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Drying cellulose nanofibrils: in search of a suitable method
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Abstract Increasing research activity on cellulose
nanofibril-based materials provides great opportuni-
ties for novel, scalable manufacturing approaches.
Cellulose nanofibrils (CNFs) are typically processed
as aqueous suspensions because of their hydrophilic
nature. One of the major manufacturing challenges is
to obtain dry CNFs while maintaining their nano-scale
dimensions. Four methods were examined to dry
cellulose nanocrystal and nanofibrillated cellulose
suspensions: (1) oven drying, (2) freeze drying (FD),
(3) supercritical drying (SCD), and (4) spray-drying
(SD). The particle size and morphology of the CNFs
were determined via dynamic light scattering, trans-
mission electron microscopy, scanning electron
microscopy, and morphological analysis. SCD pre-
served the nano-scale dimensions of the cellulose
nanofibrils. FD formed ribbon-like structures of the
CNFs with nano-scale thicknesses. Width and length
were observed in tens to hundreds of microns. SD
formed particles with a size distribution ranging
from nanometer to several microns. Spray-drying is
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proposed as a technically suitable manufacturing
process to dry CNF suspensions.
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Freeze drying - Supercritical drying - Spray-drying

Introduction

The study of cellulose nanofibrils (CNFs) and their
application as a reinforcing component in polymer
composites has received considerable attention (Bee-
cher 2007; Hubbe et al. 2008; Siro and Plackett 2010;
Habibi et al. 2010; Eichhorn et al. 2010; Siqueira et al.
2010; Klemm et al. 2011; Moon et al. 2011). With the
size decrease from bulk wood cells to nanofibrils, the
elastic modulus of cellulose increases from about
10 to 70 GPa (Jeronimidis 1980) or higher (145 GPa)
(Beecher 2007), which results in significant mechan-
ical property improvement for cellulose nanofibril-
reinforced polymer composites. The biodegradability,
low density, worldwide availability, low price and
modifiable surface properties of these novel materials
provide potential opportunities to develop a new
generation of materials based on cellulosic fibers.
These CNFs can be used as a replacement for
conventional reinforcements such as glass fibers or
inorganic fillers in composites but are not widely
commercially available, although recent reports indi-
cate pilot-scale quantities will soon be available in
Canada, Europe, and the US (O’Connor 2011;
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Vartiaine et al. 2011; Bloch 2011). In most cases,
CNFs are processed as aqueous suspensions because
of their hydrophilic nature and propensity to agglom-
erate during drying (Gardner et al. 2008). There is a
well perceived need to develop robust processes to dry
CNF which will maintain nano-scale dimensions for
materials applications where a dry form is necessary
and, secondarily, to mitigate the higher transportation
costs of the aqueous suspensions. Having a dried form
of CNF is especially important in the field of
thermoplastic processing like extrusion or injection
molding where thermal melting processes are
encountered. During thermal melting processes with
non-polar thermoplastics, water is a detriment to
satisfactory processing. Therefore, drying of aqueous
suspensions of CNFs and understanding the drying
process are necessary for their utilization in develop-
ing industrially relevant polymer nanocomposites.
Four different forms of cellulose fibrils on the nano-
scale can be prepared (Gardner et al. 2008). Two of
them were studied in this research work. With wood
pulp as the raw material, CNFs are manufactured by
two general methods: mechanical fibrillation and
chemical hydrolysis. The corresponding products are
referred to as nanofibrillated cellulose (NFC) and
cellulose nanocrystals (CNC), respectively. NFC is
obtained by processing dilute slurries of cellulose
fibers through grinding or high-pressure homogeniz-
ing action while the production of cellulose nanocrys-
tals involves the digestion of amorphous cellulosic
domains by an acid hydrolysis process (Herrick et al.
1983; Hubbe et al. 2008). After manufacturing, an
evenly dispersed CNF aqueous suspension occurs as a
colloidal system. The strong hydrogen bonds among
water and cellulose particles enable the system to
remain thermally or kinetically stable throughout a
range of water contents. Water can penetrate into
amorphous regions of NFC while it can only hydrogen
bond to the surfaces of CNCs or to the crystalline
regions of NFCs. The adsorbed water on cellulose
fibers is categorized into three different states based on
the thermodynamic property of water: free water,
freezing bound water, and nonfreezing bound water
(Nakamura et al. 1981). Free water is defined as bulk
water with the same thermal characteristics of pure
water. Freezing bound water is water reacted with
hydroxyl groups on cellulose molecules; the transition
temperature is lower than pure water because of the
restriction of reactions between water and cellulose
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fibers. Nonfreezing bound water is defined as a subset
of bound water with a non-detectable thermal transi-
tion. At the same time, nonfreezing bound water is
interpreted as water reacting with hydroxyl groups of
cellulose molecules directly while freezing bound
water is located relatively far away from the hydroxyl
groups (Weise et al. 1996). Some of the freezing
bound water molecules might not be bound to the
hydroxyl groups, but are still close enough to be
influenced by these hydrophilic groups and exhibit a
depressed transition temperature.

