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Nanocellulose Film Properties
Tunable by Controlling Degree of
Fibrillation of TEMPO-Oxidized
Cellulose

Moe Wakabayashi, Shuji Fujisawa, Tsuguyuki Saito and Akira Isogai*

Department of Biomaterial Sciences, The University of Tokyo, Tokyo, Japan

A fibrous 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-oxidized wood cellulose/water
slurry was disintegrated with a magnetic stirrer or high-pressure homogenizer under
various conditions to prepare TEMPO-oxidized cellulose (TOC)/water dispersions with
different degrees of fibrillation. The turbidity value of the as-prepared dispersion was
used as a measure of the degree of nanofibrillation of the fibrous TOC slurry in water.
The fibrillated TOC/water dispersions with low degrees of fibrillation had cellulose
nanonetwork (CNNeW) structures consisting of TOC nanofibrils (TOCNSs), unfibrillated
TOC fibers, and fibril bundles. The original TOC/water slurry and partly fibrillated
TOC/water dispersions with low degrees of fibrillation were converted to a sheet and
films, respectively, in a short time by membrane filtration, and they had low bulk
densities and high porosities. Membrane filtration of an almost completely nanofibrillated
TOC/water or TOCN dispersion took a long time, but the as-prepared TOCN films had
the highest light transparency, tensile strength, Young’s modulus, and work of fracture.
The oxygen permeabilities of the films at 23°C and 50% relative humidity were as low as
1-2ml pm m—2 day—! kPa~! among the films prepared from the fibrillated TOC/water
dispersions with a wide turbidity range of 0.01-0.45. Therefore, TEMPO-oxidized
CNNeW films with the versatile optical, porous, and mechanical properties but similarly
low oxygen permeabilities can be prepared by controlling the degree of fibrillation of the
TOC/water slurry (Graphical Abstract).

Keywords: TEMPO, cellulose nanonetwork, degree of fibrillation, film properties, filtration behavior, oxygen
permeability

INTRODUCTION

The 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radical is a water-soluble, commercially
available, and stable nitroxyl radical. The primary C6-OH groups of polysaccharides are selectively
oxidized to sodium carboxylate groups by catalytic oxidation with TEMPO in water (de Nooy
et al.,, 1995, 1996). TEMPO-mediated oxidation of plant, bacterial, and tunicate celluloses in
water at pH 7 or 10 at room temperature densely and position-selectively forms sodium C6-
carboxylate groups on crystalline cellulose microfibril surfaces (de Nooy et al., 1995; Okita et al.,
2009; Hirota et al., 2010; Isogai et al., 2011, 2018). Wood cellulose nanofibrils and nanocrystals
with high and low average aspect ratios of >150 and <60, respectively, and homogeneous and
ultrafine widths of ~3 nm can be produced from fibrous TEMPO-oxidized wood celluloses (TOCs)
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GRAPHICAL ABSTRACT | TEMPO-oxidized cellulose fiber sheet and
nanofibril films.

containing >0.8 mmol/g sodium carboxylate groups by
mechanical disintegration in water under suitable conditions
(Isogaietal., 2011, 2018; Zhou et al., 2018, 2019). When TEMPO-
oxidized cellulose nanofibril (TOCN) films are prepared from
completely individualized and transparent TOCN/water
dispersions by casting on a plate or filtration on a membrane
filter and subsequent drying, the films have good flexibilities,
high light transparencies, and high mechanical strengths (Zhao
et al., 2018), extremely low oxygen permeabilities of <0.2ml
pwm m~2 day~! kPa~! under dry conditions, and low thermal
expansion coefficients of <10 ppm/K (Fukuzumi et al., 2009,
2013; Zhao et al., 2018).

