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A B S T R A C T

A water-soluble cellulose acetate (CA) with a degree of acetyl substitution of 0.9 was dissolved in water and 
mixed with aqueous dispersions of reinforcing cellulose nanofibers (CNFs) at various mass ratios. CA/CNF 
composite films with CNF contents of 0 %–16 % were prepared by casting and drying the mixtures to improve the 
fundamental properties of the films. Aqueous dispersions of TEMPO-CNFs containing sodium carboxylate and 
protonated carboxy groups were separately prepared and used to produce CA composite films (TEMPO = 2,2,6,6- 
tetramethylpiperidine-1-oxyl radical). Highly transparent CA/TEMPO-CNF films with tensile strengths and 
Young’s moduli more than twofold those of the 100 % CA film were obtained at a TEMPO-CNF content of 16 %. 
Transmission electron microscopy images of the film cross-sections showed that the TEMPO-CNFs were almost 
homogeneously and individually distributed in the CA/TEMPO-CNF-COOH composite films. The thermal 
expansion patterns of the 100 % CA films were characteristically wavy between 30 and 100 ◦C, and the thermal 
expansion ratios decreased as the TEMPO-CNF contents of the films increased. The obtained results indicate that 
CA/CNF mixtures can be used as water-based coatings and paints with favorable properties.

1. Introduction

Commercial cellulose acetates include cellulose diacetate (CDA) and 
cellulose triacetate (CTA), with degrees of substitution (DSs) of ~3 and 
~ 2.4, respectively, and are the most abundantly produced cellulose 
derivatives. CDA and CTA are used as fibers and films, primarily for 
clothes/filters and liquid crystalline displays, respectively [1,2]. These 
cellulose acetates (CAs) are soluble in organic solvents, and can be 
formed into fibers or films by wet-spinning or casting from organic so-
lutions, and simultaneous or subsequent removal of the organic solvent 
[2]. CA fibers and films have unique and characteristic properties that 
are absent from petroleum-based synthetic fibers or films [2,3]. How-
ever, the use of organic solvents is a major concern from an environ-
mental perspective.

Cellulose ethers are water-soluble cellulose derivatives that are 
produced on an industrial scale; they are used, for example, as thick-
eners for commodity products, in foods, and in coating films in the paper 
industry [4]. The preparation of water-soluble CAs and their properties 
have been reported in the literature [5–8]. The control of DS values by 

non-aqueous organic cellulose solvent systems or ionic liquids as ho-
mogeneous acetylation media has been proposed [5,6], but has not been 
widely adopted by industry. The partial deacetylation from homoge-
neous CTA/acetic anhydride/acetic anhydride solutions with catalytic 
amounts of sulfuric acid, obtained in the CTA production process, to CAs 
with DSs of ~1.0 via CDA is a promising industrial process [7–10]. 
Furthermore, the biodegradability of water-soluble CAs is an attractive 
and environmentally friendly attribute [11–13].

Water-soluble CAs have been reported for pharmaceutical applica-
tions [14]. However, they have low DPs and consequently do not have 
the mechanical properties required for coating and painting materials 
[5–8]. If the mechanical properties of CAs can be improved, their ap-
plications may be quantitatively and qualitatively expanded, because 
water-based systems that comprise CAs are favorable in terms of envi-
ronmental issues.

Cellulose nanofibers (CNFs) are prepared from native cellulose fibers 
by chemical or enzymatic pretreatments and subsequent mechanical 
fibrillation in water to obtain aqueous dispersions [15]. Commercially 
available TEMPO-oxidized CNFs (TEMPO = tetramethylpiperidine-1- 
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oxyl radical) with homogeneous widths of ~3 nm and average lengths of 
>400 nm have been produced on an industrial scale. TEMPO-CNF films 
have high optical transparencies, tensile strengths, and Young’s moduli 
[15–17]. They also have extremely low coefficients of thermal expan-
sion, owing to their cellulose I crystal structures, as well as nano-sized 
morphologies [16,17], and controllable biodegradability [18]. If me-
chanically weak water-soluble CA films are reinforced by TEMPO-CNFs 
using water systems as mixing media, and subsequent casting and dry-
ing, their applications are quantitatively and qualitatively expanded.

