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Abstract
Nanocelluloses and their different designs, such as films and nanopapers, have gained considerable interest in many applica-
tion areas due to their unique properties. For many purposes, such as packaging and electronics, the thermal stability and 
optical properties of nanocellulose materials are crucial characteristics. In this study, the effects of heat treatment (100 ºC, 150 
ºC and 200 ºC) on the optical and mechanical properties of 2,2,6,6-tetramethylpiperidinyl-1-oxy radical-oxidised cellulose 
nanofibre (TO-CNF) films were investigated, especially the alteration of the colour, complex refractive index and birefrin-
gence. Exposing TO-CNF films to high temperatures (> 150 ºC) induced permanent transformations in the CNF structure, 
leading to an increase in the refractive index, decreases in the birefringence and crystallinity index, colour darkening and 
significant deterioration of the mechanical properties.
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Introduction

Nanocellulose is a functionalisable renewable biopolymer 
material that has gained increasing interest in a range of 
applications relevant to the fields of packaging, technical 
films and foams, nanocomposites, electronics, photonics, 
medicines, etc. [1, 2]. In recent years, several new biore-
finery concepts have been established to produce cellulose 
nanomaterials on a larger scale, and the nanocellulose mar-
ket is expected to grow from US$297 million in 2020 to 
US$783 million in 2025 [3]. This trend is promoted by the 
emerging green circular economy, which is based on renew-
able resources, and by the unique features of nanocellulose, 
such as its superior mechanical properties, light weight, high 
surface area, optical transparency, low coefficient of thermal 
expansion and tailorable chemistry [4, 5].

The thermal stability and alteration of the nanocellulose 
characteristics under high temperatures are relevant for many 
applications, such as packaging, composites and electronics 
[6]. High temperatures (> 100 ºC) can cause changes 
in the cellulose molecular and crystal structure and can 
compact the networked structure of cellulose nano-entities. 
Controlled thermal treatments of solid nanocellulose 
materials such as films can also be used to improve the 
mechanical strength (e.g. tensile strength, elongation at 
break and Young’s modulus) [7] and increase the hardness 
[8] of the films. Typically, the maximum thermal treatment 
temperature of nanocelluloses is below 200 ºC because 
higher temperatures of 200–300 ºC start to degrade the 
cellulose polymeric structure [5].

The optical properties of nanocellulose are important 
parameters for films and nanopapers, and they may also be 
affected by elevated temperatures (thermal stress) [5]. The 
optical properties have been commonly investigated by ana-
lysing the reflection, absorption, scattering or polarisation of 
light to obtain different variables, such as transmittance [9], 
complex refractive index [10], optical activity [11], colour 
[12], birefringence [13], opacity [14] and gloss [15].

Birefringence arises from the asymmetric nature of struc-
tures within many transparent optical materials, such as 
nanocelluloses. The birefringence of a material is defined as 
the difference between extraordinary and ordinary refractive 
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indices. This depends on the wavelength, as different wave-
lengths interfere to different extents with the atoms of the 
material. Changes in the birefringence of material mean that 
significant changes have occurred within the structure of the 
material [16].

The refractive index is a fundamental property of a mate-
rial and is useful in many areas of science and engineering. 
The value of the refractive index is affected by magnetic 
permeability, dielectric permittivity and conductivity of the 
material [17]. Thus, it has been widely used in the quality 
inspection of liquids and solids and in material science to 
characterise minerals, such as the detection of material con-
centration, purity, chemical identification of species, den-
sity and even temperature [18]. Information on the refrac-
tive index is often associated with the material’s visual 
appearance through scattering and reflection properties; it 
is a key parameter in the design of optical systems. In addi-
tion, refractive index values are required when calculating 
the dimensions of nanocrystals, for example, by the Mie 
theory or Rayleigh approximation equations [10]. There-
fore, refractive index data for various (pure) materials have 
been determined and exist in common physics and chemistry 
handbooks.