Because the TOCN concentrations in dispersions are
lower than ~1% owing to their high aspect ratios, removal of
water from TOCN/water dispersions to prepare TOCN films
requires long casting/drying times or high energy consumption
during filtration or thermal drying. The homogeneous
TOCN/water dispersions transform to heterogeneous gels
by excess evaporation of the dispersions to increase the solid
concentrations, and they cannot be used for film preparation.
When TOCN/water dispersions are sonicated for an extended
time, such as 60-120 min, in laboratory experiments, TEMPO-
oxidized cellulose nanocrystals (T-CNCs) with average aspect
ratios of <60 are produced and their gelation concentrations
increase to 1.7%. However, the T-CNC/water dispersions still
contain a large amount of water (>98%). Therefore, development
of an efficient and cost-effective removal method or process
to prepare TOCN films from TOCN/water dispersions is a
challenging task for application of TOCN:S.

When wood cellulose fibers with or without mild pretreatment

are mechanically disintegrated in water, nanocelluloses

consisting of cellulose nanonetwork (CNNeW) structures
differing from TOCNs or T-CNCs are produced (Henriksson
etal., 2007; P4akko et al., 2007; Wagberg et al., 2008; Klemm et al.,
2011; Moon et al,, 2011; Isogai and Zhou, 2019). The CNNeWs
have heterogeneous fibril widths of 5-100 nm and branched or
network structures of cellulose fibrils depending on the original
wood cellulose fibers and mechanical disintegration conditions.
Mild endo-cellulase treatment and carboxymethylation are
included in the pretreatments (Nakagaito and Yano, 2005,
2008; Abe et al., 2007; Henriksson et al., 2007, 2008; Paakko
et al,, 2007). These CNNeW/water dispersions can be efficiently
converted to sheets or films in a short time by dewatering with
filtration, like the papermaking process. The optical, mechanical,
and thermal properties of the CNNeW sheets or films and their
composites with polymers or nanoclays have been investigated
in detail (Svagan et al., 2007; Eichhorn et al., 2010; Sehaqui
et al., 2010, 2011, 2012; Liu et al., 2011; Varanashi and Batchelor,
2013). Although the TOCN films are superior to the CNNeW
sheets and films in terms of the optical, mechanical, thermal,
and oxygen-barrier properties, the CNNeW sheets and films
have advantages in terms of the efficient removal of water in the
dispersions by filtration and the related drying process.

In this study, a fibrous TOC/water slurry was disintegrated
with a magnetic stirrer or high-pressure homogenizer under
various conditions to prepare partly fibrillated TOC/water or
CNNeW dispersions with various degrees of fibrillation. The
filtration behavior and optical, mechanical, and oxygen-barrier
properties of the sheet prepared from the TOC/water slurry
and the films prepared from the partly fibrillated TOC/water
dispersions were investigated to determine the relationships
between the degree of fibrillation of TOC and the fundamental
properties of the films. Because all the films were prepared from
the same TOC, they have the same amount of sodium carboxylate
groups. Therefore, all the sheet and films have the ability for ion-
exchange of sodium with other metal and alkylammonium ions
(Shimizu et al., 2016; Isogai et al., 2018).

MATERIALS AND METHODS

Fibrillation of TOC Dispersion Under

Various Conditions

A fibrous TOC with carboxylate content of 1.3 mmol/g prepared
from softwood bleached kraft pulp was provided by Nippon
Paper Industries (Tokyo, Japan). The carboxylate content was
determined by the conductivity titration method (Saito and
Isogai, 2004; Fraschini et al., 2017). The TOC/water slurry with
TOC concentration of 0.1 wt % was disintegrated under the
following conditions: stirring with a magnetic stir bar at room
temperature and 500 rpm for 20 days, followed by high-pressure
homogenization with a water-jet-type apparatus by collision
with a ceramic ball (Starburst HJP-25005X, Sugino Machine,
Toyama, Japan) for one pass at 30, 50, and 150 MPa, and five
passes at 150 MPa, which are denoted ST, 30P1, 50P1, 150P1,
and 150P5, respectively. Tert-butanol (-BuOH) and the other
chemicals and solvents of laboratory grade were purchased from
Fujifilm Wako Pure Chemicals (Tokyo, Japan) and used as
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received. Based on the mechanical fibrillation conditions of the
TOC/water dispersion, the degree of fibrillation was assumed
to increase in the following order: TOC < ST < 30P1 < 50P1
< 150P1 < 150P5.

