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a  b  s  t  r  a  c  t

Cellulose  nanowhisker  foams  with  uniform  layer  structure  were  successfully  prepared  via  freeze  cast-
ing method.  Here,  we investigate  the relationship  between  freezing  rate,  slurry  concentration  and  the
microstructure  of  the porous  nanowhisker  architecture.  The  results  indicate  that  the  above  freezing
parameters  significantly  influence  the  microstructure  and  morphological  features  and  the  structures
obtained  could  have  numerous  applications,  including  scaffolds,  filters  and  specifically  as  a template  for
eywords:
ellulose nanowhiskers
oams
reeze casting
orous structure

dense multilayered  composites  after  infusion  with  a second  phase.
© 2011 Elsevier Ltd. All rights reserved.
ultilayered composites

. Introduction

Fabrication of materials with homogeneous and well defined
rchitectures has received increasing research interest owing to
heir broad applications such as tissue engineering, delivery matri-
es, green packaging, nanocomposites, and automotive industry
Hoepfner, Ratke, & Milow, 2008; Kim, Park, Kim, Wada, & Kaplan,
005; Rosenau, Liebner, Potthast, Haimer, & Wendland, 2007;
inhong, Dairong, & Xiuling, 2008). Several methods including
pin coating, layer-by-layer, freeze casting, and eutectic growth in
wo phase system has been utilized to organize micron/nano size
articles to obtain ordered structures. Among the different tech-
iques used, freeze casting has been shown as a versatile, easily

mplemented, and promising technique to build structures such as
caffolds, porous nanocomposites, and microwire networks with
ell aligned and controlled porosity (Barr & Luijten, 2010; Deville,

aiz, Nalla, & Tomsia, 2006; Deville, Saiz, & Tomsia, 2007).
Freeze casting technique involves freezing a liquid suspension

nd sublimation of the solvent there after under reduced pressure.
uring the freezing process, the suspended particles are organized
y rejection from the growing ice crystal front to the intervening
pace, which results in an ordered structure after sublimation. Fab-
ication of various materials by this technique suggests that the
nderlying principle of freeze casting is strongly dependent on sim-

le physics of ice crystals and the physical interaction between
he growing solidification front and the inert particles of the
lurry (Kawata et al., 2003; Tsioptsias, Stefopoulos, Kokkinomalis,
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Papadopoulou, & Panayiotou, 2008; Zhang et al., 2005). Depend-
ing on the choice of solvent, slurry formulation, and solidification
conditions, the final porosity and pore morphologies can be read-
ily tuned. However, the solidification conditions remain as the key
factor since all the features of porosity are created during this stage
and thereby, controlling the formation and growth of ice crystals
would yield materials with specific microstructure. For instance, in
case of unidirectional freezing, a porous structure with unidirec-
tional channel is obtained. In fact, this approach has been utilized
to prepare variety of ceramic structures such as silica fiber bundles,
tubular supports with radially aligned pores, micro-honeyecombs
as well as polymeric scaffolds (Mahler & Bechtold, 1980; Moon,
Hwang, Awano, & Maeda, 2003; Mukai, Nishihara, & Tamon, 2004).

Cellulose nanowhiskers, derived sustainably from biomass rep-
resent a relatively new raw material that has gained significant
attention due to their intrinsically appealing physical, chemical
as well as mechanical properties (Azizi Samir, Alloin, & Dufresne,
2005; Eichhorn, 2011; Gavillon & Budtova, 2008; Habibi, Lucia,
& Rojas, 2010). Cellulose nanowhiskers designate a class of rod
like nanoparticles which are mainly prepared by controlled acid
hydrolysis of native cellulose fibers. The size and properties of
nanowhiskers depend on the source and hydrolysis conditions of
cellulose fibers and typically are 5–10 nm in width and 100–300 nm
in length for wood-based nanowhiskers (Beck-Candanedo, Roman,
& Gray, 2005; Bondeson, Mathew, & Oksman, 2006). A number
of non-periodic highly porous structures known as aerogels from
micro and nano cellulose fibers as well as cellulose derivatives

has been reported in literature and they are commonly pre-
pared by solvent exchange of a wet  gel followed by supercritical
CO2 drying (Aaltonen & Jauhiainen, 2009; Fischer, Rigacci, Pirard,
Berthon-Fabry, & Achard, 2006; Gavillon & Budtova, 2008; Heath
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 Thielemans, 2010; Sehaqui, Salajkov, Zhou, & Berglund, 2010).
owever, porous structures with regular pattern can be obtained
y controlling the freezing temperature of the slurry followed by
ubsequent freeze drying.