The refractive indices of nanocelluloses are typically 
affected by differences in the birefringence, degree of crys-
tallinity, state of purity and source. Therefore, the refractive 
index can also be used as a quality parameter. The knowl-
edge of the transformation of the optical characteristics of 
nanocellulose materials as a function of temperature is still 
incomplete, and previous studies have mainly addressed the 
colour of cellulose nanomaterials [4]. The existing litera-
ture does not report the refractive index of cellulose nanofi-
bres (CNFs) as a function of wavelength; instead, it only 
determines the index at a single wavelength. In addition, 
the alteration of the refractive index during the heat treat-
ment of nanocellulose materials has not been reported. We 
hypothesise that optical properties, such as birefringence 
and refractive index, are affected by thermal stress and can 
be controlled by conditions of heat treatments. The optical 
parameters may also be used to estimate the deterioration 
(changes) of mechanical properties.

In our previous work, we developed a method for deter-
mining the complex refractive index of cellulose nanocrys-
tals (CNCs) as a function of wavelength by combining the 
Beer–Lambert and immersion-matching methods [10]. 
The sizes of the nanocelluloses (CNCs and CNFs) were, in 
turn, analysed using Rayleigh approximation and the Mie 
theory [19]. The change in the birefringence properties of 
the thermally modified wood was obtained by measuring 
light reflection with a Stokes imaging polarimeter based on 
the Mueller matrix method [20]. The present study aims 
to investigate the optical (colour, complex refractive index 
and birefringence), structure (degree of crystallinity, thermal 

stability and chemical bonds) and mechanical (tensile 
strength, strain and Young’s modulus) properties of heat-
treated films of 2,2,6,6-tetramethylpiperidinyl-1-oxy radical-
oxidised cellulose nanofibres (TO-CNFs) and to provide a 
further understanding of the behaviour of nanocellulose 
films at elevated temperatures (100–200 ºC).

Materials and methods

Materials

Bleached birch (Betula pendula) chemical wood pulp 
obtained in dry sheets was used as a cellulose raw material 
after being disintegrated in deionised water. The properties 
of birch pulp were determined in a previous study [21]. 
The cellulose, xylan and glukomannan contents of the 
pulp were 74.8%, 23.6% and 1.1%, respectively. The 
2,2,6,6-tetramethylpiperidinyl-1-oxy radical (TEMPO), 
sodium bromide and sodium hypochlorite solution (NaClO, 
15 wt%) were obtained from Sigma–Aldrich (Finland).

Preparation of TEMPO‑oxidised CNFs (TO‑CNFs)

The cellulose pulp was subjected to TEMPO-mediated oxi-
dation, mechanical delamination treatment and purification. 
TEMPO-mediated oxidation was performed as previously 
described [21]. In the present study, 10 mmol NaClO per 
gram of pulp fibre was used to achieve a charge density of 
1.0 mmol/g. After oxidation and washing with water (until 
the conductivity of the filtrate was already below 20 µS/cm), 
a suspension with a 0.6% dry-matter content was prepared 
and was delaminated via probe sonication for 1 h (Heilscher 
UP 400S, 0.5 s power discharge and 0.5 s pause, 60% ampli-
tude and 22 mm probe tip diameter) to obtain TO-CNFs. To 
remove the larger fibres and metal dust generated from the 
sonication probe and to obtain an aqueous TO-CNF suspen-
sion, the sample was centrifuged at 8,000 rpm for 10 min.

Preparation of TO‑CNF films

TO-CNF films were prepared via casting. The TO-CNF 
suspension was degassed overnight using a vacuum, poured 
into a polystyrene Petri dish and dried with 50% humidity 
at room temperature for more than one week. The obtained 
self-standing TO-CNF films were heat-treated in an oven 
for 3 h at 100 ºC, 150 ºC and 200 ºC, respectively. The 
thicknesses of the TO-CNF films (reference non-treated 
TO-CNF film and TO-CNF films heat-treated at 100 ºC, 150 
ºC and 200 ºC, respectively) measured via scanning electron 
microscopy were 27.7, 28.2, 27.6 and 28.1 µm, respectively.
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Characterisation of the TO‑CNF films