Characterization of the Fibrillated TOC

Dispersions

The fibrillated TOC/water dispersions with solid concentration
of 0.1 wt% were observed with or without cross-polarizers. The
light transmittance values of the dispersions were measured
from 300 to 900 nm wavelength with an ultraviolet-visible (UV-
vis) spectrophotometer (V-670, JASCO Co., Tokyo, Japan), and
their turbidity values were measured at 600 nm wavelength. The
fibrillated TOC/water dispersions (50 ml) in plastic centrifuge
tubes were centrifuged at 12,000x g for 15 min. The supernatant
fractions were dried at 105°C for 3h to determine the solid
weights, and the nanofibrillation yields are expressed based
on the solid weights in the supernatant fractions and those
in the dispersions before centrifugation. t-BuOH was added
to the fibrillated TOC/water dispersions to adjust the -BuOH
concentration to 30 wt% (Nemoto et al., 2015). Here, no
gels formed in the mixture. The fibrillated TOC/water/t-BuOH
dispersions were freeze-dried. The specific surface areas of the
freeze-dried products were determined with a Nj-adsorption

apparatus (NOVA 4200e, Quantachrome Instruments, Florida,
USA) using the Brunauer-Emmett-Teller equation. The large
fibers or fibrils present in the fibrillated TOC/water dispersions
were observed with an optical microscope (BX51, Olympus,
Tokyo, Japan) with cross-polarizers. The fibrillated TOC/water
dispersions with solid concentration of 0.1 wt% were filtered on
a polyvinylidene fluoride (PVDF) membrane filter (0.1 pm pore
size, Durapore, Merck, Germany) under reduced pressure using
a vacuum pump (V-300, Biichi, Germany), and the filtration
times required to remove most of the water from the dispersions
were recorded.

Preparation of the Sheet and Films

The TOC/water slurry and fibrillated TOC/water dispersions
were converted to a wet sheet and wet films, respectively, by
filtration on PVDF membranes under reduced pressure. The pore
size of the membranes used for filtration of the ST, 30P1, and
50P1 dispersions was 0.65 jum, and that for filtration of the 150P1
dispersion was 0.1 pm. The wet sheet and films formed on the
membrane filters were peeled off. Some weights were placed on
the wet film edges to prevent shrinkage during drying, and the
wet sheet and films were dried at 23°C and 50% relative humidity
(RH) for more than 1 day. In the case of the 150P5 dispersion,

30 MPa
1 pass

After magnetic
stirring

Original TEMPO-
oxidized cellulose

Atfter high-pressure homogenization |

50 MPa
1 pass

150 MPa
1 pass

150 MPa |
5 pass i

without cross-polarizers.

FIGURE 1 | Photographs of the TOC/water slurry and fibrillated TOC/water dispersions prepared under various disintegration conditions taken with and
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FIGURE 2 | Optical microphotographs of the fibrillated TOC/water dispersions
prepared under various disintegration conditions, taken with cross-polarizers.

the film was prepared from the 150P5 dispersion by pouring on a
glass Petri dish and dried at 40°C in an oven for more than 3 days.

