai et al. 2014). In addition, the incorporation
of bleached softwood Kraft microfibers (MF) toaPVA
matrix has resulted a doubling of tensile strength and
2.5 times increase in stiffness with only 5 wt% loading
(Chakraborty et al. 2006). Measurement of the
dynamic viscoelastic properties of microcrystalline
cellulose/PVA composites showed storage and loss
modulus values on the order of 10 kPa, appropriate for
orthopedic applications (Mihranyan 2013). The addi-
tion of microfibrillated cellulose (MFC) to a PVA
matrix has resulted in an increase in storage modulus
above the glass transition temperature (Lu et al. 2008)
as well as increased thermal stability (Qiu and
Netravali 2012) due to the slightly increased degra-
dation onset temperature. Bacterial cellulose (BC), a
type of CNC, has also been added to PVA hydrogels to
form nanocomposites with mechanical and morpho-
logical properties suitable for the replacement of
cardiovascular tissue (Millon and Wan 2006). Specif-
ically, mechanical tests indicated that BC/PVA hydro-
gels could be formulated to closely mimic the
anisotropic properties of the native tissue. Though
these cellulose and nanocellulose fillers show property
improvements when combined with PVA, CNCs are
believed to be beneficial as structural fillers compared
to other cellulosic particles due to their highly ordered
and rigid nature opposed to the large disordered
regions present in MFs and MFCs. For example, while
neat PVA shows light transmittance of almost 92 % at
500 nm wavelengths, neat cellulose nanofiber mats
have very low light transmittance around 7 %.
Through the addition of cellulose nanofibers to PVA,
composite films have been shown to have excellent
light transmittance at loadings up to 70 % cellulose
nanofiber with transmittance over 80 % in the wave-
length range of 500-800 nm (Tang and Liu 2008).
Additionally, wood-derived CNCs are available in
pilot scale quantities, unlike other types of CNCs,
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which allows for them to be studied more effectively
as fillers in polymer composites.

An important, enabling step to producing CNC/
PVA composites is the materials processing. Since
both components have an affinity for water, the
processing may be accomplished through methods
which use an aqueous medium. Thus, an understand-
ing of the rheological properties of the nanocomposite
suspension is needed to logically process these
materials and describe their interactions and structure;
however, the rheological properties of CNC/PVA
systems have been only briefly discussed in the
literature and center around physically bonded cyro-
gels produced though multiple freeze and thaw cycles.
Freeze/thaw cycles are of interest as they provide a
mechanism for producing porous polymer matrices
with a three-dimensional support system capable of
optical and tissue engineering applications. Through
the freeze/thaw method, stable PVA composite
sponges can be formulated though hydrogen bonds
serving as physical crosslinks (Wang et al. 2010).
Fibrous cellulose powder/PVA composites subjected
to freeze and thaw cycles with CNC/PVA weight per
weight ratios of 75/25, 50/50, and 25/75 displayed
solid-like behavior due to the high loadings of CNCs
(Chang et al. 2008). Additionally, physically cross-
linked freeze/thaw gels were also seen to exhibit rigid
character with high elasticity after CNC loading
(Mihranyan 2013). In a separate study, significantly
increased storage modulus with CNC loading in PVA/
starch freeze/thaw nanocomposite sponges was
observed and attributed to increased hydrogen bond-
ing between the hydrophilic matrix and fillers as well
as compaction of the polymer chains and CNCs during
freeze/thaw cycles (Wang et al. 2010). To compliment
these studies, the aim of this research is to more fully
understand the effect of CNCs on the rheological
behavior of PVA in a physically crosslinked gel
system without freeze and thaw cycles which may be
more applicable to large scale processing of these
materials with high CNC loadings and a wider range of
applications.

