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• Interfacial nanoparticle complexation
was employed to draw ﬁlament.
• Bio-based ﬁlaments were prepared
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a b s t r a c t
In this paper, anionic TEMPO-oxidized cellulose nanoﬁbers (TO-CNFs) and cationic, partially deacetylated, chitin
nanocrystals (ChNCs) were used to fabricate continuous composite ﬁlaments (TO-CNF/ChNC ﬁlament) with a
straightforward and sustainable aqueous process based on the interfacial nanoparticle complexation (INC) of oppositely charged nano-constituents. In particular, the role of TO-CNF and ChNC concentrations in ﬁlament drawing and the effect of drawing speed on the mechanical properties of composite ﬁlaments were investigated.
Moreover, conductive ﬁlaments were fabricated by mixing single walled carbon nanotubes (SWCNTs) with
TO-CNF dispersion and further complexing with the ChNC aqueous suspension. A conductive ﬁlament with an
electrical conductivity of 2056 S/m was obtained. However, the increase in the SWCNTs content reduced the mechanical properties of the formed ﬁlament compared to neat TO-CNF/ChNC ﬁlament. This study not only introduces a new nanoparticle candidate to prepare ﬁlaments based on INC method but also provides potential
advanced and alternative green ﬁlament to be used as wearable electronics in biomedical area.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Polysaccharides are carbohydrates formed by monosaccharide condensation via hemi-acetal or hemi-ketal linkages [1]. Cellulose and
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chitin are typical polysaccharides found abundantly in nature that act as
structural building blocks to provide physical support to the living bodies of green plants and some marine animals. Due to the abundance,
sustainability, biodegradability and low cost of many polysaccharides,
interest in developing bio-based products to substitute materials
based on petrochemistry has grown [2].
Cellulose, as the most abundant natural polymer on the earth, is one
of the most important polysaccharides. Native cellulose is mainly found
in cell walls of cellulose resources including wood, plants, tunicates, and
algae [3]. With appropriate chemical [4–8], mechanical [9,10] or enzymatic treatment [11], nanocellulose (NC) with one dimension of less
than 100 nm, can be extracted. Similarly, chitin, as the second most
abundant polysaccharide after cellulose, is known as a cellulose analogue consisting of repeating N-acetylglucosamine units. It exists widely
in the exoskeletons of shellﬁsh and insects and the cell walls of fungi
[12,13]. Nanosized chitin, called nanochitin (NCh), can be fabricated
by disintegrating the hierarchical structure of chitin through, for example, acid hydrolysis or mechanical treatments [14–18]. Both NC and NCh
have attracted notable attention, as they combine important polysaccharide properties with the unique and appealing characteristics of
nanomaterials [19] such as their high aspect ratios, large surface areas,
and easy surface modiﬁcations [20–22]. The outstanding physical and
chemical properties of NC and NCh enable their use in a range of applications including polymer composites, emulsiﬁers, package materials,
water treatment additives and drug delivery agents [23–27].
Cellulose and chitin exist inherently as part of composite structures
formed by various biopolymers and compounds that organize in a hierarchical design with diverse functionalities [28]. Inspired by these composite architectures, various types of sustainable structural materials,
such as ﬁlms, hydrogels, aerogel, and ﬁlaments, have been fabricated
based on the nanostructured NC and NCh [29–40]. Particularly, the composite ﬁlm, hydrogel, and aerogel of NC and NCh were fabricated by the
utilization of ionic interaction between anionic NC and cationic NCh
[41–45]. Recently, NC-derived ﬁlaments created by the interfacial polyelectrolyte complexation (IPC) were reported based on the mechanical
drawing of anionic NC and cationic chitosan [46,47]. The spinning
method using IPC technique is based on the spontaneous formation of
the interface complex ﬁlm between two oppositely charged polyelectrolytes solutions. Self-assembled continuous ﬁlament could be obtained by pulling up the formed interface complex ﬁlm [46]. This
process is carried out under aqueous, neutral pH, and ambient temperature conditions, it compares favorably to many other ﬁber spinning
processes that typically requires the use of volatile organic solvents or
polymer melt [48]. Since the discovery of IPC method, various IPC ﬁbers
have been fabricated based on different combinations of oppositely
charged polyelectrolytes. Besides, the biocompatible nature of IPC
ﬁber makes them useful for a variety of applications especially in biomedical area such as drug delivery, cell culture and biosensor [48–50].
Inspired by this, we produced NC based ﬁlaments using only charged
colloidal NC without any soluble polyelectrolytes, which was termed
as “interfacial nanoparticle complexation (INC)” [51]. In nature, chitin
is reported to present amino groups at C2 on the nanoﬁbril surfaces,
these amine groups can be protonated under acidic conditions to
make chitin positively charged. Thus, it could be assumed that the spinning of positively charged NCh with negatively charged NC by INC
method is also possible [52]. To our best knowledge, the ﬁlaments
based on NC and NCh nanoparticles using the INC method have not
yet been reported.
Carbon nanotubes (CNTs), i.e. single and multi-walled carbon nanotubes (SWCNTs and MWCNTs, respectively), have excellent physical
properties as well as good electrical conductivity. They are considered
promising constituents in conductive composite materials and electrochemical devices. However, their exploitation in composites requires
that they are homogeneously dispersed in the matrix. It was reported
early that stable hybrid dispersion was formed by the dispersion of
CNT in aqueous NC suspension [53–55]. This approach was used as an

