2.1 Preparation and Characterization

Drying Cellulose Nanofibril Suspensions

Abstract. Increasing research activity on cellulose nano-
fibril-based materials provides great opportunities 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 nanoscale dimensions.
Four methods were examined to dry cellulose nanofibril
suspensions: (1) air drying, (2) freeze drying (FD), (3)
supercritical drying (SCD), and (4) spray-drying (SD).
The effects of CNF drying methods on the morphology,
thermostability, crystallinity, and dispersion components
of surface energy were evaluated using scanning electron
microscopy, thermogravimetric analysis, X-ray diffrac-
tion, and inverse gas chromatography. Air-drying forms
bulk CNFs. SCD preserves the nanoscale dimensions of
CNFs, resulting in the least thermal stability, lowest crys-
tallinity index, and highest dispersion component of sur-
face energy. FD formed ribbon-like CNF structures with
nanoscale thicknesses. SD formed particles with a size
distribution ranging from nanometers to several microns.
SD produced CNFs with relatively high thermostability
and crystallinity indices and also a relatively low disper-
sion component of surface energy. Spray-drying is pro-
posed as a technically suitable manufacturing process to
dry CNF suspensions.
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Introduction. The use of cellulose nanofibrils (CNFs)
in polymer composites has received considerable atten-
tion [1,2]. With the size decrease from bulk wood cells
to nanofibrils, the elastic modulus of cellulose increases
from about 10 GPa to 70 GPa [3], which results in sig-
nificant mechanical property improvement for CNF-re-
inforced polymer composites. The biodegradability, low
density, worldwide availability, low price, and modifiable
surface properties of CNFs provide great opportunities
to develop a new generation of materials. In most cases,

Production and Applications of Cellulose Nanomaterials

=

P |

by
£
e
g 15
B 10 3 _‘k\
5 ¥
G+ i
10 100 1000 10000 5
Particle sice fnm) =

Figure 1. CNF suspension at 2 wt. % (a), particle size distri-
bution (b), and TEM micrographs (c) of CNF's in suspension.

CNFs are processed as aqueous suspensions because of
their hydrophilic nature and their propensity to agglom-
erate during drying [4]. CNF suspensions are produced
on the pilot scale and are commercially available in the
United States, Europe, Canada, and Japan. Development
of robust processes to dry CNFs while maintaining na-
noscale dimensions is necessary. Moreover, mitigation
of the higher transportation costs of CNF suspensions is
required. Therefore, drying aqueous suspensions of CNFs
and understanding the effect of drying processes are nec-
essary for their use in developing industrially relevant
CNF materials.

Methodology. CNF suspensions of Arbocel MF40-
10 from J. Rettenmaier & Soéhne GMBH (Germany) at
2 wt% were subjected to four drying methods: (1) air-
drying, (2) freeze-drying (FD), (3) supercritical drying
(SCD), and (4) spray-drying (SD). For the detailed dry-
ing protocols and procedures, refer to [5,6]. Before dry-
ing, the morphology and particle size distribution (PSD)
of CNFs in suspension were characterized using trans-
mission electron microscopy (TEM) and dynamic light
scattering. After drying, the morphology and crystallinity
index of the CNFs were determined by scanning elec-
tron microscopy (SEM) and X-ray diffraction (XRD).
The thermostability of the CNFs was evaluated using
thermogravimetric analysis (TGA) on three specimens
of each sample at a constant heating rate of 10°C/minute
from 25°C to 600°C. The dispersion component of CNF
surface energy was evaluated on two specimens at 60°C
using inverse gas chromatography (IGC). The details of
each characterization procedure have been described in
previous publications [5,6].