Methods and procedures
PVA polymers purchased from Sigma Aldrich with

weight average molecular weights of
31,000-50,000 g mol ™! (98-99 % hydrolyzed),

85,000-124,000 g mol ! (99+ % hydrolyzed), and
146,000-186,000 g mol ™" (99+ % hydrolyzed) were
used as received. The CNCs used in this work were
provided by the USDA Forest Products Laboratory and
received in aqueous suspension. The suspension had a
5.5 wt% solids loading. Similar wood-derived CNCs
used by the authors had an average length of
138 + 22 nm and average diameter of 6.4 + 0.6 nm
(Xu et al. 2013), resulting in aspect ratios between
approximately 16 and 27. In all nanocomposite suspen-
sions produced, deionized water was used as the solvent.
Neat PVA solutions and CNC/PV A nanocomposite
suspensions were prepared for rheological study by
heating deionized water to boiling using a hot plate
and adding PVA in quantities to produce solutions
with solids loadings of 15 wt%. The PVA solutions
were then stirred in a covered beaker for 1 h using a
Talboy overhead mixer model 134-1 at 1900 RPM
with a 5 cm diameter stainless steel propeller blade.
Nanocomposite suspensions were prepared by adding
the desired amount of CNCs to the previously
prepared PVA solutions at a temperature of 100 °C.
The CNCs were incorporated by stirring with the same
overhead mixer at 1900 RPM for 90 min. During
stirring, the nanocomposite suspensions were left
uncovered to allow excess water to evaporate to
obtain a final overall solids loading of 15 wt%.
Samples were made with all three PVA polymers.
After sample preparation, the CNC/PVA samples
were further treated using a centrifuge at a rotational
speed of 3000 RPM for 30 min to remove any visible
bubbles present after mixing. The solids loadings of
the neat PVA solutions and nanocomposite suspen-
sions were confirmed using thermogravimetric anal-
ysis (TGA) with a TA Instruments Q5000IR TGA.
Experiments were conducted in a nitrogen environ-
ment at a gas flow rate of 20 mL min~'. A nominal
sample mass of 20 mg was tested by heating the
samples from room temperature to 120 °C at
10 °C min~' followed by an isothermal step at
120 °C for 20 min. The solids loading was calculated
using the sample weight remaining at the end of the
isothermal step. Polarized light microscopy was
conducted to examine the morphology of each sample.
PVA solutions and nanocomposite suspensions were
cast onto glass slides and examined via polarized
microscopy using an Olympus BXS51 optical micro-
scope and 530 nm red wave plate. Additionally,
images were taken using a 8§ megapixel mobile phone
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camera (Motorola Droid Razr HD) to assess optical
clarity.

The sample nomenclature used in this paper is of the
general form WXY-Z where W indicates the polymer
molecular weight (L for 31,000-50,000 g mol~!, M
for 85,000-124,000 g mol ™!, and H for
146,000-186,000 g molfl), X indicates if the sample
is a neat PVA solution (N) or nanocomposite suspen-
sion (C), Y gives the PVA loading in weight percent,
and Z gives the CNC loading in weight percent. For
example, the nanocomposite suspension with the
31,000-50,000 g mol ™' PVA polymer, a PVA loading
of 10 wt% and a CNC solids loading of 5 wt% is
denoted as LC10-5. A listing of the samples prepared
and characterized in this work is given in Table 1.

Rheological experiments were performed using a
TA Instruments AR2000EX rheometer with a 25 mm
parallel plate fixture at 25 °C. After sample loading,
the gap was set to 1000 um, and a thin coating of
silicone o0il (Acros Organics) with viscosity of
150 mPa s was applied to the exposed sample surface
using a pipette to reduce water evaporation during
testing. Steady shear and small amplitude oscillatory
shear tests were performed. Steady shear tests were
performed following a pre-shear step at 1 s~'. Data
were collected from low to high shear rates. These
tests were conducted at times points of 1, 3, and 5 days
after sample preparation to determine if any changes in
solution structure due to aging were occurring.
Apparent viscosity values obtained from the steady

shear tests were corrected using the instrument
software to obtain the true viscosity data shown here.
Small amplitude oscillatory shear tests were per-
formed using the same rheometer at a strain of 1 %
following a pre-shear step at 1 s™'. This strain was in
the linear viscoelastic region as determined from strain
sweep measurements at 100 rad/s. Each test was also
conducted at time points of 1, 3, and 5 day after
sample preparation to determine the effect of aging on
dynamic behavior. Both steady shear and small
amplitude oscillatory shear tests were conducted on
neat polymer solutions while only small angle oscil-
latory shear tests was conducted on nanocomposite
suspensions. With the exception of the neat 85 K
sample at 3 days of aging, all tests were conducted at
least twice with new samples used for each test. Error
bars shown represent the spread in the experimentally
measured values.