Colorimeter

The colour of the TO-CNF films was measured with a spec-
trophotometer (Lorentzen & Wettre Elrepho 070) under 
a D65 light source. The colour analysis was based on the 
CIE 1976 L*a*b* (CIELAB) colour space. The colour was 
defined by the parameters L* = lightness (or clarity) of the 
colour (L* = 0 yields black and L* = 100 yields white), 
a* = position between magenta and green (green indicates 
negative values and magenta, positive) and b* = position 
between yellow and blue (blue indicates negative values 
and yellow, positive). The colour difference ΔE between 
two colour stimuli was calculated as the Euclidean distance 
between the points representing them in the L*a*b* colour 
space [4, 22]. The values of ΔE between 0.5 and 1 in colour 
difference can already be perceived by the human eye. The 
total colour differences ΔE_ab∗ were calculated using the 
following formula:

where ΔL∗ = L∗ − L
∗
0
,Δa∗ = a∗ − a

∗
0
 and Δb∗ = b∗ − b

∗
0
. L* 

is the lightness, and a* and b* are the colour coordinates 
under the testing conditions. L0 is the reference value of 
lightness, and a0 and b0 are the reference values of the colour 
coordinates, respectively.

Spectroscopic photometry

The optical properties of any material can be described by 
the complex refractive index:

where λ is the wavelength, k is the extinction coefficient and 
n is the real refractive index. The refractive index is defined 
as the speed of light in a vacuum divided by the speed in the 
medium. The extinction coefficient (imaginary part) is there-
fore described as the reciprocal damping of the oscillation 
amplitude of the incident electric field in the medium [17]. 
The complex refractive index was determined as the absolute 
(500–1000 nm) unpolarised reflectance R0(λ) and transmis-
sion T0(λ) that is spectrally resolved from the TO-CNF films 
using a Jasco V-670 with an ARMN-735 absolute-reflec-
tance measurement accessory at a 5° angle of incidence. In 
mathematical form, this is expressed as follows:

and

(1)ΔE∗
ab

=
√

ΔL∗2 + Δa∗2 + Δb∗2,

(2)N(�) = n(�) − ik(�),

(3)R0 =

(

n0 − n
s

)2
+ k2

(

n0 + n
s

)2
+ k2

.

where n0 is the refractive index of the medium, ns is the 
refractive index of the film and κ is the extinction coeffi-
cient of the film. Generalising this result to the bulk sample’s 
polarised reflectance and transmittance, Rs and Ts can be 
defined as follows:

and

where Tv is the transmittance through the volume. Tv can be 
expressed as follows:

where d is the thickness of the film. Using spectrally 
resolved bulk sample reflectance and transmission, we 
estimated the (n, k) model parameters as a function of the 
wavelength using least-squares fitting to solve the complex 
refractive index of the film [23, 24].

Polarimeter

The retardance (δ) is a measure of the phase shifts when lin-
early polarised components of light pass through a material. 
The linear retardance of the TO-CNF films in this study was 
determined using an Axoscan Mueller matrix polarimeter 
(Axometrics, USA). The spectra (550–800 nm) were meas-
ured at intervals of 1.0 nm. The polarisation properties of the 
TO-CNF films were obtained from the decomposition analysis 
of the Mueller matrix with a dual-rotating retarder system, and 
the polarisation property images were obtained by moving the 
sample through an XY motor stage (range: 200 × 200 mm; res-
olution: 1 mm). The birefringence (Δn) optically anisotropic 
film is obtained from the following expression

where δ is the retardance, λ is the wavelength, no is the ordi-
nary refractive index, ne is the extraordinary refractive index 
and d is the film thickness [25].

Transmission Electron Microscopy (TEM)

The morphological features of the TO-CNFs were observed 
using a transmission electron microscope (TEM, JEOL 

(4)T0 =
4

√

n2
s
+ k2

(

1 + n
s

)2
+ k2

,

(5)= R0 +
T
2

0
R0T

2
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2

0
T2
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.

(6)T
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T
2

0
T
v
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o
T2
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,

(7)T
v
= exp(−4kd∕�),

(8)Δn(n
o
− n

e
) = (� ∙ �)∕(2� ∙ d),
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JEM-2200FS, Japan). Preparation of the samples was per-
formed by first adding a small droplet of 0.003 to 0.005 wt% 
nanocellulose suspension on top of the carbon-coated copper 
grid. After setting for one minute, the sample was absorbed 
by a small piece of filter paper, and the sample left on the 
grid was negatively stained with uranyl acetate (2% w/v) for 
1 min. The staining agent was then removed again with filter 
paper. Standard conditions of 200 kV were used during the 
TEM analysis.