Cast and dried composite films containing TEMPO-CNFs have been 
prepared by mixing aqueous TEMPO-CNF dispersions and aqueous so-
lutions of cellulose ethers [4], polyvinyl alcohol [19], polyacrylamide 
[20], and polyethylene oxide [21] as matrix polymers. The reinforcing 
effects of TEMPO-CNFs on the properties of composite films vary, 
depending on the water-soluble matrix polymers used. CA/TEMPO-CNF 
composite films may have potential as biodegradable cellulose-based 
polymers with superior properties for coatings and paints.

In the present work, we separately dissolved a water-soluble CA in 
water, and dispersed aqueous TEMPO-CNFs with sodium carboxylate 
and protonated carboxy groups (TEMPO-CNF-COONa and TEMPO-CNF- 
COOH, respectively). We prepared CA composite films with TEMPO- 
CNF contents of 0 %–16 % by mixing aqueous CA solutions and 
aqueous TEMPO-CNF dispersions at various mass ratios, and casing and 
drying the mixtures. The optical, mechanical, and thermal properties of 
the CA/TEMPO-CNF composite films were investigated in terms of the 
TEMPO-CNF contents of the films, and the structures of their carboxy 
groups. The results showed that the CA/TEMPO-CNF composite films 
had mechanical and thermal properties that were superior to those of 
the neat 100 % CA film. The water-soluble CA is categorized as a 
functional polymer, and the counterions of carboxy groups in TEMPO- 
CNFs can be controlled by simple ion-exchange in water. The in-
teractions between the CA molecules and TEMPO-CNFs in the composite 
films may be different, depending on the counterions of TEMPO-CNFs. 
Thus, the water-soluble CA and TEMPO-CNFs used for preparation of 
composite films in this study are regarded as functional and reactive 

polymers.

2. Materials and methods

2.1. Materials

A commercial 3 wt% TEMPO-CNF-COONa/water gel prepared from 
softwood bleached kraft pulp was provided by Nippon Paper Industries 
Co., Ltd., Japan. The carboxy content of the CNFs was 1.5 mmol/g. A 
commercial water-soluble CA produced by a Japanese company was 
used [22,23]. The degree of substitution and viscosity average degree of 
polymerization of the CA were 0.9 of 131, respectively, according to the 
catalog data. Deionized water was used in all experiments.

2.2. Preparation of composite films

The 3 wt% TEMPO-CNF-COONa/water gel was diluted with water 
and stirred to produce a viscous 0.5 wt% homogeneous dispersion. The 
CADS=0.9 powder (CA with a DS of 0.9) was dissolved in water to produce 
a 3 wt% solution. The TEMPO-CNF dispersion or the CA solution was 
filtered on a 20 μm membrane filter under reduced pressure to remove 
small gel particles or insoluble fractions, which constituted less than 5 
wt% of the dry mass of the original CNFs or CA. A TEMPO-CNF-COOH/ 
water dispersion was prepared according to the procedure reported 
previously [24], with slight modification. Briefly, a dilute HCl solution 
was slowly added to the 0.5 wt% TEMPO-CNF-COONa/water homoge-
neous dispersion to maintain the pH at ~2, and the mixture was stirred 
for 30 min. The viscosity of the mixture increased, and gel particles were 
formed in the mixture. The gel particles were washed with water by 
centrifugation for 10 min × 4 times to remove excess HCl. The particles/ 
water suspension was subjected to high-pressure homogenization 
(NanoVater NVC-ES008A-D10, Yoshida Kikai, Co., Japan) four times to 
prepare a transparent, homogeneous, and viscous TEMPO-CNF-COOH/ 
water dispersion.