Results and discussion

Polarized light microscopy images of a neat CNC
suspension, a neat PVA solution, and nanocomposite
suspensions are shown in Fig. 1. In these images,
isotropic regions appeared red or pink while aniso-
tropic regions appeared blue or yellow (Abitbol et al.
2011). As shown in Fig. 1a, b, the neat CNC and neat
PVA samples appeared largely isotropic. Figure Ic, d
show anisotropic regions in the CNC/PVA

Table 1 Neat PVA
solutions and

nanocomposite suspensions
used

PVA molecular weight (g mol™") Sample name CNC/PVA CNC wt% w.r.t. PVA
31,000-50,000 LN15-0 0 0
LCI12-3 0.25 20
LC10-5 0.5 33
LC7.5-75 1 50
LC5-10 2 67
85,000-124,000 MN15-0 0 0
MC12-3 0.25 20
MC10-5 0.5 33
MC7.5-7.5 1 50
MC5-10 2 67
146,000-186,000 HN15-0 0 0
HC12-3 0.25 20
HC10-5 0.5 33
HC7.5-7.5 1 50
HC5-10 2 67
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Fig. 1 Polarized light microscopy images of suspensions used for study: a Neat CNC suspension at 5.5 wt%, b Neat MN15-0, ¢ MC10-

5, d MC7.5-7.5

nanocomposite suspensions. In previous work by the
authors with CNC/waterborne epoxy composites (Xu
et al. 2013), aggregated CNCs appeared as discrete,
birefringent regions when observed with polarized
optical microscopy. Since no such features were
observed here, the CNC dispersion was assumed to
be homogeneous at this length scale, though CNC
aggregation at smaller length scales cannot be ruled
out.

The neat PVA solutions were characterized using
steady shear rheological measurements at aging times
of 1, 3, and 5 days. These data for the LN15-0,
MNI15-0, and HN15-0 are shown in Fig. 2. The
LN15-0 sample showed the least amount of shear
thinning of the three samples as well as limited
change in the viscosity at aging times beyond 1 day.
The MN15-0 and HN15-0 samples showed slight
shear thinning behavior as well as increased aging
behavior from 1 to 5 days indicated by the increase
in the magnitude of the viscosity. This increase in
viscosity with molecular weight was attributed to the
networks that were formed in PVA solutions. These
structures formed via two mechanisms: hydrogen
bonding between hydroxyl groups of PVA and water
and crystallite formation between PVA chains.

1000 | 05
o
3
® e o
e, e, f 0
100 4
T R S
© ooo..ff%ege L)
e Tse "“’2????%%%39%?222
Z 104 Toesees
w
o
2
>
14
BEBgg =)
llllIlllllEli-lllllllllllll-I.l
0.1 4
0.01 0.1 1 10 100 1000

Shear Rate (s?)

Fig. 2 Shear viscosity data for LN15-0 (square), MN15-0
(diamond), and HN15-0 (circle) at 1 day (black), 3 day (gray),
and 5 day (open) aging points. Little aging behavior was seen at
the lowest molecular weight while more significant aging was
seen at the higher molecular weights as well as more significant
shear thinning behavior at high shear rates

Crystallites formed when at least two PVA chains
aligned over several PVA molecular segments. These
segments interacted through hydrogen bonding and
van der Waals forces, forming aqueous crystalline
regions (Pritchard 1970). As the molecular weight of
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the PVA increased, crystallite formation, elasticity,
and viscosity also increased. The degree of crys-
tallinity provided by these junctions in aged PVA
solutions 1is typically low, less than 5 % for PVA
solutions with similar solids loading when measured
with X-ray scattering experiments (Holloway et al.
2013). Further increases in crystallinity can be
achieved through the use of freeze—thaw cycles
(Ricciardi et al. 2004), but that approach was not
used in this research.

The viscosity increase with aging time for the
LN15-0 sample at a shear rate of 1 s~" from 1 to
5 days was approximately 80 % while the correspond-
ing viscosity increase for the HN15-0 sample was
620 %. These trends were expected and attributed to
differences in entanglement density and network
formation for the different molecular weights studied
here. The rate of aging also generally decreased as
aging time increased. The decrease in aging rate in the
latter portion of the aging cycle was attributed to
increased compaction of the chains during the first
stage of aging as junction points between polymer
chains formed.