Characterization of the Sheet and Films

All of the following analyses were performed for the sheet and
films after conditioning at 23°C and 50% RH for more than 1 day.
The thickness, bulk density, water content at 23°C and 50% RH,
and porosity of the sheet and films were measured. The thickness
of each sample was measured at 10 different points with a
micrometer and it is expressed as the average value with standard
deviation. The sheet or film conditioned at 23°C and 50% RH was
dried at 105°C for 3 h to determine the dry weight for calculation
of the water content at 23°C and 50% RH. The porosity of the
sheet or film was calculated with the following equation:

Porosity = 100
bulk density x (1 — water content)

100 (%
true density x (%)

where the true density of 1.6 g/cm® was used for wood TOCNs
(Daicho et al., 2018). The surface roughness values of the
films were measured for the film/air interface side, which
formed during the film preparation process, from the atomic
force microscopy (AFM) images (Wu et al, 2014). The light
transmittance values of the sheet and films were measured with
the V-670 UV-vis spectrophotometer and normalized to 50 um
thickness according to the Lambert-Beer law. The tensile tests
of the sheet and films were performed with a tensile tester
(Shimadzu Ex-TES, Kyoto, Japan) using a 500N load cell. The
sample specimens were 5 mm wide and 4 cm long, and they were
tested with a span length of 1cm at a speed of 0.5 mm/min.
The oxygen transmission rates (OTRs) of the films were recorded
with an oxygen permeability tester (MOCON OX-TRAN 2/21,
Modern Controls Inc., USA) at 23°C and 50% RH under standard

conditions (Yang et al., 2015). The OTRs were converted to
oxygen permeability values according to the following equation:

Oxygen permeability (ml wm kPa~! m~2 day™!)
= OTR x film thickness/101.3

RESULTS AND DISCUSSION

Disintegration of the TOC/Water Slurry

Under Various Conditions

The TOC/water slurry was disintegrated under various
conditions, and photographs of the slurry and dispersions
taken with and without cross-polarizers are shown in Figure 1.
The disintegration conditions to prepare the 150P5 dispersion
were representative of that of a TOCN dispersion consisting
of completely individualized nanofibrils with homogeneous
widths of ~3nm. This 150P5 dispersion was transparent and
exhibited typical birefringence behavior when observed between
cross-polarizers owing to the individualized TOCN elements
(De Souza Lima and Borsali, 2004). The other dispersions were
opaque or translucent and did not show clear birefringence
because of incomplete fibrillation of the fibrous TOC. Fibrous
morphologies were observed in the original TOC/water slurry,
and they formed a sediment mat at the bottom soon after being
left to stand.

Optical microphotographs of the ST, 30P1, 50P1, and 150P1
dispersions taken with cross-polarizers are shown in Figure 2.
Because the cellulose fibers were crystalline, they were observed
as bright fibers differing from the background water phase
containing fine nanofibrils. The fiber length became shorter as
the degree of fibrillation of TOC increased from ST to 150P1.
Therefore, nanofibrillation of the TOC fibers proceeded with
vertical cutting to the fiber length (Saito and Isogai, 2004).

The turbidity values of the fibrillated TOC/water dispersions
and their nanofibrillation yields are shown in Figures 3A,B,
respectively. As expected, the turbidity decreased with increasing
degree of fibrillation from ST to 150P5. Correspondingly, the
nanofibrillation yield linearly increased from 39 to 100% with
increasing degree of fibrillation from 30P1 to 150P5. Therefore,
the turbidity of the fibrillated TOC/water dispersions prepared
under various disintegration conditions can be regarded as
a measure of the degree of nanofibrillation, although the
nanofibrillation yield of the ST dispersion was outside the
linear relationship.

The relationship between the turbidity of the fibrillated
TOC/water dispersion and the specific surface area of the freeze-
dried cryogel prepared from the fibrillated TOC/water/t-BuOH
dispersions is shown in Figure 4. When TOCN/water dispersions
are directly freeze-dried, the obtained cryogels have honeycomb
structures because of growth of ice crystals during freezing (Sakai
et al., 2016). In contrast, nanofibrous cryogels can be prepared
from TOCN/water/t-BuOH dispersions containing ~30 wt%
t-BuOH (Nemoto et al., 2015). There was an almost linear
relationship between the turbidity and the specific surface area
for all of the fibrillated TOC/water dispersions, including the
ST dispersion.
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FIGURE 3 | (A) Turbidity of the fibrilated TOC/water dispersions prepared under
TOC/water dispersion and the corresponding nanofibrillation yield.
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and the specific surface area (B) of freeze-dried cryogels prepared from the