CADS=0.9/TEMPO-CNF composite films were prepared by casting and 

Fig. 1. Preparation of CADS=0.9/TEMPO-CNF composite films.
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drying. A 3.0 wt% CADS=0.9 solution and either a 0.5 wt% TEMPO-CNF- 
COONa or TEMPO-CNF-COOH dispersion were mixed, and the mixture 
was stirred at ~23 ◦C for 2 h. Each mixture was degassed in a Thinky AR- 
100 planetary centrifugal mixer at 2200 rpm and 23 ◦C for 3 min. The 
degassing process was repeated twice. The CADS=0.9/TEMPO-CNF mix-
tures were poured into polystyrene petri dishes and dried in an oven at 
40 ◦C and 80 % relative humidity (RH) for more than 1 day. The dried 
films were separated from the petri dishes and stored at 23 ◦C and 50 % 
RH for more than 1 day (Fig. 1). The TEMPO-CNF contents of the 
composite films were 0 %, 2 %, 4 %, 8 %, and 16 % by dry mass.

2.3. Analyses

Solution and solid-state carbon 13 nuclear magnetic resonance (13C 
NMR) spectra of CA were obtained using a JNM-ECA II 500 spectrometer 
(JEOL, Tokyo, Japan). Each CA sample was dissolved in deuterium oxide 
(D2O) for solution-state NMR analysis. The solid-state 13C NMR spectra 
of CA were obtained according to a previously reported method [25]. 
The moisture content of each film at 23 ◦C and 50 % RH was measured 
by drying the film at 105 ◦C for 3 h. The Fourier-transform infrared (FT- 
IR) spectrum of each film was obtained using an FT/IR-6100 spec-
trometer (JASCO, Tokyo, Japan) in transmission mode at a 4 cm− 1 

resolution. A V-670 UV–vis spectrophotometer (JASCO, Tokyo, Japan) 
was used to measure the light transmittance and haze values of each 
film. The light transmittances were normalized to a thickness of 40 μm 
using the Beer–Lambert law [26]. The haze value of each film was 
calculated from its total and diffusive light transmittances according to 
American Society for Testing and Materials standard D1003 [27]. The 
surface of each film was investigated using an optical microscope (SZX2- 
ILLTS, Evident Co., Japan). The tensile properties of each film were 
determined using an EZ-SX tensile tester (Shimadzu, Tokyo, Japan) with 
a 500 N load cell. The films were cut into 2 × 30 mm strips, and the tests 
were conducted on span lengths of 10 mm at speeds of 0.5 mm/min. At 

least five strips were tested for each sample.
The X-ray diffraction (XRD) pattern of each film was obtained using a 

MiniFlex 600 system (Rigaku, Tokyo, Japan) at 40 kV and 15 mA. The 
particle sizes of the two CNF dispersions at ~0.0125 % solid contents 
were measured using a laser particle size analyzer (Litesizer 500, Anton 
Paar, Austria). Each film was swollen in 50 vol% ethanol/water to in-
crease its thickness [4]. Each swollen sample was soaked in a series of 
ethanol/water mixtures with ethanol concentrations that gradually 
increased up to 100 %. This enabled solvent exchange from water to 
ethanol in the film, maintaining its original form. Each film sample was 
then fixed in an epoxy resin. Ultrathin sections of the film were then 
prepared using an Ultramicrotome (Ultracut-UTC, Leica, Germany). The 
ultrathin sections were stained with 4 wt% uranyl acetate and Reynold’s 
lead citrate solutions. Transmission electron microscopy (TEM) images 
of the film sections were obtained using a JEM-1400 Plus system oper-
ated at 100 kV. Each film sample was dried at 102 ◦C in a nitrogen 
stream for 30 min, and its thermal expansion was measured using a 
TMA60 system (Shimadzu, Tokyo, Japan) [16]. The measurements were 
obtained at 30–100 ◦C at a heating rate of 5 ◦C/min with an applied 
force of 0.03 N.