efﬁcient technique for the fabrication of NC-CNT composites, such as
ﬁlms [56], aerogels [57,58], hydrogels [59], and microﬁbers [60–62]
for applications in supercapacitors, textile sensor, and so on. In particular, hybrid ﬁlaments of CNTs and NC have been prepared based on wetspinning and 3D printing [55,60,61].
Herein, partially deacetylated chitin nanocrystals (ChNCs) were produced and used as a cationic component to engineer new type of nanocomposite ﬁlaments with anionic cellulose nanoﬁbers (CNFs).
Furthermore, conductive ChNC/CNF composite ﬁlaments were successfully designed by incorporating SWCNTs into the ﬁlaments. These green
and conductive ﬁlaments can potentially be used as wearable electronic
devices (such as sensors and supercapacitors) applied in biomedical
area [60,62].
2. Experimental
2.1. Materials
Bleached birch (Betula pendula) chemical wood pulp obtained in dry
sheets was used as a cellulose raw material after disintegration in deionized water. 2,2,6,6-Tetramethylpiperidinyl-1-oxy radical (TEMPO), sodium bromide (NaBr), sodium hypochlorite solution (NaClO, 15 wt%),
and chitin powder from crab shells were obtained from Sigma–Aldrich
(Finland). The TEMPO-oxidized CNFs (TO-CNFs) were prepared according to the previously reported method [63]. The dose of NaClO during
oxidation was 10.0 mmol/g of pulp. The oxidized pulp was furtherly
disintegrated via probe sonication for 1 h (Heilscher UP 400s, power discharge 0.5 s and pause 0.5 s, 60% amplitude and 22 mm probe tip diameter) to obtain the TO-CNFs. The carboxylated group content of the TOCNFs was determined to be 1.57 mmol/g using conductometric titration
method [64]. SWCNTs (Product TNST) were purchased from TimeNano
(Chengdu, China). The morphological characteristics of the TO-CNF and
SWCNTs are shown in Fig. S1 and S2, respectively. The dimension of the
obtained TO-CNF is 172 to 958 nm in length and 5 ± 2 in width;
SWCNTs aggregate into bundles (ropes) with a width of 17 ± 3 nm
and individual SWNCT shows a diameter of about 1 nm.
2.2. Preparation of cationic chitin nanocrystals
Chitin surface deacetylation was conducted according to the previously reported procedure [65]. Chitin powder was suspended in aqueous NaOH (20 wt%) and reﬂuxed for 6 h. The deacetylated chitin
slurry was collected by ﬁltration, and washed thoroughly with distilled
water by centrifugation. The wet sample was dispersed in water at 1 wt
%, and acetic acid was added to adjust the pH value to 4. The dispersion
was passed once through a microﬂuidizer (Microﬂuidics M-110EH-30,
USA) with a pair of chambers (400 and 200 μm). Then, the obtained
gel-like suspension was diluted to 0.6 wt% and further disintegrated
with an ultrasonicator (output power of 400 W, 13 mm probe tip diameter, 60%) for 1 h.
2.3. Preparation of TO-CNF/ChNC and SWCNTs@TO-CNF/ChNC hybrid
ﬁlaments
The TO-CNF/ChNC ﬁlaments were fabricated using our previously
reported INC method [51]. Aqueous ChNCs and TO-CNFs suspensions
with different concentrations (from 0.15 to 0.5 wt%) were used. A
drop (100 μL) of ChNC suspension was placed on a Petri dish next to a
drop (100 μL) of anionic TO-CNF suspensions. A pair of tweezers was
used to bring the two droplets together and draw TO-CNF/ChNC hybrid
ﬁlaments using a universal testing machine. For the SWCNT containing
TO-CNF/ChNC hybrid ﬁlaments, various amounts of SWCNTs powder
were ﬁrst mixed with 15 mL of a 0.3 wt% TO-CNF aqueous suspension
and further treated with an ultrasonic homogenizer for 20 min
(Heilscher UP 400s, power discharge 0.5 s and pause 0.5 s, 60% amplitude and 7 mm probe tip diameter), resulting in 0.3 wt% TO-CNF
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suspension containing 0.05, 0.1, and 0.2 wt% SWCNTs, respectively. The
obtained suspensions were directly used as a negatively charged component to draw the ﬁlaments with 0.3% cationic ChNC suspension. All
the TO-CNF/ChNC ﬁlament containing SWCNT (SWCNT@TO-CNF/
ChNC ﬁlaments) were drawn using a universal testing machine with a
speed of 40 mm/min. The fresh drawn ﬁlaments were attached to a
glass rod and air-dried at room temperature.
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pre-force of 0.01 N until breakage. Five replicates for each material
were tested and all samples were placed at a relative humidity of 50%
and a temperature of 22 °C for at least one day prior to the testing.
The diameters of the ﬁlaments were measured using an optical microscope (Leica MZ6 equipped with a Leica DFC420 camera) and the
cross-section was assumed to be circular. The average values and standard deviations of the diameter, tensile strength and strain were also
reported.

