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A B S T R A C T

In recent years, ultraviolet (UV) protection films made from cellulose nanofibril (CNF) have drawn significant
attention, owing to its high transparency, high mechanical strength and relatively high thermostability.
Generally, CNF films had poor UV-shielding performance, and required UV absorbent to enhance their UV-
shielding ability. Herein, a simple thermal treatment is proposed to directly improve the UV blocking properties
of CNF films without incorporating UV absorbent. After thermal treatment at 160 °C, the CNF films exhibited a
near-complete UV blocking ability. In particular, they exhibited full absorption of ultraviolet A (UVA) and ul-
traviolet B (UVB), and also showed a high visible light transmittance of 72%. In addition, the UV-shielding films
performed stable UV-blocking when exposed to UV irradiation. Simultaneously, the hornification induced by
thermal treatment endowed an improved hydrophobicity for CNF films. However, the tensile strength of the CNF
films decreased from 133MPa to 81MPa after thermal treatment at 160 °C.

1. Introduction

Excessive exposure to sunlight can cause discoloration of dyes and
pigments, yellowing of plastics and papers, sunburn or cancer in human
skin, and other problems (Berneburg, Plettenberg, & Krutmann, 2000;
Mackie, Elwood, & Hawk, 1987; Yousif & Haddad, 2013; Zayat, Garcia-
Parejo, & Levy, 2007). This phenomenon arises from the ultraviolet
(UV) wavelength portion of the spectrum of sunlight (Hattori, Ide, &
Sano, 2014; Piccirillo et al., 2014). As the stratospheric ozone content
in the atmosphere decreases, UV radiation from the solar spectrum is
producing striking and ubiquitous detrimental effects on human health
and other biological systems (Kerr & McElroy, 1993; Williamson, Neale,
Grad, De Lange, & Hargreaves, 2001). Hence, in recent years, the de-
velopment of high-efficiency UV-shielding products such as sunblock
creams, sunglasses, hats, window protectors, arm protectors, and cloth
has attracted significant attention from researchers.

Petroleum-based polymer matrices have been widely applied in UV-
shielding materials (Tang, Cheng, Pang, Ma, & Xing, 2006; Tu et al.,
2010; Xing, Ruch, Dubois, Wu, & Wang, 2017). However, such mate-
rials, as used in UV-protection products for specific purposes, are high
cost and contain non-biodegradable substances. During the treatment of
petroleum-based polymer wastes, large amounts of toxic and harmful
substances are generated, which can cause serious damage to the en-
vironment. Hence, with increasing concern regarding environmental

issues and the overexploitation of fossil resources, biodegradable cel-
lulose-based materials have been developed to replace traditional pet-
roleum-based polymer matrices. Cellulose nanofibrils (CNF) can be
used to construct high-performance structural materials and functional
composites, that exhibit many desirable properties, such as low cost,
non-toxicity, biocompatibility, high mechanical strength, good optical
properties, good thermostability, and low thermal expansion (Huang
et al., 2013; Khalil, Bhat, & Yusra, 2012; Klemm et al., 2011). Hence,
CNF, as an ideal building block, has been used for the fabrication of
biodegradable, eco-friendly UV-shielding materials. Furthermore, CNF-
based UV protection films exhibit great suitability for practical appli-
cations, such as clean windows, contact lens, and car windshields.

General approaches to achieving high UV protection have mainly
relied on the incorporation of a UV absorber in the CNF films. For ex-
ample, photoactive materials such as benzophenone, diisocyanate,
epoxidized soybean oil, Eu(TTA)3(H2O)2, and p-aminobenzoic acid
have been chemically grafted onto CNF or cellulose nanocrystal (CNC)
surfaces to improve UV blocking ability (Niu et al., 2018; Sirviö,
Visanko, Heiskanen, & Liimatainen, 2016; Zhang et al., 2017). How-
ever, during the chemical grafting reactions, a large number of harmful
chemicals are used, which is contrary to the requirements of “green
chemistry”. In addition, some organic or inorganic UV absorbents, such
as ZnO, carbon dots, lignin, aramid nanofibers, and colored metal ions
have been directly incorporated into CNF films through simple physical
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blending (Feng et al., 2017; Jiang et al., 2015; Luo et al., 2019; Wang
et al., 2018; Yang, Wang, Gogoi, Bian, & Dai, 2019). For these studies,
the incorporation of a second or third component is necessary for im-
proving the UV blocking ability of the CNF films.