Recently, Lee and Deng (2011) reported the preparation of
ayered cellulose foams through directional freezing technique
mphasizing the effect of fiber concentration and freezing tem-
erature on the microstructure and mechanical properties of
icrofibril foams. They have also measured the compressive

trength of cellulose nanowhisker foams but a detailed examina-
ion on their microstructure is lacking. Utilizing the facile freeze
asting technique, we attempt to fabricate aligned porous cellulose
anowhisker structures and investigate the relationship between
he freezing conditions and the microstructures obtained, which
as not been reported so far. We  expect that ice growth strategy of

reeze casting technique will allow the fabrication of well ordered
ellulose nanowhisker structures, opening their use as a template
or layered composites, filters, and storage material.

. Materials

A fully bleached commercial softwood Kraft pulp was used as
 source for cellulose nanowhiskers preparation. Polyvinyl alcohol
PVA) was purchased from VWR  International (Mw: 15,000, degree
f hydrolysis: 87–89%).

. Experimental

.1. Preparation of H2SO4-hydrolyzed cellulose nanowhiskers

The cellulose nanowhiskers were prepared by sulfuric acid
ydrolysis of a bleached softwood pulp based on a literature proce-
ure (Bondeson et al., 2006). In brief, 60.00 g (oven dried weight) of
he pulp was mixed with H2SO4 solution (64%, w/w, 1:10 g mL−1)
ith continuous stirring at 45 ◦C for 45 min. The hydrolysis reaction
as halted by adding excess (10-fold) of distilled water followed

y the removal of acidic solution through successive centrifugation
t 12,000 rpm for 10 min  until the supernatant became turbid. The
ediment was collected and dialyzed (MWCO: 12–14,000) against
ap water until the solution pH did not change anymore. After dial-
sis, the content was sonicated for 10 min  and centrifuged for 5 min
t 10,000 rpm. The cloudy supernatant, containing nanowhiskers,
as collected and the remaining sediment was again mixed with
istilled water, sonicated, and centrifuged to obtain additional
anowhisker; this step was repeated till the supernatant was clear.

.2. Preparation of porous samples
Porous cellulose nanowhisker samples were prepared by freez-
ng a suspension of nanowhiskers and polyvinyl alcohol under
ifferent freezing conditions and then drying under vacuum. Cel-

ulose nanowhisker suspension (10 mL,  2 wt%) was mixed with

Fig. 1. Morphology of cellulose nanowhisker samples freezed at 13 ◦C
ymers 88 (2012) 789– 792

different amounts of PVA (20% and 50%, w/w) and slowly stirred
at room temperature for 4 h in order to avoid the generation of
bubbles. Then, the mixture was poured in to small glass vials and
freezed by two methods: (i) dipping in liquid nitrogen (ii) plac-
ing these vials in two  different freezers for 2 h, where the cooling
rates were measured to be 4.5 and 13 ◦C min−1, respectively. Frozen
solids were subsequently dried in a freeze dryer for 24 h to subli-
mate the water under vacuum. Control samples were prepared in
absence of PVA.

3.3. Characterization

Surface morphology of the porous samples was studied by JEOL-
1530 thermally assisted field emission (TFE) scanning electron
microscope (SEM). Before acquiring images, the surfaces of all the
samples were coated with gold in a sputter coater.

4. Results and discussion

Cellulose nanowhisker suspension was  mixed with PVA and
solidification of the slurry was  carried out by two ways: (i) quench-
ing the slurry in liquid nitrogen (ii) freezing the slurry at two
different cooling rates, i.e., 13 ◦C min−1 and 4.5 ◦C min−1. Freeze
drying of the solvent created the final nanowhisker porous struc-
ture as a replica of ice crystals that generated during freezing. PVA
was used as a binder due to its solubility in water and its compatibil-
ity with cellulose nanowhiskers (Kvien & Oksman, 2007). Cellulose
whisker concentration (2.0 wt%) was  chosen as an attempt to be in
semi-dilute concentration range especially to obtain a template for
potential multilayered nano-composite applications.

It was observed that irrespective of the cooling rate, when com-
pared to the samples in PVA, the samples prepared in absence of
PVA (Fig. 1) collapsed during the sublimation process resulting in a
structure with no particular alignment of the pores created. It sug-
gests that PVA acts as a support to the nanowhiskers, which could
be due to the hydrogen bonding between PVA and nanowhiksers,
facilitating the formation of a stable oriented porous architec-
ture. The influence of PVA content on the microstructure of the
nanowhisker materials prepared was also studied. The images of
the samples freezed at 13 ◦C min−1 cooling rate are shown here
(Fig. 1). At 20 wt%  PVA content, the samples exhibited a well ori-
ented porous structure with equally spaced lamellar walls (Fig. 1b),
while at 50 wt% of PVA, a dense structure with some locally aligned
pores were found (Fig. 1c) instead of the long range order lamellar
walls. The possible physical interactions among nanowhiskers and
between nanowhiskers and the growing solidification fronts during
the freezing leads to different growth mechanisms, which could be
the reason for the loss in alignment at high slurry concentrations.