The shear thinning character of these solutions was
described by fitting the viscosity data to a power law
given by the equation below:

n(j) = myj"~! (1)

where #(7) is the viscosity as a function of shear rate, m
is the consistency index, } is the shear rate, and n is the
power law exponent. The values of m and n were
adjustable parameters in the fitting, and the value of
n was used to understand the shear thinning character
of the solutions. If n was equal to 1, the viscosity was
constant with shear rate, indicating Newtonian behav-
ior, and when n was less than 1, the viscosity decreased
with increasing shear rate, indicating that the material
was shear thinning. Smaller n values indicated a
greater degree of shear thinning. The values for n and
m for neat solutions as a function of aging time are
given in Fig. 3. Generally, the value of n decreased
with aging, indicating increased shear thinning char-
acter with increased aging times for the neat PVA
solutions. The value of m increased with aging,
consistent with network changes leading to increased
viscosity.

When CNCs were added to the polymer solutions,
the rheological behavior changed dramatically. As a
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Fig. 3 Values of power law exponent (n) and consistency index
(m) for neat PVA solutions

result of increased elasticity in the nanocomposite
suspensions, steady shear viscosity measurements
could not be performed on these samples. Small angle
oscillatory shear measurements of complex viscosity
(1), storage modulus (G') and loss modulus (G") were
used instead to characterize the viscoelastic behavior
of the nanocomposite suspensions and the CNCs’
contribution to these properties. For comparison, the
rheological properties of the neat PVA solutions were
measured again using small angle oscillatory shear
testing. The trends in complex viscosity as a function
of angular frequency were similar to the trends in
viscosity as a function of shear rate for the neat PVA
samples. Specifically, the value of the complex
viscosity was found to vary more with angular
frequency as the aging time and PVA molecular
weight increased. Due to the almost negligible elas-
ticity of the LN15-0 samples, small angle oscillatory
shear data were not able to be collected for this sample.

The first noticeable effect of CNC addition was
seen in the mitigation of aging behavior due to the
increased rigidity of the system with respect to the neat
polymer solutions. As shown in Fig. 4, the value of #*
changed less with aging time in the nanocomposite
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Fig. 4 Aging behavior of neat and nanocomposite suspensions
at 1 day (black), 3 days (gray), and 5 days (open) for neat
(square), C12-3 (diamond) and C5-10 (circle). Top (L samples).
Middle (M samples). Bottom (H samples)

suspensions than in the neat PVA solutions. Interac-
tions due to hydrogen bonding between CNCs and the
PVA as well as between CNCs restricted polymer
chain mobility and hindered increased polymer chain
entanglement, likely leading to less structural change
in the suspension with aging time. Conversely in the
neat PVA systems, the chains were free to rotate,
entangle, and form crystalline network junctions with
one another over time due to physical bonding
between the water molecules and the PVA chains
(Gao et al. 2010). The aging trends were assumed to be

largely related to changes in the polymer’s ability to
form physical bonds since previous work concerning
the aging of neat CNC suspensions did not show
substantial aggregation at storage times up to 375 days
(Beck and Bouchard 2014).

To understand this behavior more fully, a modified
power law based on #* was applied to the data:

n*—1 (2)

where 1*(w) is the complex viscosity as a function of
angular frequency, m* is the consistency index and n*
is the power law exponent for complex viscosity.
Figure 5 shows the value of n* as a function of aging
time for HN and HC samples. These results were
representative of the three PVA molecular weights
studied here. While distinct aging was seen in neat
polymer solution, the structure of the nanocomposite
suspensions changed less with increasing time, shown
by lesser changes in the value of n* as compared to the
neat PVA solutions. As CNC loading increased in the
suspension, the value of n* from 1 to 5 days of aging
time became nearly constant, indicating limited aging.

Analysis of the dynamic moduli data also led to
insights into the effect of adding CNCs to the PVA
suspensions. Figure 6 shows the dynamic moduli data,
G’ and G”, obtained for MN15-0 (neat PVA solution)
and MC12-3 (nanocomposite suspension). An impor-
tant difference was seen between these samples. For
MN15-0, the value of G” was greater than the value of
G’ for the range of frequencies measured, indicating
the sample was a concentrated solution and not a gel.
For the nanocomposite suspension shown (MC12-3),
the value of G’ was greater than the value of G” over
the range of frequencies measured indicating gelation
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Fig. 5 CNC contribution to sample aging shown with the
complex viscosity power law exponent (n*). Overall, the
addition of CNCs reduced aging in the suspensions
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had occurred. Additionally, the frequency dependence
of G’ and G” was weaker in the nanocomposite
suspension, suggesting that an elastic network was
formed in the suspension. All other nanocomposite
suspensions showed similar trends in G’ and G”, and
the frequency dependence of G’ and G” continued to
weaken with increasing CNC loading, shown for G’ in
Fig. 7.