Thus, a simple and green thermal treatment technology is proposed
herein, for preparing CNF films with near-complete UV-blocking
properties and improved water resistant. The discoloration induced by
a simple thermal treatment provides enhanced UV-shielding ability for
the CNF films, which do not need a complicated modification process or
additional UV absorbents. This idea is inspired by the yellow dis-
coloration and hornification of paper fibers during thermal treatment
(Hubbe, Venditti, & Rojas, 2007; Luo & Zhu, 2011). For fibrous mate-
rials, yellow discoloration and hornification will affect the appearance
of the paper and limit the recycling and reuse of the fibers (McKinney,
1994). However, these phenomena bring new opportunities to CNF
materials, as they provide enhanced UV-shielding properties and im-
proved water resistance for CNF films. The hornification of CNF films
induced by thermal treatment has been reported to enhance the barrier
properties of CNF films (Österberg et al., 2013; Xia et al., 2018).
However, we are not aware of publicly-available studies on the effects
of thermal treatment on the UV-shielding performance of CNF films.

In this work, the UV-blocking CNF films were fabricated by a
thermal treatment (Fig. 1). This study investigated the effects of the
thermal treatment temperature on the visual appearances, visible light
transmittance, UV-blocking, water resistance, thermal stability, and
mechanical properties of the CNF films. The CNF films with near-
complete UV-blocking properties and improved water resistance prop-
erties provide promising candidates for transparent UV-shielding ma-
terials to be applied in, e.g., clean windows, contact lenses, or car
windshields.

2. Experiment and methods

2.1. Materials

TEMPO-oxidized cellulose nanofibril (TOCN) has been produced in
previous studies (Isogai, Saito, & Fukuzumi, 2011; Yang, Jiao, Min, Liu,
& Dai, 2017). The TOCN used in this study has a surface carboxylate
content of 1.633mmol/g, with a diameter of 6–8 nm (Figs. S1 and S2).
The TOCN used in this study mainly consists of glucose (73.53%),

xylose (14.19%), and small amounts of lignin (0.52%), as shown in
Table S1.

2.2. Preparation of TOCN films

The TOCN films were prepared using a solution-casting method. A
TOCN aqueous suspension was diluted to 0.5 wt% concentration by the
addition of deionized water, and was stirred overnight to form a uni-
form aqueous suspension. The obtained 0.5 wt% TOCN dispersion was
poured into a polystyrene Petri dish and dried at room temperature
(25 °C) for 3 days, until the water completely evaporated and TOCN
films were formed. The grammage of the films was approximately 30 g
m−2. The resultant films were then heated in an oven for 3 h at different
temperatures (140 °C, 150 °C, 160 °C, and 170 °C) denoted as T140,
T150, T160, and T170, respectively. The dried films, with thicknesses of
22–25 μm, were placed at 23 °C and 50% RH for 24 h to balance the
moisture content.

2.3. Characterization

A Fourier-transform infrared spectroscopy (FTIR) spectrometer
(VERTEX 80 V, Bruker, Germany) with a universal attenuated total-
reflection (ATR) probe was used to analyze the TOCN film samples. X-
ray diffraction patterns of the TOCN film samples were obtained using
an X-ray diffractometer (Ultima IV, Rigaku, Japan) equipped with Cu-
Kα radiation (λ =15.4 Å) in the range of 5–40° at a scan speed of 4°/
min. All film samples were dried in a vacuum oven at 40 °C for 24 h to
remove moisture before measurements. The crystallinity index (CrI, %)
was calculated using Eq. (1):

=
−

×CrI I I
I

(%) 100am200

200 (1)

Here, I200 is the maximum intensity of the principal peak, and Iam is the
intensity of diffraction attributed to amorphous cellulose (Segal, Creely,
Martin, & Conrad, 1959). An Xrite i1 Pro2 spectrophotometer was
utilized to analyze the chromaticity of the film samples. Currently, the
most complete color space for describing the visible colors for the
human eye is CIELAB, as specified by the International Commission on
Illumination (CIE). The CIELAB hue cube consists of three components
related to color: luminosity (L), a, and b. L represents the lightness of
the color, where a low number (0–50) indicates darkness and a high