Similar phenomenon was also observed for samples prepared at
4.5 ◦C min−1 cooling rate, however, for samples freezed in liquid
nitrogen, the effect of PVA concentration on the alignment of pores
and its morphology was  found to be insignificant.

 min−1 cooling rate (a) 0 wt%, (b) 20 wt% and (c) 50 wt% of PVA.
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ig. 2. (a) Overview of the sample and its microstructure. (b) Side (B: bottom and T: t
iagram showing the growth pattern of ice crystals.

An overview of the porous cellulose nanowhisker material and
ts microstructure is shown in Fig. 2a. The bottom part of the

icrostructure can be characterized as a dense cellular structure
ith some randomly distributed pores whereas the upper part

xhibits an oriented and highly porous structure. It implies that
fter growth initiation step at the bottom, the ice crystals started
rowing regularly in a vertical direction leaving behind open pore
hannels after sublimation. Eventually, the growth was  terminated
t the top of the suspension and formed a surface which has a dif-
erent microstructure (Fig. 2c) as compared to the outer side of the
ample, where open, uniform, and oriented pores were observed
s shown in Fig. 2b. Based on the detailed microstructural observa-
ion of the sample a schematic diagram is shown in Fig. 2d simply
ndicating the growth pattern of ice crystals.

Studies on various materials including ceramic and metallic
articles reveal that solidification has a critical role in determin-

ng the final pore morphology and microstructure of the porous
aterials (Deville, 2008; Deville, Saiz, & Tomsia, 2006). Our results

re well consistent with literature results as the pore size of the
esulted cellulose nanowhisker structure and the pore orienta-
ion were both affected by the cooling rate. It was  observed that

reezing the slurry in liquid nitrogen created a fine and perfectly
ligned lamellar structure in the vertical direction with a small
ore size of 10–20 �m.  The lamellae walls are thinner and inter

amellae spaces are smaller at this fast freezing condition (Fig. 3a),

Fig. 3. Effect of cooling rate on the pore structure of 20 wt%  PVA sam
the sample) and (c) top view of the porous nanowhisker structure and (d) schematic

whereas a decrease in cooling rate gradually increased the pore
size (∼100 �m)  and lamellae thickness as observed in Fig. 3b and
c. Similar behavior was also found in other polymeric and ceramics
materials; as faster the freezing rate, finer the resulting structure,
on the other hand slow cooling noticeably scaled up the microstruc-
ture (Deville, Saiz, Nalla, et al., 2006; Deville, Saiz, & Tomsia, 2006).

In each case, the cellulose nanowhiskers and PVA slurries were
frozen at a constant cooling rate starting from room tempera-
ture. As a consequence, the subsequent drying process resulted in
a lamellar porous microstructure with long range order (Fig. 4).
This is a typical phenomenon observed under steady state freez-
ing conditions as well as in cases where water is being used as
a solvent. The mechanism of lamellar structure formation can be
well understood through the basic physics of water freezing which
has been already explained in literature (Deville, Saiz, Nalla, et al.,
2006; Deville, Saiz, & Tomsia, 2006). Moreover, the lamellar surface
exhibits two different types of surface dendrites. The first type of
dendrite grows in between the lamellae whereas the second type
corresponds to a fine tortuous morphology protruding from the
top of the lamellae. The relative size of these dendrites depends
not only on different freezing conditions applied to the suspension

but also on the concentration of the solution. For instance, faster
cooling rates with liquid nitrogen leads to finer and smaller den-
drites while the dendrite size increases in case of slow cooling or
with a more concentrated solution. The formation of the dendritic

ples (a) liquid nitrogen, (b) 13 ◦C min−1 and (c) 4.5 ◦C min−1.
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Fig. 4. Microstructure showing (a)

eature was also observed in porous ceramic structures and it was
roposed to be influenced by a number of factors such as nature of
he solvent, freezing conditions, and the characteristics of starting
owder (Fukasawa, Deng, Ando, Ohji, & Kanzaki, 2002; Sekhar &
rivedi, 1991).

. Conclusion

In conclusion, our results illustrate a simple approach to pro-
uce long range ordered porous cellulose nanowhisker structure
ith PVA as a support material. The resultant microstructure and
ore morphology can be controlled by modifying the freezing rate
nd the slurry concentration. Finally, considering their lamellar
nd interconnected pore structure combined with the renew-
ble nature of cellulose, ordered cellulose nanowhisker based
aterials with designed orientation of pore channels can be pre-

ared through precise control of thermal gradients, which has
otential applications especially as a template for layered compos-

tes, molecular filtration, delivery matrix, and tissue engineering
caffold.
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