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Abstract Bionanocomposites of hydroxypropyl cel-
lulose (HPC) and nanofibrillated cellulose (NFC) were
prepared by solution casting. The various NFC were in
form of powders and were prepared from refined,
bleached beech pulp (RBP) by mechanical disintegra-
tion, optionally combined with a pre- or post mechan-
ical carboxymethylation. Dynamic mechanical
analysis (DMA) and tensile tests were performed to
compare the reinforcing effects of the NFC powders to
those of their never-dried analogues. For unmodified
NFC powders an inferior reinforcing potential in HPC
was observed that was ascribed to severe hornification
and reagglomeration of NFC. In contrast, the com-
posites with carboxymethylated NFC showed similar
behaviors, regardless of the NFC suspensions being
dried or not prior to composite preparation. SEM
characterization confirmed a homogeneous dispersion
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of dried, carboxymethylated NFC within the HPC
matrix. These results clearly demonstrate that drying of
carboxymethylated NFC to a powder does not decrease
its reinforcing potential in (bio)nanocomposites.
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Introduction

The general awareness of the increasing need for
environmentally benign materials in building and
construction, automotive and packaging at low cost
has promoted a drastic increase in the research
activities towards composites based on renewable and
sustainable plant fibers (Hubbe et al. 2008). Among
all biopolymers, cellulose is the most abundant and
combines high strength and stiffness with low density
and biodegradability (Zadorecki and Michell 1989;
Couderc et al. 2009). Its inherent mechanical prop-
erties arise from f-1,4 linked glucopyranose chains,
aligned into highly ordered (crystalline) domains by
intra- and intermolecular hydrogen bonds. These
crystallites are linked by amorphous domains to form
bundles of fibrils (Azizi Samir et al. 2005).
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Successful isolation of cellulose fibrils with diam-
eters below 100 nm is usually done by applying high
shear forces to an aqueous suspension of never-dried
cellulose pulp (Turbak et al. 1983; Herrick et al.
1983; Wagberg et al. 1987; Yano and Nakahara 2004,
Zimmermann et al. 2004; Jonoobi et al. 2009). In
order to enhance disintegration rate and lower energy
consumption, chemical (Wagberg et al. 1987; Saito
et al. 2006) and enzymatic (P4dkko et al. 2007) pre-
treatments were applied. However, the yielded sus-
pensions of nanofibrillated cellulose contain large
amounts of water. Therefore, they suffer from
bacterial degradation, require large storage facilities
and generate high transportation costs. These rami-
fications could be avoided by preparing nanofibril-
lated cellulose (NFC) in powder form. However,
simple drying of cellulose pulp from an aqueous
suspension leads to irreversible agglomeration of the
fibrils, called hornification (Scallan and Tigerstrom
1992; Laivins and Scallan 1993; Young 1994; Hult
et al. 2001). This problem can be solved by
functionalization of cellulose hydroxyl groups
with carboxymethyl groups in their sodium form
(Lindstrom and Carlsson 1982; Laivins and Scallan
1993). Following this approach, we recently reported
the preparation and characterization of water-redis-
persible, chemically modified NFC powders (Eyholzer
et al. 2010). The high interest in producing NFC in
powder form for industrial application is reflected by
several patents (Herrick 1984; Bahia 1995; Dinand
et al. 1996; Excoffier et al. 1999; Cantiani et al. 2001;
Cash et al. 2003; Bordeanu et al. 2008).

Nevertheless, the NFC starting material for
mechanical reinforcement of polymer matrices is still
predominantly used in form of never-dried aqueous
suspensions. Several studies showed its high reinforc-
ing potential on hydrophilic matrices like plasticized
starch (Dufresne and Vignon 1998), poly(styrene-co-
butyl acrylate) and poly(vinyl acetate) latexes (Azizi
Samir et al. 2004; Dalmas et al. 2007; Lopez-Suevos
et al. 2010), poly(vinyl alcohol) (Alemdar et al. 2009),
polyurethane (Seydibeyoglu and Oksman 2008), phe-
nol-formaldehyde resin (Nakagaito and Yano 2005)
and hydroxypropyl cellulose (Zimmermann et al.
2004). As compared to the neat matrices, these NFC
composites essentially showed increased thermal
stability, tensile strength and/or Young’s Modulus.
However, the preparation of composites containing
water-redispersed NFC in powder form without the
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drawbacks of hornification has not been reported so
far.