Field Emission Scanning Electron Microscopy (FESEM)

FESEM images of the films were obtained using a field 
emission scanning electron microscope (Zeiss Sigma HD 
VP, Oberkochen, Germany) at a 0.5 kV acceleration volt-
age. All samples were sputtered with platinum before 
observation.

Contact Angle (CA) Measurement

CA measurements were conducted using Krüss-DSA25 
(Germany). A small drop of deionised water was dosed 
automatically using the glass syringe on a fixed and dried 
film; measurements were recorded for 30 s. The results were 
presented as an average of at least five measurements.

X‑ray Diffraction (XRD)

The XRD patterns of the samples were recorded using 
a Rigaku SmartLab 9  kW XRD machine. The analy-
sis involved the following parameters: Kα radiation 
(Kα1 = 1.78892  Å; Kα2 = 1.79278  Å; Kα1/Kα2 = 0.5) and 
a scan rate of 3°/min between 10° and 50° 2θ and 0.02°/
step size. The crystallinity index (CrI, %) was calculated as 
follows:

C
rI(%) =

I200−Iam

I200

100,(9).where I200 is the maximum inten-
sity of the principal peak and Iam is the intensity of the dif-
fraction attributed to non-crystalline cellulose.

Diffuse Reflectance Infrared Fourier Transform (DRIFT) 
Spectroscopy

Chemical characterisation of the films was carried out using 
DRIFT spectroscopy. The spectra were recorded on a Bruker 
Vertex 80v spectrometer (USA) in the 800–4,000  cm−1 range 
with a 2  cm−1 resolution.

Thermogravimetric Analysis (TGA)

TGA was performed using a thermal analyser (TA Instru-
ments SDT 2960) under nitrogen flow with a constant rate 

of 60 mL  min−1. Each measurement was conducted from 30 
to 1,000 °C at a scanning rate of 10 K/min.

Degree of Polymerisation (DP)

The ISO5351 standard method was applied to measure the 
DP of the film samples. The limiting viscosity number ([µ]) 
of the dried samples (0.15–0.2 g) was determined using a 
capillary viscometer by dissolving the samples in 50 mL of 
0.5 M cupriethylene diamine and then measuring the vis-
cosity using the standard testing procedure. The viscosity 
average DPv value was calculated according to a previously 
reported equation [26]:

Mechanical properties

The mechanical properties (tensile strength, elongation at 
break and Young’s modulus) of the TO-CNF films were 
determined using a universal testing machine (Zwick 
D0724587, Switzerland) equipped with a 1 kN load cell. The 
Young’s modulus was obtained by determining the slope 
of the tensile strength–strain curves. All samples were cut 
into 5-mm-wide strips and placed at 23 ± 1 °C with a rela-
tive humidity of 50 ± 2% for at least 24 h. The thickness of 
each specimen was determined using a precision thickness 
gauge (Hanatek, FT3, St. Leonards-on-Sea, UK), with the 
average value obtained from three random locations on the 
sample strip. For the TO-CNF film heat-treated at 200 °C, 
the average thickness of the film before heat treatment was 
chosen because of the small bubbles that were found on the 
film surface after heating. The initial grip separation of the 
machine was set at 20 mm, and the specimens were tested 
at a constant crosshead speed of 5 mm/min. At least five 
specimens were tested, and the average value obtained was 
reported.

Results

Colour changes in the thermally modified TO‑CNF 
films

Figure 1 presents the original, untreated TO-CNF film 
(reference) and the films heat-treated at 100 ºC, 150 ºC 
and 200 ºC, respectively, in an oven. The alteration of the 
visual appearance of the films heat-treated at 150 ºC and 
200 ºC is clearly perceived with the naked eye: the colour 
of the films changes from transparent to light brown as 
the temperature increases. The yellow or brown film dis-
colouration provides a near-complete UV-blocking ability 

(10)(DPv0.905 = 0.75[�])
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[2]. Thermal discolouration has been attributed to the car-
bonyl and carboxyl functional groups of pure (lignin- and 
hemicellulose-free) cellulose, which can initiate the for-
mation of chromophores, especially in oxidised cellulose 
nanomaterials such as mediated TEMPO [26].