2.4. Characterization
2.4.1. Transmission electron microscopy
The morphological features of ChNCs were analyzed using a transmission electron microscope (TEM, JEOL JEM-2200FS, Japan). A small
droplet of 0.005 wt% ChNC suspension was dosed on the top of a
carbon-coated copper grid. After drying, the sample was negatively
stained with uranyl acetate (2% w/v) for 20 min. The staining agent
was removed by a small piece of ﬁlter paper and the samples were
allowed to dry at room temperature. Standard conditions with 200 kV
were used during the TEM analysis. The dimensions of the ChNCs
were measured using iTEM (Olympus Soft Imaging Solutions GMBH,
Munster, Germany) image analysis software.
2.4.2. Field emission scanning electron microscope (FESEM)
The FESEM images of the composite ﬁlaments were obtained using a
ﬁeld emission scanning electron microscope (FESEM, Zeiss Sigma HD
VP, Oberkochen, Germany) at 0.5 kV acceleration voltage. All samples
were sputtered with platinum before observation.
2.4.3. Elemental analysis
The composition of the ﬁlaments in terms of their ChNC content was
calculated directly from the nitrogen content of the ChNC and formed
ﬁlaments as determined using a PerkinElmer CHNS/O 2400 Series II elemental analyzer:
ChNC in filament ½% ¼