In this article, we present the elaboration and
characterization of composites containing water-
redispersed NFC powders and hydroxypropyl cellulose
(HPC). This highly interesting cellulose derivative
has been extensively analyzed regarding its ability to
form liquid crystalline (LC) mesophases (Werbowyj
and Gray 1976; Werbowyi and Gray 1980; Shimamura
et al. 1981; Suto et al. 1982, 1986; Charlet and Gray
1987) and displays high compatibility with cellulosic
nanofibers (Zimmermann et al. 2004; Johnson et al.
2009).

The aim of this work was to examine the effect of
drying conventional and carboxymethylated NFC on
their reinforcing potentials in HPC composites and
further understand the interaction between the differ-
ent phases. The composite films were characterized
by dynamic mechanical analysis (DMA) and tensile
testing and the results were compared to those from
HPC composites containing the never-dried NFC
counter-parts. Moreover, morphological characteriza-
tion was done using scanning electron microscopy
(SEM) to highlight the interactions at the fiber-matrix
interface and confirm the interpretation of dynamic
mechanical and tensile properties.

Materials and methods

Hydroxypropyl cellulose (HPC) with a molecular
substitution (MS) of 3.4-4.4 and a weight-average
molecular weight (M) of 100,000 was purchased
from Sigma-Aldrich Chemie GmbH (Steinheim,
Germany). The preparation of the various NFC
powders is described elsewhere (Eyholzer et al.
2010). Briefly, refined bleached beech pulp (RBP)
was carboxymethylated (c) and mechanically disin-
tegrated using a high-shear laboratory homogenizer.
In addition to RBP (untreated raw material), three
NFC products were obtained by changing the
sequence of the treatments (Fig. 1): NFC (mechan-
ically isolated from RBP) and c-NFC and NFC-c
(NFC that was carboxymethylated before and after
mechanical disintegration, respectively), each yielded
in the form of never-dried aqueous suspension and
dry powder (after solvent exchange to isopropanol/
ethanol 5:3 w/w and oven drying at 60 °C under
repeated stirring).
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Fig. 1 Schematic overview on the sample preparation routes.
In route 1 (left block), RBP was mechanically disintegrated
(NFC), followed by carboxymethylation (NFC-c). In route 2
(right block), the treatments were interchanged and RBP was
first carboxymethylated, followed by a mechanical disintegra-
tion step (c-NFC). White rectangles denote never-dried NFC
products (aq) and composites prepared thereof. Shaded
rectangles denote NFC products dried to a powder (s) and
composites prepared thereof

Preparation of composite films

Composite films with fibril loadings of 5, 10 and 20%
w/w were prepared at room temperature by mixing
appropriate volumes of a 2.0% w/w aqueous solution
of HPC with a 2.0% w/w aqueous suspension of the
various RBP and NFC products, using a blender (T
25 basic, IKA-Werke, Staufen, Germany). Samples in
powder form were redispersed in deionized water to
yield a 2.0% w/w aqueous suspension, prior to
mixing. The suspensions were then degassed under
vacuum, cast in silicon moulds and placed in a
laboratory hood. The films were left to dry for several
days and showed thicknesses between 40 and
150 pm.

Dynamic mechanical analysis

The viscoelastic properties of the prepared films were
studied by using a RS IIla Rheometrics System
Analyzer (TA Instruments, Delaware, USA) in ten-
sion mode. The composite films were cut into
rectangular specimens with 6.0 mm width and
45.0 mm length and dried by storage over silica gel
under vacuum for at least 3 days.

As HPC is very difficult to dry (Pizzoli et al.
1991), possibly remaining water on the samples was
removed by heating to 180 °C (140 °C for neat HPC
samples and 150 °C for samples containing 5% of
RBP, NFC or NFC-c) at a heating rate of 4 °C/min
and hold there for 2 min for equilibration. Dynamic
cooling scans were performed from 180 °C (140 and
150 °C, respectively) to —30 °C at a cooling rate of
2 °C/min and a frequency of 1 Hz. The purge gas was
dry air between 180 and 35 °C and gas nitrogen
below 35 °C. Initial load strain and initial static force
were set to 0.09% and 2.0 g, respectively. The static
force was set 15% higher than the dynamic force. The
upper limit for the applied load strain was set to
0.3%. Three scans were averaged for each sample.
The standard deviation in the DMA results (Figs. 2
and 3) shows the good reproducibility of the
measurements for the three specimens of one sample.