Results. The CNF suspension at 2 wt% and the par-
ticle size distribution of CNFs in suspension are shown
in Figs. 1(a) and 1(b). A single peak at around 1000 nm
(from 712 to 1484 nm) was observed on the CNF size dis-
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Figure 2. SEM micrographs of the dried CNFs: (a) air-dried CN.

spray-dried CNFs.

s, (b) freeze-dried CNFs, (c) supercritical-dried CNFs, and (d)
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Figure 3. X-ray diffraction spectra of dried CNFs.

tribution curve. The dimensions of CNFs in suspension
were also examined directly using a transmission elec-
tron microscope, and the obtained micrographs of CNFs
are shown in Fig. 1(c). CNFs with needlelike fibrils were
observed. Different drying techniques provide cellulose
products with different sizes and morphologies (Fig. 2).
Air-drying CNF suspensions formed bulk materials with
agglomeration of CNFs (Fig. 2a). Freeze-drying formed
ribbon- or plate-like materials with different sizes (Fig.
2b). The long length (several hundred micrometers) and
width (tens to hundreds of micrometers) are the result of
the lateral agglomeration of CNFs. The thickness of these
plate-like materials can reach nanometer size. Supercriti-
cal drying formed nanoscale cellulose fibrils with diam-
eters of about 100 to 200 nm (Fig. 2(c)). Simultaneously,
entanglement of fine fibrils can be observed in Fig. 2(c).
Spray-drying of the CNF suspension formed two differ-
ent particles: (1) irregularly shaped agglomerates and (2)
fibrous materials. A portion of the agglomerates with na-
noscale dimensions (hundreds of nanometers) could be
observed. Fibrous materials were formed from the origi-
nal large cell-wall sections. Different drying techniques
also provide cellulose products with different thermosta-
bility, crystallinity index, and dispersion component of
surface energy (Figs. 3, 4, and Table 1). The diffraction
peaks shown in Figure 3 at 26=14.8, 16.3, 22.6, and 34.5
degrees represent planes, 101, 101, 002, and 040 in the
crystal structure of cellulose I [7]. The crystallinity indi-

216

1) RS
80 +
) Region 1 i Region ITT
£ 60 Ao
= Region IV,
_.; ” Alr=dried ‘.',
= - Spray-dried Lo, e
- = = Freeze-dned s —
o B -+ Supercritial-dried )
25 1158 218 A8 425 225

Temperature ("C)
Figure 4. X-ray diffraction spectra of dried CNFs.

ces of the dried CNFs were calculated directly from the
height ratio between the intensity of the crystalline peak
(I002-IAM) and total intensity (1002) (Fig. 3) [8]. The
data are summarized in Table 1. The representative TGA
curves of dried CNFs are shown in Fig. 4. Based on the
weight percentage change as a function of temperature,
each TGA curve can be divided into three regions. The
starting temperature of region II is defined as the onset
temperature of thermal degradation of CNFs, which is
summarized in Table 1. The dispersion component of sur-
face energy of the dried CNFs shown in Table was mea-
sured at 60°C. Supercritical drying produced CNFs with
the least thermal stability, the lowest crystallinity index,
and the highest dispersion component of surface energy
(Table 1). Air-drying or spray-drying produced CNFs
which were more thermally stable than freeze-dried
CNFs. Spray-drying and air-drying produced CNFs with
similar dispersion components of surface energy, while
freeze-drying produced CNFs with the lowest dispersive
surface energy.

Conclusions. The morphology, thermostability, crystal-
linity, and surface energy of dried CNFs are dependent on
the particular drying method. For different applications of
CNFs, suitable drying methods could be selected. Spray-
drying formed separated single fibrous or irregularly
shaped CNFs with a relatively high onset temperature of
thermal degradation (204°C), the highest crystalline in-
dex (82.1%), and a relatively low dispersion component
of surface energy (44.0 mJ/m?). In terms of nanomaterial
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Table 1.
Thermostability, crystallinity index and dispersion component of the
surface energy of dried CNFs.

Method Onset temperatur.e of Crystallinity Dispersion component of
thermal degradation (°C) index (%) surface energy at 60°C (mJ/m?)

AD 207 74.9 44.7

FD 186 80.7 39.1

SCD 184 73.3 81.4

SD 204 82.1 44.0

AD = air-drying, FD = freeze-drying, SD = spray-drying, SCD = supercritical drying.

production from cellulose suspensions, spray-drying is
suggested for its potential capability to create particulates
on the nanoscale.
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