N ½% of filament
N ½%of ChNC

2.4.4. Polyelectrolyte titration
The charge density of the ChNC was measured using a particle
charge detector (Mütek PCD 03, USA), in which 10 mL 0.01 wt%
ChNCs suspension was titrated with polyethylene sulfonate sodium
(PES-Na, 1 meq/L) and the charge density was calculated based on the
consumption of PES-Na [66].
2.4.5. Diffuse reﬂectance infrared Fourier transform spectroscopy
The chemical characterizations of the chitin, ChNC, TO-CNF, and
formed composite ﬁlaments were carried out using diffuse reﬂectance
infrared Fourier transform (DRIFT) spectroscopy. The spectra were recorded on a Bruker Vertex 80v spectrometer (USA) in the
800–4000 cm−1 range with 2 cm−1 resolution.
2.4.6. Thermogravimetric analysis
The thermogravimetric analysis (TGA) was performed using a thermal analyzer Netzsch STA 449 F3 apparatus (Germany) under nitrogen
ﬂow with a constant rate of 60 mL min−1. Each measurement was
heated from 30 to 700 °C at a scanning rate of 10 K/min.
2.4.7. Mechanical properties
The mechanical properties of the ﬁlaments were studied using a universal testing machine (Zwick D0724587, Switzerland) equipped with a
200 N load cell. The samples were glued on paper frames before being
tested to avoid sample slippage and were then mounted onto the
clamps. Once the frame was secured, the paper was cut, leaving the
ﬁber ready for testing. All the samples were tested at a speed of
5 mm/min at room temperature and a gauge length of 20 mm using a

2.4.8. Electrical conductivity measurement
The electrical conductivities of the SWCNTs@TO-CNF/ChNC ﬁlaments were measured using a two-point probe setup (Keithley 2636A
SourceMeter, 21 oC, 30% relative humidity). When calculating the conductivity, the ﬁlament was regarded as a perfect round shape. At least
ﬁve ﬁlaments of each kind were measured and each ﬁlament was measured two times.
3. Results and discussion
3.1. Characterization of ChNCs
The ChNCs were prepared by the partial deacetylation of α-chitin
followed by microﬂuidic and ultrasonic disintegration. Fig. 1 shows
the TEM image and the length and width distribution of the obtained
ChNCs. The ChNCs displayed rod-like shapes with an average of
122 ± 44 nm in length and 6.1 ± 2.5 nm in width. The cationic charge
density of the ChNCs was determined via polyelectrolyte titration to
be 1.7 mmol/g.
3.2. Fabrication of TO-CNF/ChNC composite ﬁlaments
Aqueous ChNC and TO-CNF suspensions with different concentrations were used to investigate their feasibility in the composite ﬁlament
drawing based on the INC. All the experiments were performed at a
drawing speed of 40 mm/min using a universal testing machine. The
formed ﬁlaments from various concentration pairs were dried at room
temperature, and ﬁlaments with lengths of more than 200 cm were
regarded as a successful drawing process. The maximum ﬁlament
length in the drawing tests was limited to 693 mm because of the experimental setup.
The results of the ﬁlament drawing tests are shown in Table 1. The
ﬁlaments could be formed with all the combination pairs of TO-CNF
and ChNC, but the lengths of the ﬁlaments drawn by 0.5 wt% TO-CNF
were less than 200 mm, indicating an unstable spinning process. This
result could be ascribed to the high viscosity of 0.5 wt% TO-CNF (the viscosities of TO-CNF and ChNC could be found in Fig. S3), which may hinder the diffusion and replenishment of the consumed TO-CNF in the
suspension at the complexation interface. In contrast, with lower concentration of TO-CNF, all the ﬁlaments could be drawn successfully
(with ﬁlament lengths of longer than 200 mm). However, the concentration of 0.15 wt% ChNC seemed be too low for effective ﬁlament fabrication, and a maximum ﬁlament length of 450 mm was obtained. It was
observed that the combination of 0.3 wt% TO-CNF with 0.3 wt% ChNC
showed the best ﬁber drawing feasibility. All ﬁlaments for further measurements were made from 0.3 wt% TO-CNF and 0.3 wt% ChNC composition. Reason to select this combination is the good feasibility at
relatively high concentration and low viscosity for TO-CNFs and ChNC.
3.3. Effect of drawing speed on the mechanical properties of TO-CNF/ChNC
composite ﬁlaments
Drawing speed is one of the key factors that affects the formation of
INC ﬁlaments [48]. To evaluate the inﬂuence of the drawing speed on
the mechanical properties of the formed TO-CNF/ChNC ﬁlaments, different drawing speeds ranging from 40 mm/min to 500 mm/min were
tested. Fig. 2 shows typical stress-strain curves, average ultimate tensile
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Fig. 1. TEM image (a) of the chitin nanocrystals and their length (b) and width (c) distributions.