Figure 2 shows the changes in the total colour difference 
(ΔE*) of the films. The ΔE* values of the samples heat-
treated for 3 h at 100 ºC, 150 ºC and 200 ºC are 1.6, 37.8 
and 69.4, respectively; that is, the ΔE* values show a 
nonlinear dependence on the heat treatment temperature 
and indicate only minor changes below 100 ºC, but notable 
discolouration is observed above 150 ºC. Previously, thin 
CNF films produced using only mechanical treatment had 
ΔE* values of 6.1, 6.6, 7.3 and 10.5 at 80 ºC, 120 ºC, 160 
ºC and 190 ºC (calculated from the figure), respectively 
[4]. Therefore, the TO-CNFs in the current work (charge 
density: 1.0 mmol/g) are significantly more prone to thermal 
discolouration. The oxidised groups in cellulose (i.e. CO and 
COOH) have been generally noted to promote yellowing. 
In particular, carbonyl groups initiate the formation of 
chromophores, which are formed later, upon yellowing. 
Carboxyl groups, in turn, have a strong synergetic role 
when carbonyl groups are present, and they promote acidic 
catalysis and additional activation by electronic effects 
[27]. In particular, the C2 and C3 ketones and aldehyde 
groups that can be formed due to side reactions have been 
previously reported to cause brown discolouration for the 
TEMPO-oxidised nanocellulose [28].

Complex refractive index of the thermally modified 
TO‑CNF films

The influence of heat treatment on the complex refractive 
index of the TO-CNF films as a function of wavelength is 
shown in Fig. 3. Figure 3a presents the real effective refractive 
index spectra of the film samples. The refractive index of 
an untreated CNF has not been previously reported as a 
function of wavelength; only the value of a single 785 nm 
wavelength was available, with a refractive index of 1.458 
[29]. The refractive index estimate obtained by our method 
is n785 = 1.454; it matches the literature value very well. The 
magnitude of the real refractive indices of all the TO-CNF 
films slightly decreased or stayed at a constant level as a 
function of the wavelength of light, except that of the film 
heat-treated at 200 ºC (Fig. 3a). This behaviour is attributed 
to the absorption of the visible part of the incident light for 
the dark film interface. Hence, in such cases, light reflection 
usually becomes weak. The effective refractive indices of the 
thermally modified TO-CNF films increased as a function of 
treatment temperature (Fig. 3a). According to these results, 
the values of the ordinary refractive indices increased with 
a decrease in the extraordinary refractive index values as the 
temperature increased. The same phenomenon was observed 
earlier for heat-treated pinewood [30]. The refractive indices of 
the original Scots pine (no treatment) and thermally modified 
wood treated at 180 ºC, 200 ºC and 230 ºC were 1.553, 1.557, 
1.587 and 1.596 at 589 nm, respectively, obtained using the 
liquid immersion technique. As indicated, the refractive index 
of the Scots pine treated at 230 ºC approached the maximum 
ordinary refractive index of cellulose (i.e. 1.596 at 589 nm). 

Fig. 1  Reference and heat-treated TO-CNF films (100, 150, 200 °C) 
with 3 h treatment time

Fig. 2  Changes in total colour difference (ΔE*) of the reference and 
heat-treated TO-CNF films as a function of treatment temperature
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Similarly, the highest heat treatment (200 ºC) of the TO-CNF 
film resulted in a refractive index of 1.598 at 1,000 nm.

The behaviour of the imaginary part of the complex refrac-
tive index curves is shown in Fig. 3b) as a function of the 
wavelength. Significant values of the imaginary part of the 
complex refractive index are observed only at the higher heat 
treatment temperatures (150 ºC and 200 ºC). The imaginary 
part of the refractive index for the reference (untreated) film 
and the film heat-treated at 100 °C is about 0.0001, without 
large wavelength dependence. For films, extinction coefficients 
below 0.0001 are generally considered negligible, and low 
values of the imaginary component of the complex refractive 
index correspond to high optical transparency.