Fig. 1. (a) Schematic illustration of the fabrication of TOCN UV-blocking films, (b) Schematic describing of the UV-filtering and hydrophobicity of the thermally
treated TOCN films.
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number (51–100) refers to lightness. The value range of a and b is from
+127 to −128, where a indicates the difference between green (−a)
and red (+a), and b indicates the difference between yellow (+b) and
blue (−b). Scanning electron microscopy (SEM) (Quanta-200, FEI,
USA) was used to analyze the cross-sectional structure of the TOCN
films. In addition, the thicknesses of the film samples were calculated
according to the cross-sectional images of the TOCN films (Fig. S4). The
UV-blocking properties of the TOCN film samples were investigated by
measuring their absorbance and total transmittance using a UV–vis
(VIS)/near infrared (NIR) spectrophotometer (Lambda 950, Perki-
nElmer, USA) with a wavelength range from 200 nm to 1100 nm. A
wavelength of 555 nm was used for a determination of film transpar-
ency in the visible region, as it is the most sensitive wavelength for
humans (Sirviö et al., 2016). The T(UVA) and T(UVB) of the TOCN film
samples were calculated using Eqs. (2) and (3):

∫

∫
=

×
T

T dλ

dλ
(UVA)

λ320
400

320
400

(2)

∫

∫
=

×
T

T dλ

dλ
(UVB)

λ280
320

280
320

(3)

In the above, Tλ is the transmittance of the TOCN film samples of the
light at wavelength λ. The absorption coefficients were calculated ac-
cording to Beer-Lambert's law and Debye-Scherrer (Tauc's plot), to find
the band gaps from the absorption data. The thermal stability of the
TOCN film samples was measured using a thermogravimetric analyzer
(PerkinElmer, Inc., Waltham, MA). Samples of approximately 5mg
were heated from 30 to 600 °C with a heating rate of 10 °C/min under a
high purity nitrogen flow of 20mL/min. The mechanical properties of
the TOCN films were investigated using a tensile tester (H25KT, Tinius
Olsen, USA) with a 500 N load cell at 1 mm/min, according to ASTM
D638-03. The specimens have a typical size of 5mm in width and
40mm in length, and five measurements were carried out for each
specimen. The water absorption ratio was measured using ASTM D570.
The films were soaked in deionized water for 3 h. Then, the wet films
were picked up, and excess water was removed by blotting paper. The
contact angle of a 4 μL water droplet on the film sample surfaces was
measured using a contact angle analyzer (Attention Theta, Biolin Sci-
enfic, Inc. Stockholm, Sweden).

3. Result and discussion

3.1. Structures of TOCN films

In this study, a thermal treatment was utilized to directly improve
the UV-blocking properties of transparent TOCN films, without in-
corporating UV absorbent. The visual appearances of the film samples
are shown in Fig. 2. All of the film samples showed high transparency,
and the printed patterns under the films could be clearly seen by human
eyes. It was also observed that the thermal treatment could induce
yellow or brown discoloration for the TOCN films (Takaichi, Saito,
Tanaka, & Isogai, 2014; Xia et al., 2018; Yagyu, Saito, Isogai, Koga, &
Nogi, 2015). Previous research showed that interfibrillar hemiacetal
linkages are probably formed between the hydroxyl groups and C6-al-
dehydes present on the surfaces of TOCN during thermal treatment,
which induces significant discoloration (Isogai et al., 2011; Shinoda,
Saito, Okita, & Isogai, 2012). Empirical methods for detecting C6-al-
dehydes were investigated using the UV spectra of the TOCN films (Fig.
S3). It is possible that the UV absorption peaks at approximately
260 nm can be ascribed to the C6-aldehydes (Takaichi et al., 2014). The
small amount of residual lignin (0.52%) also induced a weak dis-
coloration phenomenon. Commonly, after a bleaching processes, the
conjugate bonds (chromophoric group) in lignin were opened, and the
color was removed. After the thermal treatment in the air, the opening

double bond of the lignin came back together and became a conjugate
bond, which induced the discoloration. Hence, small amounts of C6
aldehydes and the residual lignin in the TOCN have vital roles in the
discoloration of the TOCN films after thermal treatment.