strength, strain and Young's modulus of the formed TO-CNF/ChNC ﬁlaments with different drawing speeds. The diameter slightly decreased
with increasing the drawing speed (from ~24 to 20 μm, Table S1).
The tensile strength and Young's modulus of the TO-CNF/ChNC ﬁlaments formed by the lowest speed of 40 mm/min were about 184 MPa
and 8.3 GPa, respectively. The increase in the drawing speed to 100 mm/
min and 150 mm/min, decreased the tensile strength and Young's modulus only slightly. At 200 mm/min, the ultimate tensile strength reached
the maximum value of 188 MPa, presumably because of the improved
alignment of the nanoconstituents. However, a further increase in the
drawing speed dropped the ultimate tensile strength signiﬁcantly.
This result can be attributed to kinetics of the complexation process;
in other words, too short interaction time resulted in only a partial complexation process at higher drawing speeds [48]. On the other hand, the
replacement of the charged nanoparticles at the interface through diffusion and convection also requires slow drawing speed to create a stable
and homogeneous ﬁlaments. With a drawing speed of 500 mm/min or
higher, gel droplets were reported to appear along the longitudinal
axes of the ﬁlaments because of the release of counterions and water
during complexation [67]. After drying, the droplets can create irregular
protuberances, which make the ﬁlament uneven and inﬂuence the
Table 1
The feasibility and lengths (mm) of the ﬁlament spinning from different combination pairs
of ChNC and TO-CNF suspensions.
Sample

0.5 wt% TO-CNF

0.3 wt% TO-CNF

0.15 wt% TO-CNF

0.5 wt% ChNC
0.3 wt% ChNC
0.15 wt% ChNC

No (160)
No (199)
No (190)

Yes (620)
Yes (693)
Yes (333)

Yes (693)
Yes (693)
Yes (450)

mechanical properties of the formed ﬁlaments. The strain of the ﬁlaments was similar at all drawing speeds except the highest speed.
3.4. Chemical structure of TO-CNF/ChNC ﬁlaments
The DRIFT spectra of the TO-CNF, ChNC and TO-CNF/ChNC ﬁlaments
are presented in Fig. 3. TO-CNF showed the characteristic vibration
bands of cellulose sample at 3490 (O\\H stretching), 2900 (C\\H
stretching), 1170 (asymmetrical stretching vibration of C\\O\\C glycoside bonds) and 1123 cm−1 (\\C\\O stretching vibration of ether
groups). Two typical bands at around 1623 and 1427 cm−1, corresponding to the antisymmetric and C_O stretching of the carboxylate groups
(COO\\) formed by TEMPO oxidation, were noted [68]. The spectrum of
the ChNC showed a strong and broad band centered at about 3484 cm−1
with a shoulder at 3269 cm−1, which resulted from the overlapping of
the O\\H and N\\H stretching vibrations of the functional groups engaged in hydrogen bonds [69]. Two characteristic bands of the amide
groups at 1664 and 1580 cm−1 were attributed to the C_O stretching
of amide I and the N\\H bending vibration of the amide II, respectively
[18]. Absorption bands at 2879, 1320 and 1260 cm−1 were attributed to
symmetric and antisymmetric CH2 vibrations of the carbohydrate ring
[70]. The TO-CNF/ChNC ﬁlament exhibited a characteristic spectrum,
different from those of the individual components, especially in
1800–1400 cm−1 the area. The bands in the TO-CNF at 1423 (symmetric
stretching vibration of the carboxylate group) and 1623 cm−1 shifted to
1411 and 1630 cm−1, respectively. Moreover, the absorption band at
1630 cm−1 might also belonged to the antisymmetric N\\H deformation vibration in protonated amines, which has been reported in the
polyelectrolyte complexes of chitosan with alginate [71] or
carboxymethyl cellulose [72]. The N\\H bending vibration of amides II
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Fig. 2. Tensile properties of the TO-CNF/ChNC ﬁlaments fabricated using different drawing speed: (a) typical stress-strain curves, (b) strain at the break, (c) tensile stress, and (d) Young's
modulus.