Tensile testing

Modulus of elasticity (MOE), nominal tensile strength
(0max) and tensile strain at break (¢) were determined
according to EN ISO 527-1:1996 with slight modifi-
cations. A Universal Testing System (Zwick 1474,
Ulm, Germany), equipped with a 1kN load cell was
used. Small dog-bone-shaped specimens were cut
from the composite films using a clicker press. The
specimens had an overall length of 75.0 mm, a width
of 12.0 mm at the clamping zone and a width of
4.0 mm at the stretching zone. The samples were
conditioned for at least 1 week at 35% relative
humidity and 20 °C. Elongation of the samples was
measured by optical strain detection. MOE values
were determined by the slope of the linear interpola-
tion line of the curves between 0.1 and 0.3% strain.
The initial cross head speed was set to 0.5 mm/min and
increased to 5 mm/min after the determination of the
MOE to minimize creeping of the samples. For each
sample, six replicates were measured. Of all 150
specimens measured, six replicates were rejected due
to failure of the specimen within the grips or error in
test procedure.

SEM characterization
The composite films were freeze-fractured in liquid

nitrogen and the surfaces were sputtered with a
7.0 nm platinum coating. The samples were observed
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Fig. 2 Viscoelastic
response of HPC films
reinforced with a untreated
RBP, b NFC, ¢ NFC-c and
d c-NFC. As a reference, E’
and tan delta of neat HPC
films are included in all
graphs
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The viscoelastic responses of all composites studied
in this work are presented in Fig. 2 (with storage

modulus E’ on top and tan ¢ below). Figure 2a shows
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the viscoelastic response of HPC composite films
reinforced with RBP. Figure 2b and c presents the
viscoelastic response of HPC nanocomposites from
route 1, containing mechanically isolated NFC and
NFC that was further treated by carboxymethylation
(NFC-c), respectively. Finally, Fig. 2d shows the
viscoelastic response of HPC nanocomposites from
route 2, containing NFC that was carboxymethylated
prior to mechanical disintegration (c-NFC). Fiber
loadings are marked with triangles (5% w/w), rect-
angles (10% w/w) and circles (20% w/w). Samples
containing dried and never-dried NFC products are
denoted with filled and open symbols, respectively. In
all DMA graphs, the viscoelastic response of neat
HPC films is included as a reference (inverted
triangles). All graphs show the same temperature,
storage modulus and tan ¢ scales in order to facilitate
comparisons between nanocomposites. Also, the
reproducibility of the viscoelastic response was very
good, as demonstrated by the nearly perfect overlap
of three repeat curves for each sample type.

Viscoelastic properties of neat HPC

The neat HPC films in Fig. 2a (inverted triangles)
show three regions that are separated by two relax-
ations, o, and o,,, both involving large-scale molec-
ular motion.

In the first region, ranging from —30 to 20 °C the
films exhibit a very high storage modulus which is in
the range of several GPa (Pizzoli et al. 1991). At
these temperatures, the bulk HPC consists of essen-
tially three distinct phases: a crystalline phase, a
disordered isotropic amorphous phase and a phase of
intermediate order which was described as a frozen
anisotropic amorphous phase (Rials and Glasser
1988; Pizzoli et al. 1991; Wojciechowski 2000). At
20 °C a first transition can be observed, indicated by
the peak in the tan ¢ curve. This T,-like transition
(Aspler and Gray 1982; Rials and Glasser 1988) was
attributed to the o, relaxation, denoting a devitrifica-
tion process of the disordered amorphous phase
(Pizzoli et al. 1991; Wojciechowski 2000).

The second region between 20 and 130 °C is
characterized by a relatively large drop in storage
modulus, exhibiting a remarkable softening of the
films. Around 130 °C a second T,-like transition
occurs with a strong increase in the tan ¢ intensity,
known as the o, relaxation (Pizzoli et al. 1991). This

relaxation was explained as the transition from the
frozen anisotropic phase to a mobile liquid crystal
thermotropic mesophase (Pizzoli et al. 1991;
Wojciechowski 2000).

In the third region above 130 °C, the storage
modulus decreases drastically and the neat HPC films
start to flow (Horio et al. 1988). At these tempera-
tures, the flexible side chains of HPC act like an
internal plasticizer, allowing the rather stiff main
chains some mobility (Gray 1983). Due to this
mobility, the main chains can orientate into a
cholesteric conformation, stabilized by the side
chains. Therefore, the molecular interactions of these
side chains have a significant influence on the liquid
crystal organization (Wojciechowski 2000). To avoid
plastic deformation of the neat HPC films in tensile
geometry, we limited data acquisition to 140 °C for
this sample.