The values of G’ for neat solutions and nanocom-
posite suspensions are shown for all three PVA
molecular weights in Fig. 7. From these data, two
different trends were seen, and they were related to the
polymer molecular weight and CNC loading. First, the
trends observed for G’ at lower CNC loadings were
dependent on the polymer molecular weight. For the L
molecular weight samples, G’ increased with increas-
ing CNC loading as the CNCs; however, the H
molecular weight samples saw a decrease in G’ with
increasing CNC loading. The M molecular weight
samples showed trends intermediate to the L and H
molecular weight samples. The trends observed for the
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three molecular weights were attributed to differences
in the nature of the neat polymer solutions. For the
LN15-0 solution, the rheological characterization
indicated that this solution behaved similarly to a
Newtonian fluid with little shear rate dependence of
the viscosity. This description was further supported
by the inability to perform a small angle oscillatory
shear experiment on the sample. Conversely, the
MN15-0 and HN15-0 solutions showed more elastic
character though their behavior was still more liquid-
like than solid-like. Therefore, the addition of CNCs to
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these solutions affected the value of G’ differently
because the neat PVA solutions at these molecular
weights were structured differently, i.e. CNCs were
able to more effectively reinforce the solutions that
were more liquid-like in character and had a more
complicated effect of solutions with more significant
elasticity. Second, the value of G’ at higher CNC
loadings was similar for nanocomposite suspensions
made with different polymer molecular weights. Since
the values of G’ at higher CNC loading showed little
dependence on polymer molecular weight, this result
suggested that the rheological response was related
more strongly to the structuring of CNCs in the
suspensions than any polymer or CNC-polymer net-
works present at the highest loadings used in this work.
In order to quantify the relative changes in the data
with increasing CNC content and polymer molecular
weight, the power law model presented earlier was
adapted again for use with the G’ data for the neat
polymer solutions and the CNC nanocomposite sus-
pensions from Fig. 7. This power law scaling of G’ has
been used with other concentrated polymer solution to
understand network structure in PVA solutions
(Kjgniksen and Nystrom 1996). The results are shown
in Fig. 8. The modified expression is shown below:

G(0) =m'o" (3)

where G'(w) is the storage modulus as a function of
angular frequency, n?’ is the consistency index, and n’
is the modified power law exponent storage modulus
behavior. The value of n’' gave an indication of the
differences in network behavior with lower values of
n' corresponding to a more rigid network in the
sample. As shown in Fig. 8, the value of n’ decreased
with increasing CNC content. At high CNC loadings,
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Fig. 8 Power law exponent (n) from storage modulus data

the value of n’ was between 0.07 and 0.09 for
nanocomposite suspensions made with all three
molecular weights, suggesting that the CNC networks
in the nanocomposite suspensions were structured
similarly at these loadings. To more fully understand
the network structures present in the samples, the
storage modulus data obtained from the lowest testing
frequency, 0.1 rad s_l, are shown in Fig. 9. Again, a
molecular weight dependent response was observed at
lower CNC loadings, and a molecular weight inde-
pendent response was observed at higher CNC load-
ings. These results further suggested that different
types of networks were present in the samples as the
CNC loading was changing and that the network was
structured similarly at the highest CNC loading.
Considering these data together, rheological char-
acterization of the neat PVA solutions and nanocom-
posite suspensions provided insight into the dynamics
and structure of the materials. Aging processes were
impacted by the addition of CNCs. Specifically, the
addition of CNCs reduced aging, suggesting that the
driving forces for phase separation between the PVA
and water were kinetically suppressed. In the neat
PVA solutions, aging occurred as junctions between
individual polymer chains formed over time leading to
microscale phase separation between the PVA and
water (te Nijenhuis 1997). These connections, either in
the form of polymer entanglements or microscale
crystalline junctions, increased the viscosity of the
solution and its elasticity (Pritchard 1970; te Nijenhuis
1997). CNCs appeared to impede the aging process by
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Fig. 9 Storage modulus values at a testing frequency of
0.1 rad s~! for each molecular weight. Data collected at 5 days
of aging were used. The data converged to a similar value at the
highest CNC loading for all PVA molecular weights used in this
work
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physically interacting with the PVA and reducing its
ability to form polymer junctions. All of the CNC
concentrations used here were high enough to suppress
these aging processes over the time scale of observa-
tion, leading to the need to understand more fully their
structuring in the nanocomposite suspensions.

