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In this study, the physicochemical, mechanical, and thermal properties of films made from cellulose nanocrystals
(CNCs) obtained from two sources — wood and tunicate - and their hybrids were investigated. It was found that
different morphologies affect the properties of CNC films. Specifically, the surface morphology of tunicate CNC
(TCNC) films differed significantly from wood CNC (WCNC) films, and the structure of hybrid CNC (HCNC) films
was also different. Compared to wood CNC-containing films, tunicate CNC films exhibited significantly higher
BET surface areas, superior thermal properties, greater surface roughness, and very low (=1 wt.%) dispersibility
in water due to their ability to form long-range connectivity. The average BET surface area of TCNC films was
measured at 91.9 + 2.1 m?/g, and this value decreased with the addition of WCNCs to the film structure. The
pore diameter also decreased from 11.362 nm for TCNC films to 0.437 nm for WCNC films, indicating the filler
effect of WCNCs on the TCNC films. The chiral nematic phase exhibited by WCNC films was confirmed by their
iridescent appearance, as observed through cross-sectional SEM images. The TS for TCNC and HCNC3 was
measured at 185.2 £+ 10.5 MPa and 182.9 + 13.7 MPa, respectively, which were the highest values among the
samples. The lowest TS value of 113.1 + 9.5 MPa was observed in the WCNC films. A similar decline was
observed in the EB values, from 1.76 + 0.37% for TCNC to 0.9 + 0.22% for WCNC. This study provides infor-
mation and knowledge useful for understanding the impact of biomass source on the properties of CNC films for a
variety of purposes, including packaging materials, biodegradable coatings, flexible electronics, and membrane
applications.

1. Introduction raw cotton, they fall within the range of 10,000-15,000 (Wiistenberg,

2014). Cellulose is a polymer that consists of crystalline and amorphous

Materials play a crucial role in nearly every product and field of
technology. It is becoming increasingly important to use more sustain-
able materials in our daily lives due to environmental issues, climate
change, and declining resources (Tang, Yang & Vignolini, 2022).
Bio-based materials, such as cellulose, have significant potential to
replace less eco-friendly materials in the near future. Cellulosic mate-
rials are a promising substitute for conventional polymers because of
their renewability, biodegradability, exceptional mechanical and optical
properties (Babaei-Ghazvini, Acharya & Korber, 2022; Chen et al., 2020;
Peng et al., 2020).

A cellulose molecule is comprised of repeating units of glucose res-
idues connected by p—1,4 glycosidic bonds, with the number of units
and degrees of polymerization varying based on the source and extrac-
tion method (Habibi, Lucia & Rojas, 2010). For example, in the case of
wood cellulose, these values can range from 300 to 3300, whereas for
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segments, the proportions of which are dependent on the source of the
cellulose. Cellulose nanocrystals (CNCs), which are nano-sized crystal-
line sections, can be extracted through acid hydrolysis. A CNC macro-
molecule is a rod-shaped crystal with a diameter ranging from ten to
twenty nanometers and a length ranging from a few hundred nanome-
ters to several microns (Babaei-Ghazvini et al., 2020; Gao, Shang, Li &
Du, 2022; Peng, Dhar, Liu & Tam, 2011). Furthermore, CNCs can also be
extracted from bacteria (Iguchi, Yamanaka & Budhiono, 2000) and tu-
nicates (Dunlop, Acharya & Bissessur, 2018). Longer CNC crystals,
especially tunicate CNCs with lengths up to several microns (Dunlop
et al., 2018; Moon, Martini, Nairn, Simonsen & Youngblood, 2011), can
be produced from these sources.

Tunicates, as the only animals capable of producing cellulose, are
well-known for the substantial amount of cellulose they generate. The
unique tissue covering the epidermis of tunicates, known as the “tunic,”
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is used to store cellulose and provide skeletal support for the animal
(George & Sabapathi, 2015; Trache, Hussin, Haafiz & Thakur, 2017; Wu
et al., 2022; Zhao & Li, 2014). The crystalline structure of cellulose
nanocrystals (CNCs) obtained from tunicates (TCNCs) is distinct from
those obtained from other sources such as plant or bacterial cellulose.
Tunicate cellulose is mainly composed of If crystals, while CNCs ob-
tained from wood (WCNCs) consist of both cellulose Io and Ip crystal
structures. The ratio of Ia to Ip in cellulose from different plants varies,
with higher-order plants such as trees and shrubs containing more cel-
lulose 1B, while lower-order plants such as fungi and algae having more
cellulose Ia (de Souza Lima & Borsali, 2004). In terms of size and aspect
ratio, compared to plant sources such as wood or cotton (aspect ratio:
10-20), TCNCs have a high length-to-width ratio (70-100) and an
excellent strength modulus (143 GPa) (Babaei-Ghazvini & Acharya,
2022b; Natarajan et al., 2018; Zhang et al., 2015).