The chromaticity represented the color difference of the film sam-
ples, and was based on the visual physiology of the human eye. The
chromaticity of the film samples was measured using an Xrite i1 Pro2
spectrophotometer. CIELAB was utilized to describe the visible colors
for the human eye. The detailed CIELAB film samples are shown in
Table 1. As the thermal treatment temperature increased, significant
variations to the values of L, a, and b were observed between the film
samples. As the thermal treatment temperature increased, the a and b
values increased from −1.21 to 18.95 and from 1.18 to 46.79, re-
spectively, indicating that the red and yellow colors of the TOCN films
were getting deeper. In that regard, the yellow or brown discoloration
for the TOCN films induced by thermal treatment was detectable by
human eyes.

The FT-IR spectra of the film samples are shown in Fig. 3a. The
absorption peak at 1600 cm−1 corresponds to the C]O stretching vi-
bration of sodium carboxylates (Fujisawa, Saito, & Isogai, 2012;
Shimizu, Fukuzumi, Saito, & Isogai, 2013). The peaks at 1415, 1029,
and 900 cm-1 represent the typical structure of cellulose (Leung et al.,
2011). The results suggest that the thermal treatment had a limited
influence on the chemical structure of cellulose. As compared with the
spectrum of the original TOCN film, the peak intensity of OeH
stretching was decreased after thermal treatment, which is the result of
the decrease of absorbed water content after thermal treatment (Li &
Renneckar, 2011).

X-ray diffraction (XRD) was performed to analyze the impact of the
thermal treatment on the crystalline structure of the TOCN films.
Fig. 3b shows the XRD profile of the TOCN films. All of the film samples
exhibited a typical cellulose I crystalline structure, with diffraction
peaks at 14.6°,16.5°and 22.6°, respectively. The results indicated that
the thermal treatment had a limited influence on the crystalline struc-
ture of the TOCN films. With a low treatment temperature (less than
160 °C), the crystallinity values of the TOCN film showed a slight
changing which indicated a good stability. When the TOCN films were
treated with a higher temperature of 170 °C, the crystallinity of TOCN
films decreased from 75.46% to 71.99%, owing to the excessive de-
composition of the TOCN films and destruction of the crystalline
structure caused by the high temperatures.

3.2. UV protection properties

The UV–vis light transmittances of the film samples collected in the
region of 200–1100 nm are presented in Fig. 4. As 555 nm is the most
sensitive wavelength for humans, it was used as a reference to track the
evolution of the optical properties of the film samples in the visible
region (Sirviö et al., 2016). For intuitively depicting the UV-shielding
performance of these TOCN films, the transmittance of ultraviolet A
(UVA), ultraviolet B (UVB), i.e., (T(UVA) and T(UVB)), were respec-
tively calculated using the equations reported previously (Table 2).
Owing to dense packing or nanoscale dimensions, the TOCN films could
effectively avoid light scattering, and exhibited high transparency in
the visible region (400–1100 nm) (Fig. 4a). However, the original
TOCN films had weak absorption at UV region (200–400 nm), which
was the reason for the poor UV-shielding performance.

From Table 2, it can be seen that the original TOCN films had high
optical transmittance, with 91.1%, 86.9%, and 71.5% for T(555 nm),
T(UVA), and T(UVB), respectively. After the thermal treatment, the
optical ban gap of the film samples decreased from 5.44 Ev to 3.06 Ev.
The smaller optical band gap induced a wider light absorption range,
and enhanced the UV-shielding performance. Hence, the transparency
in all UV–vis spectra showed a considerable decline, and this trend got
more severe with the increase of thermal treatment temperature. This
phenomenon was attributed to the UV absorption becoming more
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intense with the forming of interfibrillar hemiacetal, the forming of the
conjugate bond in the residual lignin, and the deepening red and yellow
color. Previous research had indicated that the interfibrillar hemiacetal
and lignin have certain UV absorption abilities (Takaichi et al., 2014;
Wang et al., 2018). Some researchers have also indicated that color is
one of the most influential variables on the protection against UV ra-
diation (Gabrijelčič, Urbas, Sluga, & Dimitrovski, 2009; Riva, Algaba,
Pepió, & Prieto, 2009). UV has a very short wavelength that is easily
absorbed by materials that exhibit absorption in the visible part of the
spectrum, as indicated by the red and yellow colors. As the CIELAB
values show, as the thermal treatment temperature increased, the red
and yellow colors of the TOCN films were getting deeper. Hence, the
thermal treatment was excepted to endow enhanced UV-shielding
performance for the TOCN films. The TOCN film treated with 160 °C