Birefringence of the thermally modified TO‑CNF 
films

Figure 4 shows the spectral dispersion curves of linear 
retardance and the birefringence (Δn) obtained using optical 

anisotropy. The birefringence decreased with increasing heat 
treatment temperatures. The birefringence of optically aniso-
tropic materials, such as cellulose, is considered a measure 
of the relative area occupied by non-crystalline and crys-
talline regions [31]. The decreasing birefringence with the 
increase in heat treatment temperature indicates that the 
birefringence has disappeared; as a result, the structure of 
the CNF starts to degrade. This influences the mechanical 
properties of the CNF [32]. Birefringence provides infor-
mation about the whole molecular structure of cellulose, 
whereas XRD mainly provides orientation information about 
the crystals [31]. The birefringence of cellulose measured 
from bacterial CNF films was previously reported to range 
from 0.047 to 0.090 [30], depending on the differences in the 
treatment, state of purity, source, wavelength, measurement 
temperature and measurement method used. In our samples, 
birefringence was measured at 0.035, which is slightly lower 
than the values in the literature. At the highest heat treatment 
temperature (200 °C), the birefringence value decreased to 

Fig. 3  Real (a) and imaginary (b) parts of the complex refractive 
indices of the reference and heat-treated TO-CNF films

Fig. 4  (a) Linear retardance and (b) birefringence of the reference 
and heat-treated TO-CNF films as a function of the wavelength
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0.0075. Degushi, Tsujii and Horikoshi investigated the bire-
fringence of the water suspension of cellulose fibres using 
an ellipsometer [33]. They observed that the birefringence 
of cellulose was completely lost at 330 °C and at a constant 
pressure of 25 MPa.

Microstructure and contact angle of the TO‑CNF 
films

Figure 5 shows the TEM image and width distribution 
graph of TO-CNF, FESEM images of original TO-CNF and 
thermal-treated TO-CNF films. TO-CNFs are flexible and 
elongated nanofibrils with an average length ranging from 
172 to 958 nm and a width of 5 ± 2 nm. Both the reference 
(untreated) film and the films heat-treated at 100 °C and 
150 °C have a smooth and non-porous surface, while small 
particles and holes are observed on the surface of the film 
heat-treated at 200 °C. These micro- and nano-sized holes 
probably appear as a result of the agglomeration of nano-
sized cavities between the cellulose molecular chains [34]. 
Moreover, crevices appear in the cross-section areas and 
become larger with higher temperatures, indicating notable 
changes in the microstructure of the nanofibre network.

The possible changes in the film surface characteristics 
induced by heat treatment were revealed in terms of surface 
CA (Table 1). The reference film and the films treated at 100 
ºC and 150 ºC possessed a typical CA of CNF films, ranging 

from ~ 59° to 67°. A significant decrease in CA was observed 
at 200 ºC (CA of 35°), indicating that the hydrophilicity of 
the film surface increased notably. This decrease in CA was 
presumably associated with the formation of hydrophilic 
groups (e.g. C2 and C3 ketones and aldehyde groups) 
caused by thermal degradation. Moreover, the alteration of 
the surface structure by the creation of small particulates 
and micro- and nano-sized holes, as observed in the FESEM 
analysis, may have contributed to the CA.

Crystalline structure of the thermally modified 
TO‑CNF films

Crystallinity has a significant effect on the physical, optical 
and mechanical properties of cellulose materials. Figure 6 
depicts the XRD patterns of the films treated at different 
temperatures in this study. The crystallinity of CNF films 
was 58.4%, 56.4%, 57.3%, and 45.6% for the reference film 

Fig. 5  TEM image and width distribution graph of TO-CNFs and FESEM images of the surfaces (d–g) and cross-sectional areas (h–k) of the 
reference and heat-treated TO-CNF films

Table 1  Contact angle (CA) and DPv values for the reference and 
heat-treated TO-CNF films

Sample Mean CA(m) [°] DPv

No treatment 59.1 142.1
100 °C 66.9 169.6
150 °C 67.3 108.0
200 °C 35.3 65.2
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and for the films heat-treated at 100 ºC, 150 ºC and 200 ºC, 
respectively. All of the films displayed typical cellulose I 
peaks, with the main 2θ diffraction angles at approximately 
18.5 and 26° (Co Kα radiation source) [35]. The results 
indicated that the crystalline form (allomorph) of the cellulose 
remained unchanged during the heat treatment. For the films 
heat-treated at 100 °C and 150 °C, their crystallinity indices 
(CrI) decrease only slightly, indicating high crystalline 
ordering and good stability. However, for the film heat-
treated at 200 °C, the CrI decreases dramatically (from 58.4% 
to 45.6%); this is an effect associated with the degradation of 
the molecular ordering and polymeric structure of cellulose.