Several properties of nanoparticles play an essential role in deter-
mining the mechanical, thermal, physicochemical, and photonic prop-
erties of fabricated nanocomposites. These properties include geometry,
size, surface charge, surface chemistry, crystallinity, and aspect ratio
(Babaei-Ghazvini & Acharya, 2022a, 2022b; Babaei-Ghazvini et al.,
2020; Dunlop, Sabo, Bissessur & Acharya, 2021; Li, Wu, Moon, Hubbe &
Bortner, 2021). In nature, rod-like nanomaterials such as CNCs are
produced with various properties, and studying hybrid CNCs may assist
in this less-studied area of science. Over the past few years, multiple
types of nanoparticles have been considered for use in the production of
nanocomposite materials (Babaei-Ghazvini et al., 2020; Dunlop,
Acharya & Bissessur, 2020; El Miri et al., 2016; Sapkota et al., 2017;
Yang et al., 2011). Further investigation is still required in the field of
nanocomposite science, specifically in the area of hybrid polymeric
nanocomposite materials. Due to their unique characteristics, the hybrid
use of nano-scaled materials in polymeric composites can exhibit new
physicochemical and mechanical properties. Several studies have shown
that polymeric nanocomposites with a hybrid nano-size configuration of
fillers with different morphologies exhibit better mechanical properties
than mono-filler nanocomposites with the same volume fraction of
fillers (El1 Miri et al., 2016; Sapkota et al., 2017; Yang et al., 2011).
According to these studies, nano-fillers with different morphologies
interact with each other to enhance mechanical performance. This paper
aims to discuss the use of hybrid CNC material as an extremely elastic
rod-shaped bio-based nanomaterial for physical and mechanical rein-
forcement. Research in this area has indicated significant potential and
unique advantages in simultaneously using long and short rod-like
nanomaterials (El Miri et al., 2016; Natarajan et al., 2018; Sapkota,
Gooneie, Shirole, Garcia & J., 2017; Wang et al., 2021; Yang et al.,
2011). In percolation theory, the percolation threshold is a mathemat-
ical concept that describes how long-range connectivity emerges in
random systems. In nanocomposite studies, long-range connectivity
within the polymeric network can be achieved with high aspect ratio
nanoparticles. The reinforcing properties of CNCs as fillers depend on
their aspect ratio and the strength of their interaction, which determines
the percolation network between CNCs. (Natarajan et al., 2018) re-
ported that the mechanical performance of all-CNC films could be
enhanced by tailoring the morphology and interactions between CNCs
through the addition of TCNC to WCNC films. The results demonstrated
that adding small amounts of TCNC to WCNC (~5%) significantly
improved the mechanical performance of the films. Although the study
focused on the mechanical properties of the produced film, it did not
explore the interaction between the two types of CNCs. Recently,
Dunlop et al. (2020) (Dunlop et al., 2020) based on the research by
Sapkota et al. (2017) (Sapkota et al., 2017) and El Miri et al. (2016) (El
Miri et al.,, 2015), prepared T-WCNC/PVA nanocomposite. The re-
searchers found that tunicate-derived CNCs not only display higher
reinforcement than wood CNCs but also exhibit cooperative behavior
when combined with WCNCs in a 1:1 ratio. Recent findings suggest that
hybridizing high- and low-aspect-ratio CNCs could result in a change in
the geometry of the high-aspect-ratio CNC, referred to as more surface
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indentation (Babaei-Ghazvini & Acharya, 2022b).

In this study, the physicochemical and mechanical properties of all-
CNC films made with TCNC (long crystals), WCNC (short crystals), and
the hybrid (HCNC) configuration with three different ratios were
investigated. The investigation and characterization of these films may
lead to the discovery of new applications, such as their use as packaging
materials, biodegradable coatings, substrates for flexible electronics,
and membranes for the study of biodegradable and renewable materials
across various fields.

2. Materials and methods
2.1. Material

Tunicate CNC (TCNC) (1 wt.%) was prepared by hydrolyzing club
tunicates with sulfuric acid according to our previously published
research (Dunlop et al., 2020). Wood CNC (WCNC) gel (10 wt.%) was
prepared by the sulfuric acid hydrolysis of hardwood pulp (Forest
Product Laboratory, Madison, Wisconsin, United States). To compare
this product with the TCNC suspension, it was diluted to 1 wt.% before
use. Note that the supplementary information document includes in-
formation regarding the morphology and size distribution of the CNCs
used (Table S1 and Fig. S1). All materials were used without any addi-
tional purification.

2.2. Preparation of the films

WCNC gel was diluted from 10 to 1 wt.% in order to achieve a
comparable mass content between TCNC and WCNC. A well-distributed
suspension of WCNCs and TCNCs, as well as a hybrid CNC suspension
(HCNCQ), consisting of different ratios of TCNCs and WCNCs, were pre-
pared, as shown in the Table 1. Before using the suspensions, the sus-
pensions were stirred for 48 h at 400 rpm at room temperature and then
sonicated for 1 h A 60 g of the prepared solutions were cast into a non-
stick petri dish with a diameter of 15 cm and dried for 48 h at 20 °C and
RH of ~ 20% in the lab environment. Afterward, the dried films were
removed from the petri dishes and stored in aluminum foil inside a
desiccator at a relative humidity (RH) of 53-55% at room temperature
of 20 °C for 48 h for the next stage of the study. The humidity was
maintained by using a saturated magnesium nitrate (Mg(NO3)5) solution
in the desiccator reported by Rockland (Rockland, 1960). Table 1 shows
the abbreviation of the prepared films along with their WCNC:TCNC
ratio.