3. Results and discussion

3.1. Structural characterization of the CADS=0.9 and TEMPO-CNFs

The commercial CA sample was analyzed by solid- and solution-state 
13C NMR spectroscopy (Fig. S1 in the Supplementary Data). The signal 
area ratios of the methyl carbons of the acetyl groups/C1 in the solid- 
and solution-state 13C NMR spectrum were 0.91 and 0.87, respectively, 
and were almost the same as the DS value (0.9) reported in the catalog 
data. The C6/C1 signal area ratio of cellulose in the solid-state 13C NMR 
spectra is always lower than 0.8 because two protons are linked to the C6 
carbon [28]. The signal area ratios of C2,3,4,5/C1 in the solid- and 

Fig. 2. (a,c) Light transmittance and (b,d) haze spectra of (a,b) CADS=0.9/TEMPO-CNF-COONa and (c,d) CADS=0.9/TEMPO-CNF-COOH composite films.
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solution-state 13C NMR spectra were 4.01 and 3.86, respectively, and 
were roughly similar to the quantitative value. The C––O signal areas of 
the acetyl groups linked to the hydroxy groups of C2, C3, and C6 in the 
solution-state 13C NMR spectra indicated the distributions of the acetyl 
groups between the three hydroxy groups of the glycosyl units in the 
cellulose. Although the NMR spectrum was not obtained in the quanti-
tative mode, and the corresponding peaks overlapped each other 
(Fig. S1a, left below inset), the distribution of acetyl groups followed the 
approximate order C6 > C3 > C2, which was slightly different from the 
orders reported previously [29,30].

The FT-IR spectra of the TEMPO-CNF-COONa and TEMPO-CNF- 
COOH films are shown in Fig. S2 in the Supplementary Data. The 
TEMPO-CNF-COONa film had a C––O stretching absorption peak at 
1600 cm− 1 that was attributable to sodium carboxy groups, but no C––O 
absorption peak that was attributable to protonated carboxy groups. In 
contrast, the TEMPO-CNF-COOH film had a C––O stretching absorption 
peak at 1720 cm− 1 that was attributable to protonated carboxy groups 
[24]. Therefore, the counterion exchange from TEMPO-CNF-COONa to 
TEMPO-CNF-COOH was successfully achieved by the procedure used in 
this study. The average particle sizes of the TEMPO-CNF-COONa and 
TEMPO-CNF-COOH dispersed in water at ~0.125 % solid contents were 
512 nm and 304 nm, respectively (Fig. S3 in the Supplementary Data). 
Thus, the average particle size of the TEMPO-CNF-COOH sample 
decreased from that of the TEMPO-CNF-COONa probably by additional 
high-pressure homogenization four times in water. Shortening of the 

fibril length of the TEMPO-CNF-COONa and/or fibrillation of the 
TEMPO-CNF-COONa aggregates may have partly occurred during the 
homogenization treatment.

3.2. Preparation of the CADS=0.9/TEMPO-CNF composite films and their 
fundamental properties

The CA/TEMPO-CNF composite films were prepared according to 
the scheme shown in Fig. 1. The aqueous CA/TEMPO-CNF mixtures 
were degassed and dried at 80 % RH to provide smooth and transparent 
films in 1 day. The dried CA/TEMPO-CNF composite films were 
smoothly removed from the petri dishes without any problems such as 
tearing or breaking, whereas the 100 % CA films were difficult to be 
smoothly removed from the petri dishes.

All the composite films were visibly transparent (Fig. S4 in the 
Supplementary Data). The light transmittances and haze spectra of the 
films are shown in Fig. 2. All the films exhibited high light trans-
mittances of ~93 % at 600 nm, indicating that the TEMPO-CNFs were 
homogeneously and individually nano-dispersed in the CA matrix 
without forming aggregates, irrespective of the TEMPO-CNF content.