Preparation and Characterization of the

Sheet and Films

The original TOC/water slurry and fibrillated TOC/water
dispersions were filtered on PVDF membranes. The filtration
times required for removal of most of the water from the slurry
and dispersions are shown in Figure 5A. As expected, the original
TOC/water slurry was converted to a TOC sheet within 1 min by
filtration. The ST dispersion was converted to the corresponding
film within 0.4h. The filtration time increased with increasing
degree of fibrillation of the TOC/water slurry, and the 30P1,
50P1, 150P1, and 150P5 dispersions required 1.5, 1.8, 2.3, and
2.6h filtration, respectively. Moreover, for the 50P1, 150P1,
and 150P5 dispersions, the filtration yields decreased to 95%,
probably because of partial passing of fine nanofibrils through the
membrane during filtration.

The bulk density and porosity values of the sheet and films
are shown in Figure 5B. The film density increased from 0.56 to
1.45 g/cm?® and the film porosity decreased from 70 to 20% with
increasing degree of fibrillation of the TOC/water slurry. Hence,
the film density and porosity can be controlled by controlling the
degree of fibrillation. The dried TOC sheet and CNNeW films
with high porosities can be used as base materials to prepare
polymer composites by impregnating polymer/solvent solutions
or thermally melted or softened polymers. The thickness,
moisture content, bulk density, and porosity values with standard
deviations of the sheet and films are given in Table 1. The
moisture content increased from 7.4% for the TOC sheet to 12%
for the 150P5 film, even though all the sheet and films had the
same hydrophilic sodium carboxylate content of 1.3 mmol/g.
Therefore, the moisture content of the film prepared from
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FIGURE 5 | Relationships between the disintegration conditions of the TOC/water slurry and the (A) filtration time of the dispersion and solid component yield, and

TABLE 1 | Fundamental properties of the TOC sheet and films prepared from fibrillated TOC/water dispersions.

Disintegration Thickness (Lm) Moisture content (%) Bulk density (g/cm?) Porosity (%)
condition
TOC sheet - 86.6 + 9.5 74 +04 0.56 + 0.05 67.8 £29
Films prepared from ST 66.1 £7.6 8.8+ 0.4 0.70 £ 0.08 60.5 + 4.6
fibrillated TOC 30P1 33,5 + 2.1 10.8 + 0.7 1.20 + 0.02 33.3 + 1.1
50P1 35.0+1.9 109 £ 0.7 1.20 £ 0.02 33.0+ 1.6
150P1 322 +27 11.6 £ 0.3 1.41 £0.04 221 +24
150P3 32.4 + 21 12.0+ 0.2 1.45 £ 0.13 20.4 £ 6.9

the fibrillated TOC/water dispersion increased with increasing
degree of fibrillation of the TOC/water slurry. Some of the
sodium carboxylate groups inside each TOC fiber in the TOC
sheet did not behave as hydrophilic sites.

Photographs of the sheet and films are shown in Figure 6
along with average surface roughness values determined from
AFM images. The TOC sheet was opaque, like a paper
sheet consisting of wood fibers. The ST film consisted
of uneven and opaque fiber-rich and translucent regions.
The film prepared from the TOC/water dispersion with the
highest degree of fibrillation had the highest transparency and
surface smoothness.