2.3. Film dispersibility in water

The dispersibility of a film in water (DW) was determined by the
percentage of dry matter which is dissolved in distilled water after 24 h
of immersion (Gontard, Duchez, CUQ & Guilbert, 1994). To assess CNCs
dispersibility in water, film samples (20 mm x 20 mm) were dried at
105 °C to reach constant weight (m; (g)). The dried films were sub-
merged in 50 mL of distilled water for 24 h at 20 °C. Later, the pieces of
residual film were removed and dehydrated at 105 °C to reach a constant
weight (my (g)). Five replications were performed for this test. The DW
of the specimens was calculated using Eq. (1).

Table 1
The abbreviations and the material components of the films.

Abbreviation Wood CNC Tunicate CNC
WCNC 100% -

HCNC1 75% 25%

HCNC2 50% 50%

HCNC3 25% 75%

TCNC - 100%
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2.4. Surface area analysis

Utilizing Brunauer-Emmett-Teller (BET) techniques, the specific
surface area was determined using the NOVA touch LX2 instrument. To
prepare samples for measurements, ~200 mg of the films was cut into
small pieces (1 mm x 1 mm), they were placed in a glass cell for
degassing for four hours at 60 °C under a vacuum of 50 mTorr. Barrett-
Joyner-Halenda (BJH) method was performed for determining pore
volume and pore diameter of the prepared samples.

2.5. FTIR spectroscopy

At room temperature, FTIR spectra of the film specimens were ac-
quired using ATR-FTIR (Spectrum 3 Tri-Range MIR/NIR/FIR Spec-
trometer, PerkinElmer, USA). The film specimens were placed directly
on the ATR crystal. FTIR spectrums were measured in the wavenumber

range of 4000-600 cm ! at a resolution of 4 cm™L.

2.6. Differential scanning calorimetry (DSC)

A differential scanning calorimeter (DSC) was used to assess the
thermal properties. The DSC Q2000 instrument was operated with ni-
trogen purging at a rate of 50 mL/m in order to determine the degrading
point of the samples. In an aluminum pan and lid containing samples
weighing 3-5 mg, the temperature was increased from 30 °C to 400 °C at
a rate of 10 °C per minute.

2.7. Microstructural characterization

The microstructure of the films was examined with a scanning
electron microscope (SEM). Using a Hitachi SU8010 instrument at 5 kV,
SEM was performed. A double-sided carbon tape was utilized to examine
both the surface and cross-sections of the film specimens after they were
broken in liquid nitrogen. The specimens were coated with gold using a
sputter coater (10 nm) prior to imaging. The morphology micrographs
were taken with a Hitachi HT7700 transmission electron microscope
(TEM). After uniformly dispersing the diluted colloidal suspension
(0.001 wt.%) in water, it was cast onto etched copper-coated grids,
stained with uranyl acetate, and air-dried prior to imaging. Using Image
J software, 50 different measurements were taken to determine the
average length and width of the micrographs. An analysis of the surface
charge of the sample was performed using a Brookhaven Zeta-potential
analyzer (DLS). Surface SEM images of the samples were reconstructed
in MATLAB software as a 3D profile based on the recently published
work (RAD, BABAEI-GHAZVINI, JAMALI, SHAHABI-GHAHFARROKHI
& MORADI, 2021) to characterize surface texture.

2.8. X-ray photoelectron spectroscopy (XPS)

The XPS analysis performed at the Saskatchewan Structural Sciences
Centre (SSSC) employing an AXIS Supra system from Kratos (Man-
chester, UK) to collect the X-ray Photoelectron Spectroscopy (XPS) data.
The system uses a 500 mm Rowland circle monochromated Al K-a
(1486.6 eV) source and a combined hemispherical and spherical mirror
analyzer (HSA/SMA). A spot size of hybrid slot (300 x 700) microns was
used. In the survey scan spectra, binding energies of 0-1200 eV were
collected in steps of 1 eV with a pass energy of 160 eV The high-
resolution scan collected in 0.1 eV steps. CASA XPS was used to
analyze the data (Fairley et al., 2021).

2.9. Mechanical properties

Polymers’ tensile strength (TS) refers to their ability to withstand the
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maximum tensile stress. Young’s modulus is defined as the slope of the
elastic area of a stress-strain curve at the breaking point. Elongation at
break (EB) is defined as the change in length at the breaking point
(McHugh & Krochta, 1994). TS and EB were determined using a me-
chanical testing instrument (Mark-10 303, USA) in accordance with
ASTM standard method (D882-02). The films were cut into rectangular
strips of 100 x 10 mm each and taped at the ends to make sure the jaws
were not damaging the gripped area. All of the strips were conditioned
at 55% RH for at least 48 h in a desiccator using saturated magnesium
nitrate solution. The films were mount with an initial grip separation of
50 mm and stretched at a crosshead speed of 5 mm/min. Five replicates
were carried out for each film specimen. TS and EB were calculated by
Eq. (4) and Eq. (5), respectively.