Removing water from CNF suspensions to maintain
nano-scale dimensions of the nanofibrils is a delicate
process. Dehydration of CNF suspensions using eth-
anol showed significant increase in nanofibril diameter
(Thimm et al. 2000). The existence of air—water
interfaces with fibril-sized curvature in the suspensions
may exert sufficient attractive capillary pressures to
displace fibrils from their original positions. These
capillary forces have been demonstrated by pulling
adjacent fibers together in the wet state of paper (Lyne
and Galay 1954). At the same time, mutual diffusion of
nano-scale fibrils at interfacing surfaces may also drive
the CNFs to agglomerate. The molecular segments of
cellulose fibrils which are partially dissolved in water
(Clark 1985) tend to mix in the wet state, resulting in
interpenetration and tangling among the nano-scale
cellulose fibrils (McKenzie 1984; Pelton 1993). In
addition, hydrogen bonds and Van der Waals forces are
expected to hold the fibrils together after the removal
of water (Hiemenz and Rajagopalan 1997; Hunter
2001). Hydrogen bonding among CNFs requires that
hydroxyl groups at the facing surfaces approach each
other within 0.25-0.35 nm, i.e. molecular contact. For
dispersion forces (Van der Waals) to occur, the
distances among nanofibrils need to be closer than
the distances for hydrogen bonds (Hiemenz and
Rajagopalan 1997; Lindstrom et al. 2005). In a stable
CNF suspension, the distances among fibrils are not
small enough to form molecular contact. During
drying, forces resulting from the removal of water
and high temperatures may drive the molecular contact
of CNFs and cause agglomeration. The objective of our
study is to identify a suitable drying process to produce
reasonable quantities of dry cellulose nanofibrils.
Three methods are proposed to dry the CNFs:
freeze drying, spray-drying, and supercritical drying
(Pakowski 2007). Oven drying of CNF suspensions
will be performed as a control.
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Experimental
Suspension preparation

Two CNF suspensions were involved: (1) a commer-
cial product of NFC suspension ARBOCEL MF40-10
at 10 wt. % from J. Rettenmaier & Sohne
GMBH+CO.KG, Germany, and (2) a CNC suspen-
sion at 6.5 wt. % from the Forest Products Laboratory
in Madison, Wisconsin. Before drying, distilled water
was added into the original suspensions and mixed
using a Speed Mixer® (Flack Tek Inc., US) for 4 min
at 2,000 rpm to obtain final weight concentrations of
CNC and NFC suspensions at 0.001, 0.1, and 2%.

Dynamic light scattering (DLS)

Measurements of all cellulose nanofibril suspensions
at 0.1 wt. % were made with a Zetasizer Nano ZS
(Malvern Instruments, Malvern UK) using a detection
angle of 173° at a temperature of 25 °C. The viscosity
value for water was used in all measurements. The
Nano ZS uses a 4mW He-Ne laser operating at a
wavelength of 633 nm. The intensity size distributions
were obtained from analysis of the correlation func-
tions using the Multiple Narrow Modes algorithm in
the instrument software. This algorithm is based upon
a non-negative least squares fit (Lawson and Hanson
1995; Desobry et al. 1997). These intensity particle
size distributions were converted into volume using
Mie theory (Mie 1908).

Transmission electron microscopy (TEM)

Drops of 0.001 wt. % NFC and CNC suspensions were
deposited on carbon coated electron microscope grids
and negatively stained with 2 wt. % uranyl acetate.
The grids were dried in air and observed with a Philips
CM10 Transmission Electron Microscope operated at
an acceleration voltage of 80 kV.