at 1580 cm−1 in ChNC shifted to 1552 cm−1. All these changes in the
DRIFT spectra of the TO-CNF/ChNC ﬁlament likely indicated the formation of ionic bonds between the carboxylate group of TO-CNF and the
ammonium group of ChNC.
The TO-CNF/ChNC ﬁlament fabricated using 0.3 wt% ChNC and
0.3 wt% TO-CNF suspensions was further investigated via elemental
analysis. The ChNC content in the TO-CNF/ChNC ﬁlament was calculated
to be 47.6% by dividing the N content in the TO-CNF/ChNC ﬁlament by
the N content in ChNC. We also calculated the theoretical value of
ChNC in the TO-CNF/ChNC ﬁlament by dividing the theoretically
absorbed ChNC weight by the theoretical total weight of TO-CNF/
ChNC ﬁlament based on the charge ratio of cationic and anionic group

contents of TO-CNF and ChNC (i.e., 1.7 g of 1.53 mmol/g TO-CNF assembled with 1.53 g of 1.7 mmol/g ChNC). The calculated theoretical content of ChNC in the TO-CNF/ChNC ﬁlament was 48%, which is close to
the obtained experimental value (47.6%). This result suggests that the
charges on the surface of ChNC and TO-CNF were almost fully compensated in the INC.
3.5. SEM images of TO-CNF/ChNC composite ﬁlaments
Fig. 4a shows an SEM image of a knot tied by the TO-CNF/ChNC ﬁlament, indicating good ﬂexibility of the ﬁlaments. The TO-CNF/ChNC ﬁlament displayed a ﬁbrous meridian structure, in which aligned

Fig. 3. (a) DRIFT spectra and (b) magniﬁed DRIFT spectra of TO-CNF, ChNC and TO-CNF/ChNC ﬁlaments.
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Fig. 4. Scanning electron microscopy (SEM) images of the (a–c) longitudinal direction and (d–f) cross-sectional fracture of TO-CNF/ChNC ﬁlament fabricated by 0.3 wt% TO-CNF and 0.3 wt
% ChNC.

microscale ﬁbers with diameters of 1–3 μm could be clearly observed in
Fig. 4b and c, showing a similar hierarchical structure with previously
reported pure nanocellulose INC ﬁlaments [51]. Obviously, a large number of nanoﬁbers with an average diameter (10 ± 2 nm) larger than that
of ChNC (6 ± 3 nm) or TO-CNF (5 ± 2 nm) could be found in the crosssection area. These nanoﬁbers were assumed to be formed by the ionic
combination of ChNCs and TO-CNF (more SEM images of TO-CNF/ChNC
composite ﬁlaments can be found in Fig. S4 in Supplementary Information) [51].
3.6. Characterization of SWCNT@TO-CNF/ChNC ﬁlaments
Previously, NC has been used as an efﬁcient surfactant to disperse
CNTs (single- or multi-walled CNTs) to form aqueous suspensions
with good stability [54]. Various types of CNT/NC composites, such as
nanopaper, foams and ﬁbers, have been fabricated based on this strategy [55]. Accordingly, we used TO-CNF to disperse SWCNTs and the obtained 0.3 wt% TO-CNF dispersion with 0.05, 0.1 or 0.2 wt% SWCNTs was
used as an anionic component to draw TO-CNF/ChNC ﬁlament containing SWCNT (SWCNT@TO-CNF/ChNC ﬁlaments). 0.3 wt% TO-CNF suspensions with higher SWCNT concentrations were not considered