FMax
TS = 4
AMiu ( )

Lytax
EB = —— 5
To )

Where Fy is the maximum load, Ap;, is minimum cross-section
area, Lyq, is the extension at the moment of rupture, Lo is the initial
distance between the grips. Young’s modulus (E) was calculated by
drawing a tangent up to a strain of 0.01 of the stress-strain curves, as
shown in Eq. (6).

_ Stress (0)

YM = -
Strain(e)

©

2.10. X-ray diffraction (XRD)

The powder X-ray diffraction (XRD) measurements were performed
using a Bruker AXS D8 Advance instrument in reflection mode. The
instrument was equipped with a graphite monochromator, variable
divergence slits, variable antiscatter slits, and a scintillation detector. Cu
(Ka) radiation (A = 1.5418 10\) was used for the measurements, which
were conducted at a room temperature of 2-60 ° (20). However, for a
better comparison the diffractograms were plotted at a range of 10-30 °
(20).

2.11. Statistical analysis

All results were analyzed in a completely randomized design with
one-way analysis of variance (ANOVA) using Minitab software (Version
18; Minitab, LLC). The difference between mean values of the properties
of the film specimens was compared using Duncan’s multiple range tests
at the level of significance of 0.05.

3. Results and discussion
3.1. Dispersibility in water (DW)

The dispersibility of CNC films in distilled water was investigated to
study the reinforcement effect, and the DW percent of the samples is
shown in Fig. la. Since CNCs are hydroxyl-rich carbohydrates that
disperse easily in water, WCNC exhibited 100% DW after the test.
HCNC1 displayed a behavior similar to that of HCNC2, possibly due to
the lack of network formation between the two types of CNCs.
Furthermore, it was observed that DW decreased with the addition of
TCNC (above 50%). The lowest DW value was measured for TCNC at 1%,
while the DW value for HCNC3 was measured at 4%, confirming that as
the concentration of WCNC particles in the films increases, the films
become more water-sensitive. In other words, in CNC films with higher
TCNC percentages, water molecules are less likely to penetrate due to
the higher percolation networks resulting from TCNC (higher aspect
ratio) (Sapkota et al., 2017, 2017; Wang et al., 2021). The superior
aspect ratio of TCNC over WCNC can form a long-range connectivity in
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Fig. 1. (a) Dispersibility in water (DW). (b) DCS overlaid graphs of the WCNC, TCNC and HCNC with the assigned melting point temperatures from highest to lowest.

In the bar chart data are means + standard deviation as the error bar.

the all-CNC matrix, resulting in a higher level of stress being transferred
from one crystal to another over a wider network of crystals. This work
studied the DW of all-CNC films with the effects of CNC aspect ratio for
the first time to the best of our knowledge.

3.2. Thermal properties of the films with differential scanning calorimetry
(DSC)

On the DSC curves (Fig. 1b), an endothermic peak corresponding to
the melting point temperature (Ty,) of the samples was observed in the
range of 200-350 °C temperature. Ty, of a polymer represents the
amount of energy required to disorder its crystal structure (Katritzky
et al., 2001). As shown in Fig. 1b, increasing the TCNC content in the
CNC films resulted in an increased Ty, of the films, from WCNC (T,
=251 °C) to TCNC (T, =315 °C). Notably, a significant 40 °C increase in
Tm was observed from HCNC3 (T, =275 °C) to TCNC (T, =315 °QC),
demonstrating how the network formed by TCNC exhibits distinct
thermal properties compared to the other samples. The high aspect ratio
and crystallinity of TCNC particles contribute to the formation of these
networks.

3.3. Crystal structure analysis with X-ray diffraction (XRD)

XRD diffractograms (Fig. 2a) showed the presence of cellulose I
crystal structures in WCNC, TCNC, and their hybrids, with strong peaks
observed at 14.7°, 16.8°, and 22.8°, corresponding to (110), (110), and
(200) crystal planes, in agreement with similar studies (Dunlop et al.,
2020; Zhao, Moser, Lindstrom, Henriksson & Li, 2017). TCNC ideally
has a parallelogram shape in cross-section, with Ip crystal structure, but
acid hydrolysis used for TCNC extraction causes partial corrosion of the
parallelogram shape. Consequently, the cross-section appears as a dis-
torted hexagon, with (110), (110), and (200) terminating surfaces and
(110) being the largest surface (Fig. 2¢) (Helbert, Nishiyama, Okano &
Sugiyama, 1998; Moon et al., 2011). As shown in Fig. 2a, the X-rays
diffracted from the (110) crystal lattice for TCNC and the (200) crystal
lattice for WCNC exhibit higher intensities than the other two crystal
lattices, in accordance with existing literature (Zhao et al., 2017). In the
hybrid samples, an increase in WCNC concentration in TCNC films led to
an increase in peak intensity at (200), while the peak intensity at (110)
decreased.