Drying of suspensions

Different drying methods were applied to the suspen-
sions just after mixing. Oven drying (OD) was
performed at 105 °C for 24 h in glass beakers. Prior
to freeze drying (FD), CNF suspensions (about 20 mL)
were frozen in vials at a temperature of —80 °C for
24 h. Frozen suspensions were then transferred to a

Virtis Freezemobile 25 SL freeze dryer, which has a
condenser temperature of —80 °C and a vacuum of 11
mTorr. Lyophilization was allowed to continue for
72 h. Supercritical drying (SCD) of the prepared
suspension was conducted on the Tousimis Samdri
PVT-3 Critical-Point dryer. Four steps were involved
in this process: (1) dehydration of aqueous suspension
with a series of ethanol solutions (50, 75, 95, and
100%) was performed before drying until water was
completely replaced with ethanol, (2) replacement of
ethanol with liquid CO,, and (3) liquid CO, and the
cellulose mixture is pressurized and heated to the
supercritical conditions, and (4) the liquid CO, is
eliminated by decompression to the atmosphere. A
novel spray-drying method was conducted using a
Mini Spray Dryer B-290 (Buchi, Switzerland). Details
of the spray drying process are the subject of a
provisional patent application.

Scanning electron microscopy (SEM)

SEM studies on the morphologies of dried samples
were carried out using an AMR 1000 (AMRay Co.)
scanning electron microscope. All samples were
sputter-coated with gold before the microscopic
observations were obtained. SEM images were taken
at an accelerating voltage of 10 kV at various
magnifications.

Particle size analysis

Quantitative characterization of particle size distribu-
tion was conducted using a Morphologi G3S system
(Malvern, UK). The Morphologi G3S system provides
the ability to measure the morphological characteris-
tics (size and shape) of particles. The principle of the
operation is based on digital image analysis utilizing
an optical microscope. A sample is prepared and
placed on the measurement slide or plate. Then the
sample is scanned with transmitted or reflected light
and high-resolution digital images are produced.
Using the optical microscope under this situation, a
two dimensional (2D) projected image of the three
dimensional (3D) particles are obtained. The captured
high-resolution image is then analyzed with the
integrated analysis software to obtain the particle size
characteristics. The area of captured 2D image for
each particle is converted to a circle of same area and
the diameter of the circle is reported as the circle
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equivalent (CE) diameter of the particle. During the
2D image capturing process, a technique called Z
stacking can be used to better characterize the 3D
particles. A 3D particle sitting on the measurement
plate cannot be completely in contact with the bottom
plate surface. Since the objective lens of the instru-
ment exhibits a narrow depth of field under high
magnification, accurate focus cannot always be
achieved across the entire body of a 3D particle. Z
stacking is a utility that takes several images of the
sample, each at different Z heights (Z axis is the
direction normal to the measurement plate) and then
overlays to form a single composite image. In this
study, identical volumes of CNC and NFC powders
(5 mm?) were uniformly dispersed onto a glass plate
using an integrated sample dispersion unit (SDU) with
a dispersing pressure 0.5 MPa, injection time 10 ms,
and settling time 60 s. The powder sample is first
placed in a holder of SDU and held by 25 pum carrier
foils. Another carrier foil is placed in the top of the
holder. Air pressure is then applied to break the foil and
the resulting turbulence disperses the samples onto the
measurement glass plate uniformly. After dispersion, a
suitable objective lens was chosen according to the
particle sizes. In this work, an objective lens of 50x
which corresponds to 2,468 times magnification was
selected to take the 2D image of the three dimensional
(3D) particles. Z stacking with additional two layers
above initial focus was used to take three images of the
sample, each at different Z heights (0, 3.6, and 7.3 pm)
and then overlays to form a single composite image.
Image analysis converted the captured image for each
particle to a circle of same area and the circle
equivalent (CE) diameter distribution of the charac-
terized particles were reported as the particle size
distribution.