The light transmittance values of the sheet and films at
600 nm wavelength normalized to 50 wm thickness are shown
in Figure 7A. The film transparency increased with increasing
degree of fibrillation of the TOC/water slurry. The strain-stress
curves of the sheet and films are shown in Figure 7B. The
tensile strength and Youngs modulus clearly increased with
increasing degree of fibrillation of the TOC/water slurry. The
mechanical properties, including the tensile strength, Young’s
modulus, elongation at break, and work of fracture, are given
in Table 2. These four mechanical properties explicitly improved
with increasing degree of fibrillation of the TOC/water slurry.
The tensile strength and Young’s modulus of the films showed
almost linear relationships with the film density. Therefore, the

various disintegration conditions of the TOC/water slurry lead to
different filtration times and film densities, resulting in the films
having diverse mechanical properties.

The optical, mechanical, and oxygen permeability properties
of the films are plotted as a function of the turbidity of the
dispersion in Figure 8. The optical transparency, tensile strength,
Young’s modulus, and work of fracture of the films increased
with decreasing turbidity of the fibrillated TOC/water dispersion
or increasing degree of fibrillation. However, the elongation at
break exhibited no clear relation with the dispersion turbidity.
The oxygen permeability values of the 150P5, 150P1, 50P1, and
30P1 films were as low as 1-2ml pm m~2 day~! kPa™! at
23°C and 50% RH, whereas that of the ST film was almost
one order higher than those of the other films. This indicates
that the good oxygen-barrier properties of the films were
caused by the nanofibrillated TOCN components partly formed
from the TOC fibers during the high-pressure homogenization
process and present in the films together with large fibrils and
fibril bundles.

CONCLUSIONS

The time required to prepare TEMPO-oxidized nanocellulose
films by membrane filtration can be controlled by controlling
the degree of fibrillation of the TOC/water slurry. The filtration
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FIGURE 7 | (A) Light transmittance at 600 nm and (B) strain—stress curves of the TOC sheet and films prepared from fibrillated TOC/water dispersions.

TABLE 2 | Mechanical properties of the TOC sheet and films prepared from fibrillated TOC/water dispersions.

Disintegration Tensile strength Young’s modulus Elongation at Work of fracture
condition (MPa) (GPa) break (%) (MJ/m?)
TOC sheet - 201 £ 2.3 1.6 +£0.2 29+ 06 0.4 + 0.1
Films prepared from ST 425+ 10.5 1.9+08 86+ 14 26+ 0.6
fibrillated TOC 30P1 115.2 + 8.8 57405 6.7+08 55+ 1.0
50P1 139.0+£ 7.0 6.5+ 0.8 8.3+09 8.1+11
150P1 167.7 £ 9.8 7.1+06 8.7+ 0.9 102+ 1.5
150P3 181.0 £ 15.0 7.3+09 93+ 141 11.7+£16

time to prepare films from the dispersions by membrane  of the TOC/water slurry cause only partial nanofibrillation of
filtration can be shortened by selecting the dispersions with ~ TOC to form CNNeW structures, the as-prepared dispersions
lower degree of fibrillation. Because low degrees of fibrillation ~ had high turbidity values and contained significant amounts
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FIGURE 8 | Relationships between turbidity of the TOC/water dispersion and the (A) light transmittance, (B) Young’s modulus and tensile strength, (C) elongation at
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of unfibrillated fractions. When the degree of fibrillation of the
TOC/water slurry was controlled from zero (i.e., the original
TOC fibers) to 100% nanofibrillation to prepare a transparent
TOCN dispersion, the filtration time increased from 0min
to 2.6h with 5% yield loss. The film density and porosity
significantly differed depending on the degree of fibrillation
of the TOC/water slurry, and the optical and mechanical
properties of the films remarkably differed. However, the
oxygen-barrier properties of the films were relatively low
and similar among the films prepared from the TOC/water
slurry by high-pressure homogenization under various
conditions. The films prepared from fibrillated TOC/water
dispersions with different degrees of fibrillation can be used
to prepare CNNeW films with high carboxylate contents,
high porosities, and sufficiently low oxygen permeabilities
considering the efficient water removal processes from the
water-rich dispersions.
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