because they cannot form ﬁlaments with 0.3 wt% ChNC; this is probably
due to their high viscosity. The particle size of TO-CNF suspensions with
various amount of SWCNT after sonication could be found in Fig. S5 in
Supplementary information. TO-CNF with 0.05 and 0.1 wt% SWCNTs
displayed a similar average diameter (about 1 μm). The average diameter of TO-CNF with 0.2 wt% SWCNTs was about 3 μm. All the obtained
suspensions could stay stable for several months without phase separation (Fig. S6). Fig. 5 presents the morphologies of the formed
SWCNT@TO-CNF/ChNC ﬁlaments. Like the neat TO-CNF/ChNC ﬁlament without CNTs, a typical ﬁbrous structure could also be observed on the surface of the SWCNT@TO-CNF/ChNC ﬁlament.
However, the SWCNT@TO-CNF/ChNC ﬁlament exhibited a rougher
surface than the TO-CNF/ChNC ﬁlament. Moreover, a less dense and
more irregular structure was observed in the fracture surface compared to TO-CNF/ChNC ﬁlament. The long and individualized
SWCNTs were clearly recognizable in the cross-sectional area, different from the short nanoﬁbers observed in the TO-CNF/ChNC ﬁlament, indicating the successful incorporation of the SWCNTs.
Nevertheless, the short nanoﬁbers observed in the TO-CNF/ChNC ﬁlament could not be found. Besides, the SWCNTs seems randomly arranged without orientation in the drawing direction.

Fig. 5. SEM images in (a–c) longitudinal direction and (d–f) cross-sectional fracture of SWCNT@TO-CNF/ChNC ﬁlaments fabricated by 0.3 wt% ChNC and 0.3 wt% TO-CNF with 0.2 wt%
SWCNTs.
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Fig. 6. TGA of (a–d) the TO-CNF/ChNC ﬁlament and the SWCNT@TO-CNF/ChNC ﬁlament
fabricated with different CNT concentrations and of (e) pure SWCNTs.

Fig. 6 shows the TGA results of pure CNT and ChNCs/TO-CNF ﬁlaments fabricated using different concentrations of SWCNTs. All the samples showed an initial weight loss of between 35 and 100 °C due to the
evaporation of absorbed moisture in the materials [73]. The pure TOCNF/ChNC ﬁlament showed a major weight loss in the temperature
range of 200–380 °C, which mainly came from the thermal degradation
of cellulose and chitin [74,75]. Above 700 °C, the residual mass increased
with increasing concentration of SWCNTs. The weight loss of pure
SWCNTs was only 1% at temperatures up to 700 °C. On the basis of the
residual mass at 700 °C, the percentage of nanotubes by weight was estimated. It was calculated that the content of SWCNTs in the SWCNT@
TO-CNF/ChNC ﬁlaments fabricated from suspension containing 0.05,
0.1 and 0.2 wt% SWCNTs was 6.9, 29.3, and 38.6%, respectively. The
SWCNT@TO-CNF/ChNC ﬁlament fabricated from 0.1 wt% SWCNTs
showed a much higher CNTs content (about four times) than the ﬁlament obtained from 0.05 wt% SWCNTs. We believe that the amount of
incorporated CNTs into the ﬁlament was quite related to the formation
mechanism of the ﬁlaments with CNTs. TO-CNF was used as “surfactant”
to disperse CNTs, in which TO-CNF and CNTs could interact with each
other and form electrostatically stabilized associated structures [54].
Then, these associated structures would assemble with cationic ChNC
to form the ﬁlament [76]. Thus, the content of CNTs in the formed ﬁlaments is depended not only on the association between TO-CNF and
CNTs but also on the electrostatic interaction between the associated
structures and ChNC. With 0.3 wt% TO-CNF, both 0.05 wt% and 0.1 wt
% CNTs could be dispersed well (average diameter is about 1 μm).
Thus, for 0.3 wt% TO-CNF suspension with 0.05 wt% CNTs, there are
probably more TO-CNFs associated with CNTs. In turn, more ChNC will