Results and discussion

Characterization of cellulose nanofibrils
in suspension

The prepared NFC and CNC suspensions at 2 wt. %
are shown in Fig. la. The NFC suspension is milky
white while the CNC suspension is a bluish translucent
solution. Quantitative characterization of cellulose
nanofibril size distributions in suspensions was per-
formed on a 0.1 wt. % suspension using dynamic light
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scattering (DLS). The obtained hydrodynamic diam-
eter distributions of NFC and CNC at 0.1 wt. % are
shown in Fig. 1b by intensity. A single peak at around
1,000 nm (from 712 to 1,484 nm) was observed on the
NFEC size distribution curve while two peaks at around
of 35 (from 24 to 44 nm) and 165 nm (from 91 to
295 nm) were on the CNC curve (Table 1). Based on
the Mie theory (Mie 1908), size distributions can be
converted into volume distribution as shown in
Fig. 1c. The size distribution by volume is slightly
different than the measured size distribution by
intensity. For CNC, a volume of about 76% is in the
particle size range of 21-51 nm while about 24% are
in the size range of 79-342 nm. The dimensions of
NFC and CNC in suspension were also examined
directly using a transmission electron microscope and
the obtained micrographs of NFC and CNC are shown
in Fig. 1d, i. Both NFC and CNC showed needlelike
fibrils (Fig. 1d, g). NFC showed greater dimensions
(diameter and length) than those of CNC, as indicated
by the DLS measurement. A portion of relatively short
and large cell wall sections (chunks) in the NFC
suspension were also observed (Fig. le, f). A large
aggregation of many individual fibrils was also
observed in Fig. 1f. At the same time, entanglement
of NFC (Fig. le) and CNC (Fig. 1h, i) fibrils occurred
when air dried at a concentration of 0.001 wt. %.

Oven drying of cellulose nanofibril suspensions

Oven drying (OD) was conducted by exposing the
suspensions in a conventional laboratory oven at
105 °C with circulating air. The schematic of the
drying process is shown in Fig. 2a. Water evaporation
can be divided into three parts (Brinker and Scherer
1990; Scherer 1990; Mujumdar and Devahastin 2000):
(1) the constant rate-drying period, (2) the first falling
rate-drying period, and (3) the second falling rate-
drying period. In the constant rate drying period, CNFs
move together with the shrinkage of suspension
volume as water evaporates. In this process, the
capillary forces which are mainly used to move
cellulose nanofibrils increases as a function of water
evaporation. When the cellulose nanofibril surface or
partial surfaces are exposed, the first falling rate-
drying period begins and water evaporation primarily
takes place over the cellulose nanofibril surfaces.
The capillary tension reaches a maximum value and
vapor diffusion begins to take over. Simultaneously,
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Fig. 1 Characterization of cellulose nanofibrils in suspension.
a Cellulose nanocrystal (CNC) and nanofibrillated cellulose
(NFC) suspensions. b Size distribution of NFC and CNC by
intensity. ¢ Size distribution of NFC and CNC by volume.

the cellulose nanofibrils move closer together. When
the rate of transferring water from the interior of the
cellulose nanofibril suspension to the exposed surface
is smaller than the water diffusion rate on the surface,
drying enters the second falling rate-drying period and
completely occurs inside the cellulose nanofibril
suspension. At this moment, the distance between
the cellulose nanofibrils or nanocrystals becomes

d—f Transmission electron microscopy (TEM) micrographs of
negatively stained NFC. g—i TEM micrographs of negatively
stained CNC

much smaller and the molecular contact is finally
attained because of the combined effect of capillary
and diffusion forces. Under this situation, strong
intermolecular hydrogen bonds develop to form a
continuous fiber network and a relatively solid bulk
material. Morphologies of the resulting CNC and NFC
are shown in Fig. 2. The two suspensions formed bulk
materials with different surface roughness and fracture
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Table 1 Comparison among different CNF drying methods

83

Disadvantages

Advantages

Morphology

Dried particle size

Particle size in
suspension

Drying
method

Springer

NFC

NFC (nm) CNC

CNC
(nm)

Forms bulk material and loses the nano-

Well established industrial processes,

Bulk network
structure
Ribbon-like

712-1,484 Hundreds of microns to millimeters

2444
91-295

Oven drying

scale dimensions of CNF

e. g. paper industry

depends on drying process

Agglomeration of CNF and high cost

Nano-scale in thickness and microns Maintain one dimension in nano-scale

Freeze

and well established process

structure

to millimeters in width or length

Nano-scale fibrous NFC

drying

Maintaining nano-scale dimensions of Complicated process using solvent

Fibrous and

Superecritical
drying

replacement, high cost and impractical

scale up.