The haze spectra of the composite films were surprising. All the haze 
values were sufficiently low as transparent films, but the 2 % TEMPO- 
CNF-containing composite films had the highest haze values, which 
decreased with increasing TEMPO-CNF content in both composite sys-
tems. The 16 % TEMPO-CNF-containing composite films had the lowest 

Fig. 3. (a) Density and (b) moisture content of the CADS=0.9/TEMPO-CNF composite films.

Fig. 4. X-ray diffraction patterns of (a) CADS=0.9/TEMPO-CNF-COONa and (b) CADS=0.9/TEMPO-CNF-COOH composite films.
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haze values, which were slightly higher than that of the 100 % CA film. 
Fig. S5 in the Supplementary Data shows microphotographs of the sur-
faces of the composite films prepared with 2 % and 16 % TEMPO-CNF- 
COONa. The 16 % TEMPO-CNF-containing film surface was smoother at 
the micrometer level than that of the 2 % TEMPO-CNF-containing film. 
This result indicated that rougher film surfaces were formed as the 
TEMPO-CNF content was decreased from 16 % to 2 %. Similar results 
about the influence of surface roughness on the haze values were re-
ported for nanocellulose film samples [31–33]. Probably the water- 
removal speeds differed between the CADS=0.9/water solution and the 
TEMPO-CNF/water dispersion at 40 ◦C and 80 % RH, resulting in the 
formation of composite films with rougher surfaces. However, this hy-
pothesis should be investigated further to obtain evidence.

The densities and moisture contents of the films are presented in 
Fig. 3. The film density decreased from 1.5 g/cm3 for the 100 % CA film 
to 1.3 g/cm3 with an increase in TEMPO-CNF content up to 16 % in 
similar manners in the two systems. These results are similar to those of 
film densities of TEMPO-CNF-containing polyacrylamide or polyvinyl 

alcohol composites [20]. The presence of crystalline TEMPO-CNFs in the 
CA matrix polymer may have caused a decrease in the amount of some 
ordered structures (corresponding to the high density) in the CA matrix 
polymer. Another possibility to explain the obtained results is that the 
presence of TEMPO-CNFs in the composite films may have increased 
pore volumes as in the cases of TEMPO-CNF-containing polyacrylamide 
and polyvinyl alcohol composite films [20]. However, the reasons for 
the results in Fig. 3a are unknown at present. Because there were no 
clear differences in the film densities at the same TEMPO-CNF contents 
between the sodium carboxylate and protonated carboxy groups in the 
films, the CA/CNF interface structures or the densities of the CA/CNF 
interface layers might be similar in the two systems.

As expected, the moisture content increased as the hydrophilic 
TEMPO-CNF-COONa content increased in the composite films. When 
TEMPO-CNF-COOH was added, the moisture contents of the composite 
films with CNF contents of 2 % and 4 % were lower than that of the 100 
% CA film. The moisture contents of the 8 % and 16 % TEMPO-CNF- 
COOH-containing CA composite films were slightly higher than that of 

Fig. 5. Representative stress–strain curves of (a) CADS=0.9/TEMPO-CNF-COONa and (b) TEMPO-CNF-COOH composite films.

Fig. 6. Tensile properties of CADS=0.9/TEMPO-CNF composite films: (a) tensile strength, (b) Young’s modulus, (c) elongation at break, and (d) work of fracture.
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the 100 % CA film. These moisture contents of the TEMPO-CNF-COOH- 
containing CA composite films may be explained in terms of the for-
mation of less hydrophilic hydrogen bonds between the hydroxy groups 
of the CA molecules and the protonated carboxy groups of TEMPO-CNF- 
COOH.