—— WCNC
—— HCNC1

20 (°)

Fig. 2. (a) Stacked XRD spectra of WCNC, HCNC1, HCNC2, HCNC3, and TCNC. cross-sectional illustration of (b) WCNC crystal structure and (c¢) TCNC crystal
structure, with the colored hydrophilic OH sides (110), (110) in blue and the hydrophobic CH sides in red (200).
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3.4. Hydrogen-bonding analysis with FTIR spectroscopy

Several studies have investigated the attribution of different bands in
the cellulose band spectrum. Maréchal and Chanzy have provided a
detailed description of the various bands comprising the spectrum of
cellulose (Maréchal & Chanzy, 2000). Fig. 3 displays the FTIR spectrum
of CNC films, with the characteristic peaks of CNCs and cellulose
observed to be generally similar. A broad absorbance band has been
observed for CNC films at 3200-3400 cm ™!, which corresponds to the
stretching vibration of the OH groups in cellulose. Typically, this
OH-related peak is observed in lignocellulosic biomass materials owing
to the hydroxyl-rich nature of lignin, hemicelluloses, cellulose, and
pectin. This spectral region is characterized by a broad band with two
visible peaks at 3334 and 3276 cm™!. The methylene C—H stretching
band has been identified in the spectral region 3100-2700 cm ™}, with an
arrow being placed at 2902 cm ™. Five other signals have been observed
and marked with an arrow in the figure at 1645 cm™!, 1164 cm™* and
1111 em™}, 1055 em™}, and 1033 ecm™! (Babaei-Ghazvini & Acharya,
2022b; Cherian et al., 2008; Zhou et al., 2018). The highly coupled OH
stretch vibration modes are a result of hydrogen-bonding interactions
within the cellulose crystal. As illustrated in Fig. 3, the peak at ~3276
cm ! in cellulose can be attributed to OH vibrations, with a significant
contribution from intrachain H-bonds from C,—OH groups. The peak at
~3407 cm ™! is significantly influenced by interchain H-bonded Cs—OH
groups, while the peak at ~3334 cm™! has a significant contribution
from intrachain H-bonded Cy 3 ¢ OH groups (Lee et al., 2015). The
strong peaks at 3407 cm ™! and 3334 cm ™! were observed in both TCNC
and HCNC3, primarily due to the presence of interchain H-bonded
Ce—OH groups. The higher crystallinity of TCNC (80-95%) compared to
WCNC (45-60%), and its larger crystal size, attributed to its structure
having more glucose units (and consequently, more interchain
H-bonded C¢—OH), may explain this observation (Dhali, Ghasemlou,
Daver, Cass & Adhikari, 2021; Dunlop et al., 2020, 2020). The 1645
cm~! band (OH bending) shown as an inset in the plot indicates the
presence of water molecules bonded to the hydrophilic surface of CNCs
(Rosa et al., 2010; Souza et al., 2015; Yunos, Baharuddin, Yunos, Naim &
Nishida, 2012). The intensity of the peaks decreased as the concentra-
tion of TCNC increased from WCNC to TCNC, confirming a reduction in
the number of water molecules bonded to the CNC particles. This
observation may be attributed to the larger surface area of WCNC
resulting from their smaller crystal size, which enables them to retain
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more water.

Regarding the signals on the right side of the spectrum (1400-700
em 1), the peak at 1164 cm™! is associated with the antisymmetric
stretching of the C—O bridge, while the peak at 1111 cm™! represents
the glucose skeletal stretch of C—OH. Finally, the signals at 1055 cm ™!
and 1033 cm™! are associated with the C—0-C pyranose ring (Zhao
etal., 2017). A small peak at 895 cm ™! corresponds to the glycosidic -CH
deformation in cellulose, with a ring vibration and -OH twisting in the
B-glycosidic linkages between the glucose molecules (Sun, Sun, Zhao &
Sun, 2004). The peak at 710 cm ™" indicates the presence of the cellulose
Ip structure (Sugiyama, Persson & Chanzy, 1991), which was prominent
in the TCNC and HCNC3 samples, confirming that the films have a
structure more similar to tunicate CNCs. The peak area of TCNC films at
710 cm ™! was higher than that of HCNC3, suggesting that the surface of
TCNC particles is partially covered with WCNC particles. Upon closer
inspection of these samples in this spectral region, it was observed that
HCNC2, HCNC1, and WCNC exhibited similar characteristics to WCNC.

3.5. Surface chemistry analysis with X-ray photoelectron spectroscopy
(XPS)

Samples of WCNC, TCNC, and HCNC were analyzed using X-ray
photoelectron spectroscopy to determine their surface chemistry. By
analyzing the elemental composition, atomic and mass concentrations of
the samples using XPS, a better understanding of their surface chemistry
could be gained. Fig. 4a-b-c displays a higher resolution spectrum of
WCNC, TCNC, and HCNC, along with their assigned signals representing
oxygen (Ols, 530-532 eV), nitrogen (N1s, 396-400 eV), and carbon
(C1s, 284-288 eV) (Abitbol, Johnstone, Quinn & Gray, 2011; Rahmani,
Ashori & Varnaseri, 2016; Sadasivuni et al., 2015). Based on the
high-resolution O1s spectra presented in Fig. 4a, WCNC exhibits a slight
shift towards lower binding energies compared to TCNC. This shift may
be attributed to the higher concentration of sulfate groups (—SO37)
present on the surface of WCNC. It has been reported in surface chem-
istry studies of CNCs that the presence of sulfate groups can cause a shift
in the O1s spectra (Friedman, Shi, Losovyj, Siedle & Baker, 2018; Hood
et al., 2018; Wei, Fahlman & Epstein, 1999). The N1s spectra presented
in Fig. 4b indicate a small peak at around 399 eV for TCNC, suggesting
the presence of nitrogen atoms on the surface of the CNCs. This occur-
rence could be due to residual protein or amino acids remaining on the
surface of TCNC after CNCs isolation. The absence of this peak in the