the CNF

network

Some agglomeration, the particle sizes

Low cost and scalable continuous

NFC: irregular

fibril

D [n,

D [n,

Spray-drying

range from nano to micron size.

drying process, controllable particle

size

0.9] = 7.48 pm

0.9] = 6.76 pm

structure

CNC:

spherical

particles

morphology. Oven-dried NFC exhibits a smoother top
surface (Fig. 2b) than the bottom surface (Fig. 2c).
Long time settling of the prepared NFC suspensions at
room temperature precipitated the large particles to the
bottom, indicating that the NFC suspension is not
thermally stable. Parts of the fibers in the original
suspension were short in length and large in diameter
(Fig. 2c, d) which is consistent with the observations
in Fig. le, f. The surfaces of dried CNC were much
smoother than those of NFC, indicating a denser
packing for CNC. This may be attributed to the much
smaller size of cellulose nanocrystals in the suspen-
sions compared with that of NFC.

Freeze drying of cellulose nanofibril suspensions

Freeze drying (FD) is a two-step operation: (1)
freezing by refrigeration, and (2) drying under reduced
pressure by sublimation of the frozen water and by
desorption of water that did not freeze. Accordingly,
three stages are involved in freeze drying: (1) freezing
stage, (2) primary drying stage, and (3) secondary
drying stage. The freezing stage is the first step to
separate CNFs from water (free water and freezing
bound water) which is in the form of ice crystals. The
primary drying state is used to sublime the separated
ice crystals formed in the first stage while the
nonfreezing bound water absorbed by CNFs is mainly
removed during the secondary drying stage. The
overall freeze drying process depends significantly
on the freezing stage (Liapis et al. 1996; Bruttini et al.
2001) and CNF agglomeration may occur during the
third stage. In the third stage, the nonfreezing bound
water is removed by heating the product under
vacuum. The water vapor thus diffuses and may
induce structural changes and displacement of CNFs.
The morphologies of freeze-dried NFC and CNC are
shown in Fig. 3. The dried samples from the two
suspensions formed similar plate-like materials with
different sizes (Fig. 3a, d), differing from oven-dried
CNF. The large length (several hundred micrometers)
and width (tens to hundreds of micrometers) are the
result of the lateral agglomeration of cellulose nano-
fibrils. This lateral fibril aggregation has also been
demonstrated by Hult et al. (2001). The thickness of
these plate-like materials can reach nanometer size. A
close-up evaluation of the surface morphologies
shows that the FD samples (Fig. 3c, f) are similar to
those that were oven dried (Fig. 2d, g). The
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Fig. 2 Oven drying of cellulose nanofibril suspensions. a Schematic of the oven drying process for cellulose nanofibril suspensions.
b—d Morphologies of oven-dried nanofibrillated cellulose (VFC). e-g Morphologies of oven-dried cellulose nanocrystals (CNC)

characterization of freeze-dried material is also sum-
marized in Table 1. During the freeze drying process,
the capillary forces are minimized (Pelton 1993) and
no bulk material is formed. Therefore, capillary forces
are mainly responsible for the formation of bulk
material in the oven drying processes. The lateral
aggregation may be driven by diffusion forces or
perhaps by hydrogen bonding. This may further
indicate that the cellulose nanofibrils in the suspension
simply align laterally with many layers. Each layer has
different amounts of nanofibrils laterally bonded.
Elazzouzi-Hafraoui et al. (2008) demonstrated that
CNC consisting of several laterally parallel crystallites
has the dimensions of a nanofibril. Derived from the
sheet structure of cellulose, the proposed weak

hydrogen bonds (Nishiyama et al. 2003) or hydropho-
bic bonds (Jarvis 2003) between different sheets of
cellulose fibrils are more easily broken than are lateral
hydrogen bonds (Klemm et al. 1998).

Supercritical drying of cellulose nanofibril
suspensions

The morphologies of supercritical dried samples from
NFC suspensions are shown in Fig. 3g—i. Using the
process of supercritical drying (SCD), capillary
pressure among the vapor—liquid interfaces and the
solid cellulose nanofibrils is excluded (Wang et al.
2007). As the liquid CO, is removed, separated
cellulose fibrils or a linked cellulose network remains.