With regard to structure, the data obtained sug-
gested that for the CNC loadings studied in this paper,
networks were present in all of the nanocomposite
suspensions. Network formation was indicated by the
solid-like behavior of the nanocomposite suspensions,
i.e. G’ was generally greater than G” at all frequencies
used in the tests (data not shown). Conversely, the neat
PVA solutions at each molecular weight appeared to
be more liquid-like, though junctions between poly-
mer chains in the form of entanglements or small
crystallites would have been present (Pritchard 1970;
te Nijenhuis 1997). Network formation dramatically
increased the viscosity and elasticity of the suspen-
sions with respect to the neat PVA solutions as would
be expected. However, trends in G’ data indicated that
the type of network present in the sample was
dependent on the CNC loading. For nanocomposite
suspensions with PVA-CNC compositions of 12-3
and 10-5, the rheological response suggested that the
network present in the material was composed of CNC
and PVA with the polymer chains or their entangle-
ments connecting CNCs. The stiffness of these
polymer mediated junctions was directly related to
the molecular weight of the polymer, as indicated by
the values of G’. Specifically, the values of G’
generally decreased with increasing CNC concentra-
tion for nanocomposite suspensions made with the H
polymer, whereas the opposite trend was observed for
nanocomposite suspensions made with the L polymer.
These trends indicated that as the polymer molecular
weight increased the polymer mediated CNC network
became more robust. For nanocomposite suspensions
with PVA-CNC compositions of 7.5-7.5 and 5-10, the
rheological behavior suggested a network composed
primarily of CNC with polymer mediated junctions
playing a lesser role. This network structure was
indicated by similar values of G’ in the samples made
with all three polymer molecular weights. The stiff-
ness of this network was in some cases less than that of
the polymer mediated CNC network, suggesting that
entanglements and/or crystalline junctions present in
the H and M samples were stiffer than CNC-CNC
interactions. Overall, these trends indicated that more
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effective reinforcement was attained for lower molec-
ular weight polymers; however at appropriate CNC
concentrations, polymer mediated junctions can syn-
ergistically stiffen the nanocomposite gel.

This transition between network types approxi-
mately corresponded to the CNC percolation thresh-
old. The percolation threshold was estimated using
CNC aspect ratios between 15 and 30. These values
were used since they correspond to dimensional data
reported for similar wood-based CNCs used by the
authors previously (Xu et al. 2013). Using this
aspect ratio range, the percolation threshold was
estimated to be between CNC volume fractions of
0.023-0.047. The percolation threshold values were
calculated as 0.7 divided by the CNC aspect ratio
(Favier et al. 1997). For the nanocomposite suspen-
sions studied here, the volume fractions for PVA—
CNC loadings of 12-3, 10-5, 7.5-7.5, and 5-10
were 0.019, 0.031, 0.048, and 0.064, respectively.
Therefore, polymer mediated networks played a
greater role in determining the rheological response
at CNC loadings slightly below or near the perco-
lation threshold, and CNC networks determined the
rheological response at CNC loadings well above
the percolation threshold.

Conclusion

Neat PVA and CNC/PV A nanocomposite suspensions
were studied to provide insight into water-based
processing of these materials at high CNC loadings.
The results of these experiments indicated that CNC/
PVA suspensions with loadings of up to 67 wt% CNC
with respect to PVA could be produced via relatively
simple water-based solution processing methods.
Using rheological characterization, elements of the
structure of the CNC/PVA suspensions were inferred.
Specifically, these data suggested that two types of
networks were present in these materials, polymer
mediated CNC networks at lower CNC loadings and
CNC networks at higher CNC loadings, and the
transition between these networks was related to the
CNC percolation threshold. Using these results, it is
envisioned that nanocomposite suspensions contain-
ing physically bonded networks may be processed in
similar methods to polymer melts, ultimately leading
to more scalable processing strategies for these
materials. This topic is the focus of continuing
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research by the authors and will be reported in a
subsequent publication.
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