C, ., ~-OH
2-3-6
Coupled 3334
Y C,-OH
Intrachain
3276
\

Absorbance (AU)

8(OH) v(C-0)
1055

i, W(C-C)M(C-0)

| A
_/\ weom |V 1033
A

Ccllulosc Ip
1111
¥(C-0-C) band
1164 | 710
v

—l 1 | 1 | 1 | 1

3400 3200 3000 2800

1400 1200 1000

Wavenumber (cm™)

Fig. 3. FTIR absorbance overlaid graphs of the WCNC, TCNC, and the hybrid films. (Left inset) Hydroxyl groups geometry of cellulose Ip molecule in VESTA (Momma
& Tzumi, 2011) software based on the cellulose I crystallography study (Nishiyama, Langan & Chanzy, 2002). (Right inset) magnified 1645 cm ™' band. Symbols

description: v, stretch; 8, bending deformation; as, antisymmetric.
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Fig. 4. High-resolution XPS spectra for WCNCs, TCNCs, and HCNCs. Signal assignments in different binding energies (a) O1s for oxygen, (b) N1s for nitrogen, (c) Cls

for carbon. TEM micrographs, (d) WCNCs and (e) TCNCs.

other samples suggests that their surfaces are not significantly contam-
inated with protein residues. However, it should be noted that the N1s
signal is weak and may be challenging to detect in samples with low
levels of contamination. The high-resolution XPS spectra for WCNC and
TCNC display three peaks associated with (C-C/C-H), (C-0), and (C =
O) groups at 284.9, 286.5, and 288 eV, respectively. In the Cls region, a
noticeable change in the peak (C-C/C-H) at the binding energy of 284.9
eV was observed. The WCNC spectrum displayed a much more intense
shoulder compared to the TCNC spectrum. The decrease in the peak
intensity of (C-C/C-H) with increasing TCNC content may be attributed
to the dilution effect of TCNC particles in the hybrid structure.
Conversely, the significant decrease in the HCNC3 sample suggests that
the surface of TCNC particles is covered with WCNC particles, resulting
in a decrease in the exposure of the (C—C/C-H) group to the surface. The
peak associated with (C-O) groups at 286.5 eV is more prominent in the
TCNC sample than in the WCNC sample, which could be attributed to

the higher crystallinity of TCNC. Finally, the peak associated with (C =
O) groups at 288 eV is more intense in the WCNC sample, which may be
related to the higher concentration of sulfate groups on the WCNC
surface. XPS was used as a surface chemistry study method, and based on
recent findings regarding the surface interaction between TCNC and
WCNC, it was expected that such behavior would occur when the hybrid
CNCs contents were varied (Babaei-Ghazvini & Acharya, 2022b). It was
anticipated that if the concentration of WCNC to TCNC exceeded ~ 25
wt.%, the surface of TCNC would be covered by WCNC particles, and to
some extent, TCNC would not be available on the surface. The findings
of this study for N1s and C1s can be explained by this behavior, which
will be discussed in detail in the morphological studies section.

3.6. CNCs morphology, film structure, and BET surface area analysis

The morphology of CNCs was examined using transmission electron
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microscopy (TEM). The images revealed that WCNCs were generally
shorter than TCNCs (Fig. 4d-e), which could be attributed to the
different sources of cellulose. Tunicates are known to produce longer
and more uniform cellulose nanocrystals than wood. The difference in
morphology could have significant implications for potential applica-
tions, such as in the reinforcement of materials. SEM images of surface
sections of CNC films are shown in Fig. 5a-b. TCNC films had larger
particles on their surface, which were distinguishable from those on
WCNC films. These results were consistent with the TEM images pre-
sented in Fig. 4d-e. TCNCs formed a network with more voids due to
their larger particle size compared to WCNCs, which is consistent with
previous literature (Zhao et al., 2017). On the surface of WCNC films,
particles were aligned in the same direction, corresponding to the sur-
face nematic layer of WCNC, indicating the formation of a chiral nematic
structure (Babaei-Ghazvini & Acharya, 2021; Babaei-Ghazvini et al.,
2022; Majoinen, Kontturi, Ikkala & Gray, 2012).

A significant role is played by surface geometry and morphology in
determining the physical properties of coatings, including water ab-
sorption, water contact angle, and gas barrier properties. Hence, to
assess their importance, the surface topography and profilometry of the
produced coatings were further investigated using 3D volumetric image
processing in MATLAB. The porosity and structure of CNC films also
have a significant impact on their applications. The micron-scale rep-
resentation of the 3D reconstructed surface topology, as shown in
Fig. 5¢, illustrates that a higher degree of surface roughness is observed
in TCNC films. The addition of WCNCs to the TCNC matrix results in a
smoother surface, and at higher concentrations of WCNC, the low aspect
ratio particles fill into the pores on all sides of the TCNC particles.
Consequently, WCNC primarily functions as a filler in the TCNC matrix.
Fig. Se displays the cross-section profilometry derived from the surface
topographies shown in Fig. 5c using green arrowed lines (point A to B).
The peaks and valleys of the surface of the TCNC films (= 41 + 12 nm)
are more prominent in comparison to the other samples, confirming the
filler effects caused by the addition of WCNC. In both HCNC2 and
HCNCI1, the peaks and valleys fluctuated around zero (=5 + 2 nm),
indicating the smooth surface of the samples.