@ Springer
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Fig. 3 Morphologies of freeze dried and supercritical dried cellulose nanofibrils. a—¢ Morphologies of freeze dried nanofibrillated
cellulose (NFC). d—f Morphologies of freeze dried cellulose nanocrystal (CNC). g—i Morphologies of supercritical dried NFC

During the attempted dehydration of the CNC sus-
pensions, complete replacement of the water in the
suspension by using ethanol was not possible. There-
fore, SCD was not applied to the CNC suspensions and
no dry form of CNC was obtained. A possible reason
for the poor ethanol dehydration in the CNC suspen-
sion might be attributed to the strong three-dimen-
sional hydrogen bonding formed among the water
molecules and cellulose nanocrystals. As seen in the
micrographs of Fig. 3g—i, nano-scale cellulose fibrils
with the diameter of about 100-200 nm were
observed. Replacement of water with liquid CO, in
SCD can reduce the lateral agglomeration of CNFs.
However, cellulose nanofibril aggregates were also
observed during ethanol dehydration using the SCD
method (Thimm et al. 2000). This can also be
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demonstrated by comparing fibril dimensions in
Fig. 3 with those in the TEM micrographs of Fig. 1.
The nanofibril size in the original suspensions is
smaller than those shown in the micrographs. These
micrographs have also demonstrated that large diam-
eter and short length fibrils existed in the NFC
suspension which is consistent with the TEM micro-
graphs. In addition, entanglement of fine fibrils was
also observed in Fig. 3g—i.

Spray-drying of cellulose nanofibril suspensions

Spray drying (SD) is a well-established technique that
has been used in many areas, including the food,
pharmaceutical, ceramic, polymer, and chemical indus-
tries. The critical cost analyses of the spray-drying
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process have encouraged the acceptance of spray-
drying as a standard industrial dehydration method
(Hardy 1955; Quinn 1965). One of the major concerns
about the inefficiency of the spray-drying process (low
solid contents requirements) has also been eliminated
(Quinn 1965). The relatively low labor and mainte-
nance costs demonstrate that spray-drying can be used
for those applications where specific product charac-
teristics are required. Drying of CNF suspensions in a
spray dyer (B-290) was accomplished through atom-
ization in contact with hot air (Fig. 4a). A two-fluid
atomization system was used. CNF suspensions were
first pumped through a nozzle and formed the
suspension film. The flowing hot gas was applied to
mix the suspension externally. The momentum trans-
fer between gas and suspension film disrupts the
suspension film into ligaments (Dombrowski and
Johns 1963) and then into droplets with diameters
from several to tens of micrometers (Thybo and
Hovgaard 2008). The droplets evaporate as they fall
through the dryer chamber. Cyclone separation was
used in the following to form the dry powder from
moist air. Drying of droplets from the CNC suspension
occurred in three steps similar to those which occurred
with oven-dried samples. The mechanism for drying
of CNC is shown in Number 2 of Fig. 4a. The
morphologies of the spray-dried CNC samples are
shown in Fig. 4b—d. Spherical particles were obtained.
Concurrently, rough surfaces were observed for the
spherical particles. This roughness was caused by the
agglomeration of needle-shaped single CNC (Fig. 4d).
For the NFC suspension, two different droplets may be
formed during the atomization process: (1) NFC
droplets with no NFC fibrils protruding and (2)
droplets with partial NFC fibrils protruding. The
length of the original fibrils in the suspension drives
the difference. Drying the first kind of NFC droplet
forms small spherical particles configured much the
same as with CNC. For the second kind of NFC
droplet, a portion of the original long NFC fibrils
protrudes outside the droplet. Here, there is no
constant rate drying period. The corresponding drying
mechanism is shown in Number 3 of Fig. 4a.
Agglomerated NFC particles were formed by the
attachment of small NFC fibrils in the suspension to
longer NFC fibrils. Irregular shaped particles were
obtained. For both NFC and CNC samples, particles
with the size of several microns were observed in the
SEM micrographs. At the same time, a portion of the