Chemical analysis of the thermally modified TO‑CNF 
films

Figure 7 shows the DRIFT spectra of the TO-CNF films 
in this study. All the DRIFT spectra of the TO-CNF films 
show typical characteristics of cellulose and similar chemi-
cal structures. The absorption peaks in the region between 
3,350 and 3,740  cm−1 are due to O–H stretching vibrations. 
The peaks at around 2,903  cm−1 are associated with C–H 
stretching vibrations. Overall, the heat treatment appears 
to have limited influence on the chemical structure of TO-
CNF films except for the peak at 1640  cm−1 and a newly 
appearing band at 1740  cm−1. Notably, the peak at around 
1,640   cm−1 is characteristic of the sodium carboxylate 
group originating from TEMPO-mediated oxidation. This 
peak shifts to a lower wavenumber value with a higher heat 
treatment temperature, which is probably related to the for-
mation of intra- and interfibrillar hydrogen bonds promoted 
by heat treatment [36]. Additionally, a new band at around 
1,740  cm−1 appears as the treatment temperature increases, 

which can probably be ascribed to the carbonyl bonds in 
chromophore groups formed during the heat treatment [34].

Thermogravimetric analysis and degree 
of polymerisation of the thermally modified TO‑CNF 
films

The results of the thermogravimetric analysis (TGA) of the 
heat-treated films are shown in Fig. 8. All films exhibited 
the typical three weight-loss stages of nanocellulosic 
materials. The weights of all the samples that were heat-
treated at temperatures under 200 °C decreased slightly 
due to the evaporation of the absorbed water. As expected, 
this water loss decreased as a function of the heat treatment 
temperature because of the reduction in the residual water 
in the films. The second weight corresponding to the 
thermal degradation of the sodium carboxylates starts 
at approximately 200 °C. Moreover, it can be noted that 
the film heat-treated at 200 °C shows a higher thermal 
degradation point compared to the untreated film. Due to 
the thermal-oxidative decomposition of the char, a third 
weight loss is observed when the temperature is higher 
than 300  °C [37]. Additionally, the amount of char at 
1,000 °C is 23.3% for the untreated film, 23% for the film 
heat-treated at 100 °C, 25.6% for the film heat-treated 
at 150 °C and 30.2% for the film heat-treated at 200 °C. 
The higher amounts of char in the heat-treated films are 
reasonable because the weight loss or decomposition of 
the films already occurred during the heat treatment, before 
the TGA measurement. The temperatures at the maximum 
weight losses of the reference film and the films heat-
treated at 100 ºC, 150 ºC and 200 ºC are determined to be 
241.2 ºC, 241.6 ºC, 241.9 ºC and 294.1 ºC, respectively.

Fig. 6  X-ray diffractograms and crystallinity indices of the reference 
and heat-treated TO-CNF films

Fig. 7  DRIFT spectra of the reference and heat-treated TO-CNF films
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The influence of heat treatment on the degree of polymer-
isation of the TO-CNF was revealed using a method based 
on limiting the viscosity number. A slight increase in DP 
was observed when the film was treated at 100 °C, likely due 
to evaporation of moisture and possible chemical residues, 
while a notable decrease in DP was noted at higher tempera-
tures (Table 1). In particular, the high temperature of 200 °C 
resulted in significant degradation of the TO-CNF structure, 
which was also indicated by the crystallinity values.