exhibited over 92% absorption of UVA and full UVB absorption, and
simultaneously maintained approximately 72% transparency for visible
light. When the thermal treatment temperature reached 170 °C, the
T(555 nm), T(UVA), and T(UVB) dramatically decreased to 37.3%,
0.4%, and 0%, respectively. Although the TOCN film treated with
170 °C exhibited almost complete absorption of UVA and UVB, its
visible light transmittance was only 37.3%. The low visible light
transparency limited its application, e.g., in clean windows, contact
lenses, and car windshields.

This study also investigated the effect of the UV irradiation on UV-
shielding stability. The film samples were irradiated using a UV xenon
lamp (wavelength of 254 nm) for 12 h. The UV–vis transmission curves
of the film samples before and after UV irradiation are shown in Fig. 4b.
The results showed that the transmittance of the original TOCN films
(T(555 nm), T(UVA), and T(UVB)) exhibited a certain stability under
long-time UV irradiation. Significantly, the UV-shielding of TOCN film
treatment under 170 °C remained relatively stable under UV irradiation.
The results showed a slight increase of 3.2% and 0.4% in UVA and UVB
transmittance after UV irradiation.

3.3. Mechanical properties

The mechanical properties of TOCN films are essential for their
practical applications. The stress-strain curves of the TOCN films before

Fig. 2. The visual appearances of original TOCN film and thermally treated TOCN films (a) original, (b) 140 °C, (c) 150 °C, (d) 160 °C, (e) 170 °C.

Table 1
CIELAB of original TOCN film and thermally treated TOCN films.

Sample L a b

Original 86.84 −1.21 1.18
T140 77.53 2.64 32.54
T150 71.74 7.38 45.94
T160 69.07 8.42 45.54
T170 40.80 18.95 46.79

Fig. 3. (a) FT-IR spectra of original TOCN film and thermally treated TOCN films. (b) XRD patterns of original TOCN film and thermally treated TOCN films.
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and after thermal treatment are provided in Fig. S6, and typical me-
chanical properties of the film samples are shown in Fig. 5. A high
tensile strength of 133MPa and Young’s modulus of 8.3 GPa was ob-
served for the original TOCN films, owing to the compactly interfibrillar
hydrogen bond network (Benítez, Torres-Rendon, Poutanen, & Walther,
2013). After the thermal treatment, the TOCN films should show a
better tensile strength, owing to the formation of irreversible hydrogen
bonds. However, with increasing treatment temperature, the tensile
strength of the film samples tended to decrease, as shown in Fig. 5a. As
for the TOCN films treated at 170 °C for 3 h, the tensile strength reduced
to 69MPa, which was lower than the original TOCN films. These results
implied that the treatment temperature is high enough to cause a

decrease in the degree of polymerization of TOCN, and to cause the
TOCN films to become increasingly brittle (Vieira & Rocha, 2007). As
shown in Fig. 3b, with the increased treatment temperature, the
Young’s modulus of the TOCN film samples first increased, and then
decreased. In general, high temperature (140–170 °C) thermal treat-
ment caused significant damage to the mechanical properties of the
TOCN films. Although the thermal treatment resulted in a decrease in
the mechanical properties, the TOCN films still remained at a relatively
high tensile strength and Young’s modulus.

Fig. 4. (a) UV–vis transmission curves of original TOCN film and thermally treated TOCN films. (b) Effects of UV irradiation for 12 h of film samples on their light
transmittance behavior.

Table 2
The transmittance of ultraviolet A, ultraviolet B, and visible light of original TOCN film and thermally treated TOCN films.