particles with nano-scale dimensions (hundreds of
nanometers) was also observed. Quantitative charac-
terization of the particle size distributions with more
than 200,000 particles of CNC and NFC was measured
using a morphological analyzer. The frequency curves
of circle equivalent (CE) diameter distribution of CNC
and NFC particles are shown in Fig. 5a. The standard
percentile readings D (n, 0.1), D (n, 0.5), and D (n, 0.9)
of CE diameter derived from the statistics of the
distribution are also shown in Fig. 5b. The CE
diameters of CNC at 10, 50, and 90 percentile are
1.31,3.06, and 6.76 pum while the distribution for NFC
samplesis 1.59,2.96, and 7.48 pm. It can be seen from
the frequency curves in Fig. 5a that a small portion of
the particles (NFC and CNC) are in the nano-scale
dimension (CE diameter is smaller than 1 pm). It
needs to be pointed out that the particle size under
about 0.2 pm cannot be identified accurately by the
Morphologi G3S equipment. This is caused by the
limit of resolution of the optical microscope. It is
envisioned that the spray-drying process can be further
manipulated to control the droplet sizes. Spray-drying
studies are currently ongoing.

Different drying techniques for various CNF sus-
pensions provide cellulose products with different
sizes and morphologies (Table 1). The advantages and
disadvantages of the four different methods are also
discussed in Table 1. Drying CNF suspensions in an
oven cannot be used to produce nano-scale cellulose
fibrils. Drying of CNF suspensions using FD, SCD,
and SD can produce powdery products having nano-
scale dimensions. From the point view of obtaining
nano-scale cellulose fibrils, SCD appears to be the best
technique to preserve the nano-dimensions of CNF, as
demonstrated by the TEM and SEM micrographs.
However, the method of SCD is appropriate for drying
small amounts of nanofibrils and may be too expensive
to perform on an industrial scale (Pakowski 2007). At
the same time, the produced nanofibrils using SCD are
easily entangled to form solid aggregates. Freeze
drying provides a ribbon-like material assumed to be
the product of a significant lateral aggregation. Spray-
drying forms particles with different morphologies
which are dependent on the sources of CNFs. Fifty
percent of dried CNC and NFC particles are below
3.06 and 2.96 pm in CE diameter and 90% are below
6.76 and 7.48 pm. A small portion of the spray-dried
particles are observed in the nano-scale range (several
hundred nanometers).
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Fig. 4 Spray-drying of cellulose nanofibril suspensions. a Mechanism of spray-drying process. b—d Morphologies of spray-dried
cellulose nanocrystal (CNC). e-g Morphologies of spray-dried nanofibrillated cellulose (NFC)
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Fig. 5 Particle size distributioin of spray-dried cellulose
nanofibrils. a Frequency curves of number based circle
equivalent diameter (CE) of nanofibrillated cellulose (NFC)

In term of process economics, as reported by the
food industry (Filkova et al. 2007) or the flavor
industry (Desobry et al. 1997), freeze drying is
5-10 times more expensive than spray-drying. In
addition, involving solvent exchange in the process
of supercritical drying complicates the drying process
and makes this process expensive (Pakowski 2007).
Based on the results obtained by examining the
various lab scale drying methods, spray-drying is
proposed to be a suitable manufacturing process which
can be used to dry cellulose nanofibril suspensions.

Conclusions

The morphological properties of the dried cellulose
nanofibrils are dependent on the particular drying
method and the starting materials (NFC and CNC).
The agglomeration mechanisms occurring among the
cellulose nanofibrils are different for each drying
method. SCD and FD created highly networked
structures of cellulose agglomerates with multi-scalar
dimensions including the nano-scale. An agglomera-
tion mechanism was introduced for the SD method,
showing how the dried particulates could be formed.
Only the SD method produced particulates of dried
cellulose which, range in size from nano to micron,
and are viewed as potentially suitable for use as
additives or fillers in composite manufacturing utiliz-
ing conventional thermoplastic compounding tech-
niques. The highly-networked structures of dried
cellulose from SCD and FD may limit the use of the
products in particular composite applications since the
difficulties in dispersion would remain as a barrier in
conventional thermoplastic compounding. In terms of
nano material production from cellulose suspensions,

CE diameter (1 m)
Sample
D(n,0.1) D (n, 0.5) D (n, 0.9)
CNC 1.31 3.06 6.76
NFC 1.59 2.96 7.48

and cellulose nanocrystal (CNC). b The standard percentile
readings of CE diameter distribution of NFC and CNC in a

SD is suggested for its potential capability to create
particulates on the nano-scale.
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