Mechanical properties of the thermally modified 
TO‑CNF films

The mechanical properties of the TO-CNF films in this 
study, as measured with a universal testing machine, are 
presented in Fig. 9. All the TO-CNF films except the film 
heat-treated at 200 ºC were easy to handle and flexible when 

Fig. 8  Weight losses of the reference and heat-treated TO-CNF films

Fig. 9  (a) Typical tensile strength–strain curves and tensile strength (b), strain (c) and (d) Young’s modulus of the TO-CNF films heat-treated at 
different temperatures
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bent. Both the tensile strength and the strain display a grad-
ual decrease as a function of the heat treatment temperature, 
already starting at 100 ºC. However, the decrease in strength 
and elongation is small at 100 ºC, when the tensile strength 
is still > 200 MPa and the strain is > 3.5%. At higher tem-
peratures, the decrease in strength and strain was notable.

The Young’s modulus, in turn, showed a slight increase 
as a function of the treatment temperature (from 9.2 to 9.8 
GPa) until 200 ºC. This increase in stiffness can be attributed 
to the formation of intra- and interfibrillar hydrogen and 
carbonyl bonds due to heat treatment (Fig. 7). The TO-CNF 
film heat-treated at 200 ºC had some small bubbles on its 
surface, and the film became more brittle and easier to break. 
Thus, the mechanical properties of the film heat-treated 
at 200 ºC drop dramatically: the tensile strength is only 
39 ± 2 MPa (82% decrease compared to the reference film), 
the strain is 1.1 ± 0.1% (79% decrease) and the Young’s 
modulus is 4.6 ± 0.2 GPa (50% decrease). The reduction of 
the mechanical properties at higher temperatures is mainly 
attributable to the decrease in the degree of polymerisation 
of TO-CNF and to the destruction of the crystalline structure 
of TO-CNF’s crystalline structure [2]; both decreased the 
mechanical strength of the individual nanofibres.

Conclusion

The role of thermal stress in the molecular structure of cel-
lulose and nanocellulose is well known and reported in the 
literature. However, a basic understanding of the optical 
characteristics of nanocellulose films at elevated tempera-
tures is lacking despite the fact that these are crucial prop-
erties in numerous applications. In the present study, our 
results provide a deeper understanding of the mechanisms 
of CNF restructuring after the heat treatment process and 
their impact on the optical and mechanical properties of TO-
CNF films.

Some important findings are summarised as follows: 
The films were colourless at the low heat treatment tem-
peratures (< 100 ºC), but significant discolouration was 
noted at the higher temperatures (> 100 ºC). The refractive 
indices of the thermally modified TO-CNF films increased 
significantly as a function of the treatment temperature. 
The highest heat treatment (200 ºC) of the TO-CNF film 
resulted in a refractive index of 1.598; in this case, the 
film approached the maximum ordinary refractive index 
of cellulose (1.596). A higher refractive index improves 
the appearance of the film. The polarimeter test showed 
that the birefringence decreased with increasing heat treat-
ment temperatures and that the birefringence of nanocel-
lulose was nearly completely lost at 200 ºC. Small parti-
cles and holes were observed on the surface of the film 
heat-treated at 200 ºC. In addition, crevices appeared in 

the cross-section areas, indicating notable changes in the 
microstructure of the nanofibre network. The crystallin-
ity indices decreased only slightly at 100 ºC and 150 ºC, 
indicating high crystalline ordering and good stability, 
but at 200 ºC, the crystallinity indices decreased dramati-
cally, which was associated with the degradation of the 
molecular ordering and polymeric structure of cellulose. 
The higher thermal stability of the sample heat-treated at 
200 ºC can be related to its lower crystallinity, which pro-
duces slow heat transferability. The films heat-treated at 
high temperatures presented lower weight loss in the TGA, 
especially the films heat-treated at 200 ºC, but they also 
exhibited a significant decrease in crystallinity. The tensile 
strength and strain displayed a gradual decrease as a func-
tion of the heat treatment temperature and made the films 
brittle. Young’s modulus, in turn, showed a slight increase 
as a function of the treatment temperature until 200 ºC. At 
higher temperatures, the decrease in strength, strain and 
Young’s modulus was notable. These factors may limit the 
suitability of the TO-CNF films for applications and are 
presumably affected by the oxidised groups in cellulose 
(i.e. CO and COOH) formed during the TEMPO treatment.

To conclude, the birefringence and refractive index infor-
mation can potentially be harnessed to predict the mechani-
cal properties of nanocellulose and to evaluate the change in 
the nanofibre structure as a function of temperature.
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