Viscoelastic properties of composites reinforced
with never-dried (aq) NFC

To allow easier comparison, Fig. 3 shows the storage
modulus values of the neat HPC films and composites
with RBP and NFC products organized in columns at
three arbitrary temperatures, i.e. at —20 °C (below
the o, relaxation; Fig. 3a), at 75 °C (between the o,
and o, relaxations; Fig. 3b) and at 140 °C (above the
o, relaxation; Fig. 3c). White and dark columns
denote composites containing never-dried and dried-
redispersed cellulosic fillers, respectively.

As can be seen from the three diagrams, the
storage modulus of the composite films increased
with fiber loadings regardless of the treatment. Below
the o, relaxation at —20 °C, the increase in storage
modulus was generally small (Fig. 3a). At 75 °C,
after the o, relaxation (Fig. 3b) this increase becomes
more pronounced, but the strongest increase in
storage modulus with higher fiber loadings compared
to neat HPC was observed at 140 °C, after the oy,
relaxation (Fig. 3c). This later increase in storage
modulus was associated with the formation of a
highly rigid percolating network of fibrils (Dalmas
et al. 2007). The rigidity of this network arises from
strong hydrogen bonds and entanglements between
the fibrils.

Clearly, the tan ¢ intensity of all composites was
reduced with higher filler content over the whole
temperature range but most pronounced in the high
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Fig. 3 Storage moduli of HPC films reinforced with RBP and
NFC products at temperatures of a —20 °C, b 75 °C and
¢ 140 °C. White columns denote films reinforced with never

temperature region above 130 °C (Fig. 2). This
decrease in tan ¢ can (partly) be explained with the
increased volume fraction of the filler in the
composites. However, when comparing composites
with equal loadings of filler it can be observed that
the decrease in tan ¢ intensity depends on the filler
type, becoming more pronounced in the following
order: RPB < NFC < NFC-c < ¢-NFC (Fig. 2). This
suggests that the presence of the fillers (and the
percolating networks they form) promoted different
degrees of segmental restrictions of the molecular
motion of HPC chains, leading to an increase in E/
and a decrease in tan J. The efficiency of these
segmental restrictions may depend on surface chem-
istry (i.e. the availability of carboxylate groups
COO™), surface area to volume ratio and aspect ratio
of the filler (Johnson et al. 2009).
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dried NFC products. Dark columns denote films reinforced
with NFC products dried to a powder before compounding

It was earlier reported that carboxymethylation
prior to mechanical disintegration (c-NFC) enhances
the isolation of fibrils (Wagberg et al. 2008; Eyholzer
et al. 2010). This might lead to the production of
fibrils which are favorable in terms of the above
mentioned properties compared to chemically
unmodified NFC or RBP and therefore account for
more efficient segmental restriction of HPC molec-
ular motion.

Viscoelastic properties of composites reinforced
with dried (s) NFC

Similarly to the composites containing the never-
dried cellulosic fillers discussed above, an increase in
E' with the filler loading was observed for the
composites reinforced with dried RBP and NFC,
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regardless of the treatment (Fig.3a, b and c).
However, a clear difference was observed between
the films containing carboxymethylated (NFC-c and
¢-NFC) and those containing chemically unmodified
fibers (RBP and NFC). For all temperatures studied,
storage modulus values of samples containing redi-
spersed RBP and NFC were clearly lower than those
of their never-dried analogues. This effect can be
attributed to the hornification of RBP and NFC fibrils
upon drying (Eyholzer et al. 2010), leading to a
reduction of the fiber’s aspect ratio and the preven-
tion of a percolating network formation.

In contrast, films containing the dried NFC
products that were carboxymethylated (NFC-c and
c-NFC), showed an almost identical response as those
containing the never-dried fibers in the whole tem-
perature range (Fig. 3a, b and c). These results prove
that carboxymethylated NFC can be dried and
redispersed in water without affecting its mechanical
performance in a nanocomposite. To confirm this
suggestion, tensile tests were performed with speci-
mens obtained from the same composite films.

Tensile tests

Figure 4a shows the nominal modulus of elasticity
(MOE) of neat HPC and the composites containing
RBP and NFC products in dried and never-dried
condition. Once again, an increase in MOE with
higher fiber loadings was measured for the films
containing never-dried NFC products with a maxi-
mum increase for films containing 20% w/w of c-
NFC (of up to approximately three times compared to
neat HPC films).