The XRD patterns of the composite films are shown in Fig. 4. The 
broad peak at diffraction angles of 10–25◦ revealed the disordered 
structures in CA. The XRD patterns of the CA/TEMPO-CNF composite 
films became flatter, indicating that some of the ordered structures of 
the 100 % CA film became less ordered when the TEMPO-CNFs were 
added. Although the 100 % TEMPO-CNF-COONa film and the 100 % 
TEMPO-CNF-COOH film exhibited different intensities of the cellulose I 
crystal structure [16], their Segal’s crystallinities were the same (69 %), 
and their crystal widths, which were calculated from the full widths of 
the (200) peaks, were also the same (3.1 nm). Thus, the presence of Na 
counterions in the 100 % TEMPO-CNF-COONa film caused a decrease in 
XRD intensity, but the crystallinity and the crystal width of cellulose I 
were the same in the 100 % TEMPO-CNF-COONa film as in the 100 % 
TEMPO-CNF-COOH film.

3.3. Tensile properties of the CADS=0.9/TEMPO-CNF composite films

Typical stress–strain curves of the CA/TEMPO-CNF composite films 
are shown in Fig. 5. The tensile strengths and Young’s moduli of the 
films increased as the TEMPO-CNF contents increased because TEMPO- 
CNFs are crystalline nanofibers with high elastic moduli of ~140 GPa 
[16,34]. However, the elongation at break values decreased following 
the addition of CNFs. In particular, the addition of TEMPO-CNF-COOH 
to CA resulted in higher tensile strengths and Young’s moduli, indi-
cating that the formation of hydrogen bonds between the hydroxy 
groups of CADS=0.9 and the protonated carboxy groups of the TEMPO- 
CNFs at the interface layers improved these properties.

The tensile properties of the composite films are plotted against their 
TEMPO-CNF contents in Fig. 6. The tensile strengths and Young’s 
moduli clearly increased as the TEMPO-CNF contents increased. In 
particular, the tensile strength and Young’s modulus of the 16 % 
TEMPO-CNF-containing CA composite film increased by more than 
twofold compared with those of the 100 % CA film. The addition of 
TEMPO-CNF-COOH resulted in higher tensile strengths and Young’s 

moduli than the addition of TEMPO-CNF-COONa at the same TEMPO- 
CNF content. The results shown in Fig. 6a, b were probably the result 
of the protonated carboxy groups in the TEMPO-CNFs forming hydrogen 
bonds with the hydroxy groups of the CA molecules, as discussed in the 
previous paragraph based on the results shown in Fig. 5.

In contrast, the elongation at break values decreased as the TEMPO- 
CNF contents of the composite films increased (Fig. 6c). The work of 
fracture of the composite films was highest at a TEMPO-CNF content of 
2 %. The tensile strength, Young’s modulus, and elongation at break 
values of the composite films are plotted against the densities or mois-
ture contents of the composite films in Fig. S6 in the Supplementary 
Data. The Young’s moduli of composite films are often governed by the 
film densities, and the moisture contents of the films influence their 
elongations at break or works of fracturs [17,21]. Although the film 
density decreased with increasing TEMPO-CNF content for both the 
TEMPO-CNF-COONa- and TEMPO-CNF-COOH-containing CA compos-
ite films (Figs. 3a, S6e), their Young’s moduli increased with the CNF 
content, which is unexpected but similar to the results of TEMPO-CNF- 
containing polyvinyl alcohol and polyacrylamide composite films 
[20]. Thus, the presence of high-modulus TEMPO-CNFs in the CA 
composite film may have overcome the influence of the decreased film 
density on the Young’s modulus of the composite film. The moisture 
contents of the composite films were roughly constant against their 
TEMPO-CNF contents (Fig. 3b). Thus, the elongation at break decreased 
with the CNF content, which was primarily governed by the increased 
Young’s modulus. Consequently, the addition of crystalline and high- 
modulus TEMPO-CNFs to the amorphous CA base polymer influenced 
the resultant tensile properties of the composite films.

TEM images of the cross-sections of the 16 % TEMPO-CNF- 
containing CA composite films are shown in Fig. 7. The top surface 
layer of the TEMPO-CNF-COONa-containing film consisted of almost 
homogeneously distributed TEMPO-CNFs, whereas the middle and 
bottom surface layers consisted of partly aggregated TEMPO-CNFs. In 
contrast, in the TEMPO-CNF-COOH-containing film, the TEMPO-CNFs 
maintained their original nanofiber structures and morphologies, and 
were homogeneously nano-dispersed without forming any aggregates in 
the three layers of the film.