The cross-section of the films can reveal their structural organization
when analyzed with SEM. Therefore, during film formation, the chiral
nematic or random alignment of the CNCs can be investigated. Fig. 5d
illustrates the cross-sectional SEM images from the samples. Stacked
layers of randomly aligned CNCs were observed for TCNC. A similar
structure was reported in the literature (Babaei-Ghazvini & Acharya,
2022b; Huang et al., 2021). WCNC films exhibited iridescent colors
(Fig. S2) and displayed a chiral nematic organization, as seen in the
cross-section SEM images. The chiral nematic phase of the CNC films is
responsible for reflecting structural colors under Bragg’s regime, which
distinguishes it from the other phases in terms of its visual properties
(Kelly, Giese, Shopsowitz, Hamad & MacLachlan, 2014). Structural
color was not observed for the HCNC films (Fig. S2). The study of the
chiral nematic phase revealed that the self-assembly of WCNCs could be
affected by the hybrid configuration, and a change in particle size dis-
tribution could interfere with this process. However, some reports have
shown structural color reflections with low concentrations (up to 10 wt.
%) of TCNC in WCNC, which was lower than the ratios (25 wt.%)
investigated in our study (Natarajan et al., 2018). Additionally, a study
on colorimetry was conducted on film samples, and the findings
revealed that the addition of TCNCs to the all-CNC films resulted in an
increase in the yellowness index (YI) of the films. The colorimetry table
is presented in the supporting information (Table S2).

A complementary study was conducted on the surface area of the
films using the BET method. The CNC films were analyzed using this
method, as shown in Fig. 5-f-g. Nitrogen gas adsorption-desorption
isotherms and calculated surface areas at liquid nitrogen temperatures
(—196 °C) were measured and shown in the figure. The BET surface area
for CNCs materials may differ due to the sample preparation and source
of the CNC. Based on the literature to date, freeze-dried CNCs samples
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have shown a greater surface area in comparison with CNC films. Ac-
cording to Lu and Hsieh (Lu & Hsieh, 2010), CNCs isolated from cotton
cellulose had a BET surface area of 13.36 m?/g. Another study con-
ducted by (Abu-Danso, Srivastava, Sillanpaa & Bhatnagar, 2017) esti-
mated the surface area of CNCs to be approximately 8 m?/g based on
their BET method. The surface area of cotton sourced CNCs was found to
be 1.3 m?/g based on the measurements obtained from BET analysis
(Mohamed et al., 2022). A surface area of ~55-59 mz/g was reported for
bacterial-sourced CNCs using a freeze-dried sample preparation method
at liquid nitrogen temperature, as measured with the BET method by
Kondor et al. (2021). The reported surface area value for bacterial CNCs
was higher than the reported surface area value of plant-based CNCs due
to its higher aspect ratio (Kondor et al., 2021). In this study, the average
BET surface area of TCNC films was measured to be 91.9 + 2.1 m%/g
using a nitrogen gas adsorption technique. This value was found to be
higher than the surface area value of 31.4 m?/g reported by Zhao et al.
Different sources and extraction methods used in each work may have
contributed to the difference in values (Zhao et al., 2017). The presence
of sulfate-half ester groups on the surface of the CNCs, which were
isolated using sulfuric acid hydrolysis, led to strong repulsion forces in
suspension and the formation of light-weight and porous films. Addi-
tionally, TCNCs have the highest aspect ratio among all reported types of
CNCs to date (Moon et al.,, 2011), allowing for the formation of
long-range connectivity in their films (Sapkota et al., 2017). Upon
adding 25 wt.% WCNCs to the TCNCs structure, the adsorption volume
decreased considerably from 170 cc/g to 5.5 cc/g, as shown in the
adsorption isotherms (Fig. 5f). This confirms that WCNCs acted as fillers
in the TCNCs matrix. The isotherm plots for all samples, except TCNC,
are presented in Fig. 5g, and it is evident that the volume of adsorption
significantly decreased with increasing amounts of WCNC in the matrix.

The Barrett-Joyner-Halenda (BJH) desorption method was used to
obtain the total pore volume and pore diameter of all samples. Table 2
presents the results obtained from the BJH desorption method. The total
pore volume of TCNCs was found to be 0.2610 cm®/g, which was
significantly higher than the total pore volume of the other samples. The
addition of WCNCs to the TCNC films caused a considerable reduction in
pore volume, with HCNC3 having a pore volume of 0.0084 cm>/g. The
total pore volume of the other samples was found to be negligible, which
was consistent with the BET adsorption-desorption isotherms. The pore
diameter decreased significantly from 11.362 nm for TCNC films to
0.437 nm for WCNC films, as reported in Table 2. These results confirm
that WCNCs had more of a filler effect on the films’ structure, and films
with higher TCNC content exhibited slightly larger pore diameter due to
the higher aspect ratio of TCNCs.