In agreement with the data obtained from DMA,
drying of carboxymethylated NFC products (NFC-c
and c-NFC) did not lead to a significant reduction of
the reinforcing effect, in contrast to unmodified RBP
and NFC. Interestingly, films with dried NFC showed
decreasing MOE values with higher loadings. Once
again, this behavior was associated with an extensive
hornification of the mechanically disintegrated fibrils,
leading to films with poor homogeneity. The same
trends were observed when analyzing the nominal
strength values (o,.) of the composites (Fig. 4b).
Composites containing dried carboxymethylated
NFC products (NFC-c and c¢-NFC) showed similar
Omax Values as composites reinforced with never-
dried fibers, displaying almost 3 times higher values

than neat HPC. The displayed reinforcement is in the
same range as observed for composites of HPC and
never-dried NFC in an earlier publication (Zimmer-
mann et al. 2004).

Figure 4c shows the strain to break values of neat
HPC and the composites containing RBP and NFC
products in dried and never-dried condition. Neat
HPC films showed a strain to break around 20% with
a relatively large standard deviation that might
originate from the susceptibility of HPC towards
moisture (Pizzoli et al. 1991). A clear decrease of ¢
was found for all composites containing chemically
modified fibers (NFC-c and c-NFC), regardless of
being compounded in dried or never-dried condition.
This can be attributed to the rigidity of the incorpo-
rated fibrils. In agreement with the DMA results, the
tensile measurements therefore confirm that carbo-
xymethylated NFC products show the same reinforc-
ing effect in a HPC matrix, regardless of compounded
in dried or never-dried condition.

Characterization by SEM

Figure 5 shows SEM images of freeze-fractured sur-
faces of a neat HPC film (Fig. 5a) and composite films
containing 20% w/w of dried NFC (Fig. 5b) and 20%
w/w of dried c-NFC (Fig. 5c). Neat HPC showed grain
sizes in the micrometer range, as already reported in the
literature (Johnson et al. 2009). The composite film
containing dried NFC (Fig. 5b) showed voids and large
aggregations of fibrils (indicated by arrows), confirm-
ing the poor dispersion and the hornification of NFC in
the matrix. In contrast, the surface morphology of
composite films containing dried c-NFC was domi-
nated by the coherent structure of the fibrils. Their
orientation may suggest that the fibrils were deposited
in a layered structure during the slow evaporation of
water in the solution casting process. The uniform
structure may origin from a homogeneous dispersion
of the fibrils in the HPC matrix.

Conclusions

Bionanocomposites from hydroxypropyl cellulose
(HPC) with dried and redispersed nanofibrillated
cellulose (NFC) powders were prepared by solution
casting from water. The various NFC powders were
obtained by solely mechanical disintegration (NFC)
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Fig. 4 a Modulus of elasticity, b ultimate strength and
¢ elongation to break values of HPC films reinforced with
RBP and NFC products at room temperature, obtained from

Fig. 5 SEM images of freeze-fractured surfaces from a neat
HPC film, b composite film of HPC, reinforced with 20% w/w
of dried and redispersed NFC and ¢ composite film of HPC,

or in combination with pre- or post mechanical
carboxymethylation (c-NFC and NFC-c) of refined,
bleached beech pulp (RBP). The mechanical and
morphological properties of the composites were
analyzed by DMA, tensile tests and SEM imaging
and compared to those from composites prepared
with the same RBP products that were never dried.
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tensile tests. Open columns denote films reinforced with never
dried NFC products. Filled columns denote films reinforced
with NFC products dried to a powder before compounding

= —Sum—

reinforced with 20% w/w of dried and redispersed c-NFC. All
images are magnified 10,000x

DMA analysis and tensile tests showed that the
highest reinforcing effect was observed for films
containing ¢c-NFC, in terms of storage modulus (E'),
modulus of elasticity (MOE) and nominal tensile
strength (6,.x). Enhanced isolation of the fibrils may
account for the higher performance compared to the
films containing the chemically unmodified RBP and
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NFC fibers. In general, the mechanical response of
carboxymethylated NFC products in the composites
was independent of whether the fibrils were dried or
not prior to compounding. NFC without carboxylate
groups showed a strong decrease of its reinforcing
potential when dried before mixing with HPC due to
hornification. Consistently, SEM characterization of a
freeze-fractured HPC film containing dried c¢-NFC
showed a continuous and homogeneously dispersed
structure.

These results demonstrate that carboxymethylated
NFC preserves its mechanical reinforcing potential
when dried to a powder and redispersed in water.
Therefore, carboxymethylated and mechanically iso-
lated NFC in powder form has a high potential for
polymer reinforcement with increased shelf life and
easier handling compared to conventional NFC
aqueous suspensions.
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