The TEMPO-CNF-COOH elements were homogeneously and indi-
vidually nano-distributed in the CA matrices of the composite films. This 

Fig. 7. TEM images of cross-sections (top surface, middle, and bottom surface) of the CADS=0.9/TEMPO-CNF-COONa and CADS=0.9/TEMPO-CNF-COOH compos-
ite films.
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may have been the cause of the higher tensile strengths, Young’s moduli, 
and work of fracture values of those films compared with those of the 
CA/TEMPO-CNF-COONa composite films at the same TEMPO-CNF 
contents, as shown in Fig. 5 and Fig. 6. When TEMPO-CNFs form ag-
gregates in CA matrices such as TEMPO-CNF-COONa-containing com-
posite films, the relative aspect ratios of the CNFs decrease, resulting in 
composite films with lower tensile moduli [4,35].

3.4. Thermal properties of the CADS=0.9/TEMPO-CNF composite films

The thermal expansion behaviors of the films were investigated by 
thermomechanical analysis, and the results are shown in Fig. 8. The 
thermal expansion values of the 100 % TEMPO-CNF-COONa and 
TEMPO-CNF-COOH films increased linearly with temperature [16], and 
their coefficients of thermal expansion (CTE) were 8.3 and 9.9 ppm/K, 
respectively. The CTE values of these TEMPO-CNF films were quite low 
and close to the CTE of glass [16] owing to the crystalline structures of 
the TEMPO-CNFs. The 100 % CADS=0.9 and CADS=0.9/TEMPO-CNF films 
exhibited characteristic wavy patterns of thermal expansion against 
temperature. The expansion increased at the initial temperature stage, 
decreased to negative values at the second temperature stage, and then 
increased again at the third temperature stage. The thermal expansion 
ranges decreased as the TEMPO-CNF content increased.

The characteristic wavy patterns of thermal expansion of the CA- 
containing films remained unchanged after cooling, even after 
repeated heating or drying. Therefore, the results in Fig. 8 were not 
influenced by any moisture present in the films. Because CADS=0.9 con-
tains both hydrophilic hydroxy groups with hydrogen bond-formable 
properties and hydrophobic acetyl groups with hydrophobic 
interaction-formable properties, the degrees of hydrogen bond and/or 
hydrophobic bond formation change reversibly in the films, depending 
on the temperature, in contrast to the 100 % TEMPO-CNF films. How-
ever, these hypotheses require further verification.

4. Conclusions

In the present study, we prepared transparent CADS=0.9/TEMPO-CNF 
composite films with TEMPO-CNF contents of up to 16 % by mixing 
aqueous CA solutions and aqueous TEMPO-CNF dispersions (i.e., 
entirely aqueous systems) in various mass ratios, and casting and drying 
the mixtures. The CA/TEMPO-CNF composite films produced disordered 
XRD patterns, irrespective of the TEMPO-CNF content. The tensile 
strength and Young’s modulus of each film increased as the TEMPO-CNF 
content increased, and when the TEMPO-CNF content was 16 %, they 
reached over twice the values of a 100 % CA film. Therefore, the pres-
ence of crystalline TEMPO-CNFs in the CADS=0.9 base polymer clearly 
improved the tensile properties of the composite films. The film cross- 
sections revealed almost homogeneous and individual distribution of 

the TEMPO-CNF-COOH elements, and the films retained the nanofiber 
morphologies of the original composite films, as indicated by TEM. In 
contrast, the TEMPO-CNF-COONa elements aggregated slightly in the 
middle and bottom surface layers. The 100 % CADS=0.9 film exhibited 
characteristic wavy thermal expansion patterns from positive and 
negative expansion at 30–100 ◦C. The absolute expansion was reduced 
by the addition of crystalline TEMPO-CNFs, although the wavy patterns 
were retained.
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