7

be incorporated into formed ﬁlament, resulting in a relatively lower
content of CNTs compared to that of ﬁlament formed by 0.3 wt% TOCNF with 0.1 wt% CNTs. The quantitative calculation of the amount of
TO-CNF interacted with CNTs is still unclear [54], which needs more investigations in future.
Fig. 7 and Table 2 present the mechanical and electrical properties of
the SWCNT@TO-CNF/ChNC ﬁlaments. The addition of the SWCNTs exhibited a negative effect on the mechanical properties, i.e., the tensile
strength, strain, and Young's modulus of the SWCNT@TO-CNF/ChNC ﬁlaments decreased compared to those of the TO-CNF/ChNC ﬁlament. It is
likely that the SWCNTs led to insufﬁcient complexation between ChNC
and TO-CNF and a less homogeneous structure than the TO-CNF/ChNC
ﬁlament. The strain was also decreased due to the rigidity of SWCNTs
[77]. With the increase of SWCNT concentration from 0.1 to 0.2 wt%,
SWCNTs@TO-CNF/ChNC ﬁlaments showed a similar tensile strength
and Young's modulus. This might be explained by the fact that with
the higher SWCNT content embedded inside the ﬁber, the SWCNT network compensated for the loose structure of the ﬁlament and provided
structural integrity and mechanical strength to the ﬁlaments [78]. The
electrical properties of the SWCNT@TO-CNF/ChNC ﬁlaments were measured using a two-point probe. All the SWCNT@TO-CNF/ChNC ﬁlaments
displayed linear I–V curves, revealing an Ohmic behavior. Notably, the
conductivity of the ﬁlaments improved dramatically with increasing
SWCNT content in the original dispersion. The electrical conductivity
of the ﬁlament fabricated by 0.2% SWCNTs was 2056 S/m. The formed
SWCNTs@TO-CNF/ChNC ﬁlament showed a comparable mechanical
and electrical conductivity to the previous report based on similar strategy i.e., polyelectrolyte complexation. For example, Granero et al. [77]
used the wet-spinning method to inject SWCNTs (dispersing in carrageenan) into oppositely charged chitosan based on IPC, resulting in a
conductive ﬁber with a conductivity of 20.6 S/cm and a tensile strength
of 104 MPa. However, the tensile strength is still lower than that of
SWCNTs/TO-CNF hybrid ﬁbers prepared via traditional wet-spinning
(260–472 MPa) or 3D-printing method (~247 MPa) [60,62]. Therefore,
in order to improve the strength of INC ﬁbers, further investigations,
for example, the effects of stretching or alignment of nanoﬁber, need
to be conducted in future.
4. Conclusion
In this study, the drawing of composite ﬁlaments based on oppositely charged nanoparticles (anionic TO-CNF and cationic ChNC),
using interfacial nanoparticle complexation (INC) was demonstrated.
By increasing the drawing speed, the mechanical properties of the TOCNF/ChNC ﬁlaments decreased, exhibiting a phenomenon opposite to
that of traditional wet-spinning. A relatively slow drawing speed is required for the INC method in order to offer enough time for the

Fig. 7. Typical strain–stress curves (a) and I–V curves (e) of the SWCNT@TO-CNF/ChNC ﬁlaments fabricated with different CNT concentrations; the inset in part (b) is the formed ﬁlament
used as a conductive line to light an LED.
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Table 2
Characteristics of the fabricated SWCNT@TO-CNF/ChNC ﬁlaments.
Samplea

SWCNTs content (%)

Ultimate tensile strength (MPa)

Strain at break (%)

Young's modulus (GPa)

Electrical conductivity (S/m)

0% SWCNTs
0.05% SWCNTs
0.1% SWCNTs
0.2% SWCNTs

–
6.9
29.3
38.6

184
149
121
125

12.3
12.6
11.6
10.5

8.9
7.3
6.0
6.3

–
9.6 ± 3
388 ± 60
2056 ± 230

a

±
±
±
±

20
17
11
13

±
±
±
±

4
2
3
3

±
±
±
±

2
3
2
2

Filament prepared from 0.3 wt% TO-CNFs and 0.3 wt% ChNCs with different SWCNTs concentration.

interfacial complexation of two oppositely charged nanoparticles. With
a drawing speed of 40 mm/min, a TO-CNF/ChNC ﬁlament with a tensile
strength of 184 MPa and Young's modulus of 8.3 GPa were obtained.
Moreover, SWCNTs were successfully incorporated into TO-CNF/ChNC
ﬁlaments. Even though mechanical properties decreased, conductive ﬁlaments with a tensile strength of and an electrical conductivity of
2056 S/m were obtained.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2020.108594.
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