Sample Thickness (μm) Optical band gap (eV) Ta(555 nm) (%) Tb(555 nm) (%) Ta(UVA) (%) Tb(UVA) (%) Ta(UVB) (%) Tb(UVB) (%)

Original 17.2 5.44 91.1 91.1 86.9 86.9 71.5 71.5
T140 15.4 4.90 87.0 – 41.9 – 11.5 –
T150 16.9 4.63 81.9 – 24.1 – 4.6 –
T160 14.5 3.76 72.0 – 7.9 – 0.9 –
T170 14.6 3.06 37.3 62.4 0.4 3.6 0 0.4

Ta is the transmittance of film samples without UV irradiation. Tb is the transmittance of film samples after UV irradiation (the wavelength of 254 nm) for 12 h.

Fig. 5. Tensile strength (a), Young’s modulus (b) of original TOCN film and thermally treated TOCN films.

Fig. 6. Water contact angels (a) time-dependent water absorption (b) of original TOCN film and thermally treated TOCN films.
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3.4. Water-resistance properties

The hydrophilic nature of the TOCN materials could cause serious
problems in practical applications, especially under humid conditions
(Belbekhouche et al., 2011; Benítez et al., 2013). With the thermal
treatment temperature increased, the moisture content of the TOCN
films showed an evidently declining trend (Fig. S5). As shown in
Fig. 6a, the original TOCN films exhibited relatively high hydro-
philicity, with a low initial contact angle of 67.7°. The hydrophilicity
could be attributed to the large amounts of hydrophilic groups in-
cluding hydroxyl and carboxylate groups, exposed onto the TOCN
surfaces (Shimizu, Saito, & Isogai, 2016; Yang, Bian et al., 2017).
Herein, thermal treatment was utilized to improve the water resistance
of the TOCN materials. As shown in Fig. 6a, an evident improvement of
the contact angle could be observed after the thermal treatment. After
thermal treatment at 170 °C, the contact angles of water droplets in-
creased from 67.7° to 97.7°, indicating an increase of the water re-
sistance of the TOCN films. The improvement of the water resistance
was also evidenced by the decrease of the water absorption. As shown
in Fig. 6b, as compared with the original TOCN films, the water ab-
sorption of the TOCN films after thermal treatment at 170 °C decreased
from 2063% to 600%. These results could be ascribed to the hornifi-
cation of TOCN caused by thermal treatment (Chen et al., 2011;
Österberg et al., 2013; Xia et al., 2018), which reduced the swelling of
the films and increased the hydrophobicity. Hornification of cellulose
fibers is frequently associated with formation of irreversible hydrogen
bonding upon a thermal treatment process (Diniz, Gil, & Castro, 2004).
Thus, the results suggest that thermal treatment also plays a crucial role
in the improvement of the water resistance of TOCN films.

3.5. Thermal stability

The thermogravimetric (TG) and derivative curves (DTG) of the film
samples are shown in Fig. 7. Three degradation phases were observed
during the entire thermal transition of the film samples. The slight
weight loss under 200 °C was caused by the evaporation of residual
water in the films. The two subsequent major weight losses, from 100 to
600 °C, were attributed to the decomposition of sodium carboxylates in
the range from 200 to 270 °C, and to the decomposition of cellulose at
270–600 °C (Lavoine, Bras, Saito, & Isogai, 2016; Sun, Wu, Ren, & Lei,
2015). With the thermal treatment, the weight loss of the film samples
still occurred in three main steps. However, the temperature at which
the maximum rate of degradation occurred decreased after the thermal
treatment, which was reasonable because of the degradation of the
membrane during the thermal treatment. On the whole, the thermal
stability of the TOCN films was slightly decreased after the thermal
treatment, but it remained high enough for most practical applications.

4. Conclusions

In this study, a thermal treatment was proposed to prepare optical

TOCN films with enhanced UV-blocking properties and improved water
resistance. Thermal treatment induced yellow or brown discoloration
for the TOCN films. The yellow or brown discoloration could primarily
filter UV irradiation ranging from 200 to 400 nm, and maintained a
high transparency for visible light. After thermal treatment at 160 °C for
3 h, the CNF films exhibited a near-complete UV blocking ability,
especially full absorption of UVA and UVB, and a high visible light
transmittance of 72%. The UV-shielding ability of the film samples was
persistent when exposed to UV irradiation for a long time. TOCN films
also became more hydrophobic after thermal treatment, which was
beneficial for the film samples used under humid conditions. Although
the mechanical properties and thermal stability of the TOCN films
showed a decline after thermal treatment, they were still high enough
for most practical applications.
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