3.7. Mechanical properties of the CNC films

Fig. 6a shows the stress-strain curves of the samples, and Fig. 6b
presents a graph of the elastic moduli of the films on the right side of the
assigned stress-strain curves. The CNC films displayed highly elastic
behavior, with EBs below 2%. The TS of TCNC and HCNC3 was
measured at 185.2 + 10.5 MPa and 182.9 + 13.7 MPa, respectively,
which were the highest values among the samples. Huang et al. (2021)
reported a TS of 140.3 MPa for tunicate cellulose films, which was
consistent with the measured value for TCNC (Huang et al., 2021). Zhao
et al. reported a TS of 177.5 + 20.3 MPa for tunicate cellulose fiber films
(Zhao et al., 2017). No significant decrease in TS was observed for
HCNC3, which may be attributed to the percolating threshold achieved
and maintained by TCNCs, even with the addition of WCNCs to their
structure. The network formed and maintained by TCNCs facilitates
stress transfer between CNC particles. As mentioned earlier, the addition
of WCNCs up to 25% did not negatively impact the shear and stress
transfer, thereby preserving the mechanical performance of the HCNC3
films. However, the TS of the rest of the hybrid CNC films decreased with
the addition of WCNCs. For HCNC2 and HCNC1, the TS decreased to
158.8 £ 5.7 MPa and 131.5 + 8.5 MPa, respectively, from the initial TS
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Table 2
Characteristics of BET and BJH analysis table ~ *.,

Abbreviation  BET surface area Total pore volume Pore diameter
(m?/g) (em®/g) (nm)*

WCNC 0.5 £ 0.2° 0.0005 + 0.0001¢ 0.437 + 0.239°

HCNC1 48 £ 0.7° 0.0018 + 0.0009" 2.539 + 0.975°

HCNC2 35+ 1.1° 0.0016 + 0.0011° 8.734 + 2.385"

HCNC3 3.7 £0.8° 0.0084 + 0.0013" 9.544 + 1.973°

TCNC 91.9 + 2.1° 0.2610 + 0.0118" 11.362 + 3.754°

¥ Means within each column with the same letters are not significantly
different (P<0.05).

" Data are means + SD.

# Determined by BJH method.

of 182.9 MPa for HCNC3. The lowest TS value of 113.1 4+ 9.5 MPa was
observed in the WCNC films, which may be attributed to the lower de-
gree of connectivity in the network formed by these particles. A similar
trend to the changes in TS values was observed in the EB values when
WCNC was added to TCNC, with a decrease from 1.76 £+ 0.37% for
TCNC to 0.9 =+ 0.22% for WCNC, as shown in Fig. 6a. The decrease in TS
and EB may be attributed to the smaller particle size and reduced stress
transfer resulting from the low aspect ratio of the WCNC. These values
were consistent with reported values for wood and tunicate cellulose
films in similar studies (Huang et al., 2021; Zhao et al., 2017). The
stress-strain curves in Fig. 6a were used to calculate the elastic modulus
of the film specimens shown in Fig. 6b. No clear trend in the nano-
composite’s elasticity was observed, but the E values for TCNC and
HCNC2 were higher than those for the other films. Unfortunately, due to
the lack of similar works in the literature, we were unable to compare
these values with published data. To the best of our knowledge, the only
reported value in the literature for tunicate cellulose fiber films was 12.6
+ 0.1 GPa, which was higher than the value we obtained. This value was
reported by (Zhao et al., 2017). It is worth noting that the brittleness and
rigidity of all-CNC films can make it challenging to measure their
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mechanical properties accurately. Therefore, the mechanical properties
of all-CNC films may vary from one study to another.

4. Conclusions

The effects of wood-sourced CNCs and tunicate-sourced CNCs, along
with their hybrids with varying aspect ratios, on the film-forming
properties of all-CNC films was investigated in this study. The physico-
chemical and mechanical properties of nanocomposites were examined
in order to develop sustainable and biodegradable materials. Results
revealed that TCNC films exhibited 1% dispersibility in water, while the
addition of WCNC to their structure increased their sensitivity to water.
As the TCNC content increased in the CNC films, the T, of the films rose
from 251 °C for WCNCs to 315 °C for TCNCs. SEM images showed that
WCNC films displayed iridescent colors and were in the chiral nematic
phase, which disappeared after the addition of TCNCs to the film’s
structure. The XPS results indicated that the surface chemistry of the
films became similar to that of WCNCs when the WCNCs content was
50% or higher, suggesting that the TCNCs were covered by the WCNCs
on the surface. The surface area of TCNC films was measured at 91.9 +
2.1 m?/g, which is the highest reported value to date, and significantly
decreased with the addition of WCNC. The addition of WCNCs to the
CNC film structure resulted in a decrease in TS values, indicating that the
mechanical strength of the film was reduced. These changes in the
mechanical performance of the films may be attributed to the lower
aspect ratio of WCNCs compared to TCNCs, resulting in less efficient
stress transfer between particles and a less connected network. The
findings of this study may benefit the development of all-CNC films as
sustainable and biodegradable materials for packaging, biomedical, and
membrane applications.
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