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1. Introduction 

The scope of this dissertation (Figure 1) is to obtain biobased fibres from aque-
ous suspensions comprising colloidal materials originated from wood, including 
cellulose nanofibrils (CNF) and TEMPO-oxidized CNF (TOCNF), lignin and 
ligno-nanocellulose (LCNF), as well as chitin nanofibrils (ChNF) derived from 
crab residues. Wet-spinning process was applied to fabricate biobased fi-
bres/microfibres, and parameters affecting the spinning such as coagulation 
agents were investigated. Finally, potential applications for the spun fibres were 
introduced. 

In Paper I and II, the role of coagulants in the process of wet spinning as well 
as properties of the obtained fibres were studied. Both ChNF (Paper I) and 
TOCNF (Paper II) were utilized as spinning dopes for this investigation. Two 
types of coagulants, namely organic solvents (acetone, ethanol) and aqueous so-
lutions (NaOH, NH4OH (Paper I); NaCl, HCl, CaCl2 (Paper II)) were consid-
ered. For chitin-based fibres, slight differences were noticed between the ChNF 
fibres coagulated from acetone and alkaline solution. However, for cellulose-
based fibres, significant differences were observed between fibres obtained from 
organic and electrolyte solutions. Compared to the fibres coagulated from etha-
nol and acetone, those coagulated in aqueous HCl and CaCl2 solutions displayed 
better mechanical properties, thermal stability and resistance to moisture. Fi-
bres made from TOCNF were stiffer than those from ChNF. Moreover, the latter 
were more water- and thermal-resistant. 
 
Further, the effect of lignin-based colloids in spinning dopes was investigated 
as precursors of carbon fibres. In Paper III composite fibres containing 
TOCNF and lignin (up to 70 wt.%) were successfully wet spun in CaCl2 solution. 
In Paper IV, lignin was introduced in the form of lignocellulose nanofibrils 
(LCNF) obtained from unbleached mechanical wood pulp. Further, LCNF was 
successfully wet spun into fibres in the presence of TOCNF as aiding compo-
nent. It was observed that the spinnability of lignin-based dopes and mechanical 
properties of the resultant fibres were enhanced by addition of TOCNF, while 
the thermal stability was weakened. Meanwhile, an increased carbonization 
yield as well as electro-conductivity were observed for carbon fibres produced 
from dopes of higher lignin content.  

Finally, potential applications of the resultant fibres were demonstrated in the 
last chapter. Wet-spun TOCNF and chitin-based fibres were investigated in 
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terms of biocompatibility. Their potential in biomedical applications was ex-
plored, for instance considering surgical sutures or as a template for cell cultur-
ing and tissue engineering. The carbon fibres obtained from lignin-based fibres 
were demonstrated as good candidates for energy storage devices in the form of 
fibre-shaped supercapacitors (Paper IV). 
 

 
 

Figure 1.  Schematic layout of this thesis involving the main subjects, techniques and 
potential applications.  

Biobased polymers

WoodCrab

Cellulose ligninChitin

TOCNF Alkali ligninChNF LCNF

Paper II Paper III Paper IVPaper I

Wet spinning

Coagulant effects Lignin-based fibers

Biocompatibility Carbon fibers
Fiber-shaped supercapacitors
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2. Background 

This chapter provides a succinct review regarding wet spinning of aqueous pol-
ymeric colloids including LCNF, TOCNF, lignin and ChNF. Besides, the effect of 
key parameters such as dope composition, shear rate and coagulants on prop-
erties of the resultant fibres are discussed. 

2.1 Wet spinning 

To fabricate fibres, melt- and solution-spinning are two methods predominantly 
applied (Nakajima 1994). Solution-spinning is further classified into dry-, wet- 
and dry-jet wet-spinning. In addition, electro-spinning is another technique 
used to spin polymer solutions/suspensions under an electric field, producing a 
fibre mat or network. In most of the spinning techniques, the polymers are first 
melted or dissolved to form a spinning dope. The dope is extruded through a 
spinneret, after which fibres are formed by cooling, solvent evaporation or co-
agulation. Melt spinning is typically used to produced fibres from synthetic pol-
ymers, such as polyesters, polyethylene, polyamide (nylon) and polypropylene. 
Whereas solution spinning is commonly used with biomass-derived materials, 
which include cellulose derivatives or solutions in the Viscose, Lyocell or Ioncell 
processes. In this work, we focused on wet spinning of nanoparticles and col-
loids suspended in water, offering the opportunity to avoid dissolution of the 
precursors in the given solvents.  

 

Figure 2. Illustration of a wet spinning set-up used with an aqueous-based colloidal
suspension. 
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As shown in Figure 2, colloids displaying high hydrophilicity and water affinity 
can produce stable aqueous suspensions. Typically, nanoparticles move ran-
domly in water by Brownian mechanisms and under electrostatic and other col-
loidal interactions (Brouzet et al. 2019). It has been shown that the source of 
precursor material, nanoparticle aspect ratio, medium viscosity, as well as solid 
content have strong impact on the ensuing fibre properties (Lundahl et al. 
2016a, 2017). For example, due to their higher aspect ratio and surface charge, 
TEMPO-oxidized CNF (TOCNF) yield fibres with higher fibril orientation com-
pared to those obtained from untreated CNF. It was also reported that fibrils 
with higher length such as TOCNF from bacterial cellulose can be used for con-
tinuous wet spinning with acetone as coagulation system (Yao et al. 2017).  

2.2 Potential precursor materials 

2.2.1 Lignocellulose and LCNF  

Wood contains three main elements, carbon (~49%), hydrogen (~6%), and ox-
ygen (~44%) (Haygreen and Bowyer 1996), which are part of the three main 
polymers in the cell walls of wood: cellulose, hemicelluloses and lignin (Table 
1). In addition, little amount of nitrogen (< 1%) and inorganic elements (< 1%) 
exist in wood (Koch 2008).  

Table 1. The polymer content of wood cell wall (Haygreen and Bowyer 1996) . 

 
Lignocellulose fibrils can be isolated from wood using either chemical or me-
chanical processes. Ionic liquid solutions of lignocellulose have been dry-jet wet 
spun into fibres from unbleached Kraft pulp (Ma et al. 2018), and wood chips 
(Nguyen et al. 2019). On the other hand, lignocellulose fibrils can be further 
defibrillated into LCNF using variety of mechanical procedures such as grinding 
and refining. Several works have reported on the production of lignocellulose 
nanofibrils (LCNF) from lignin-containing cellulose fibrils (Rojo et al. 2015; 
Imani et al. 2019). Lee et al. also demonstrated that LCNF with 13% lignin con-
tent can be directly wet-spun into fibres by using first tert-butanol and then ac-
etone as coagulants (Park et al. 2020). Orelma et al. successfully wet-spun LCNF 
suspensions into fibres using solutions with aluminium sulphate as coagulant, 
where 50% CMC was added (Orelma et al. 2017, 2019).  

2.2.2 TOCNF 

Cellulose is a linear homopolymer consisting of β-1,4-glycosidic linked D-gluco-
pyranose. It has strongly ordered domains referred as ‘‘crystalline’’, which ex-
hibit a distinct X-ray pattern, as well as less ordered regions (Kondo et al. 2001). 

 Softwoods Hardwoods 
Cellulose, % 40-44 40-44 
Hemicelluloses, % 30-32 15-35 
Lignin, %  25-32 18-25 
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Cellulose-based fibres are fabricated using solvent spinning via dry-jet-/wet-
spinning, such as Viscose (Sisson 1960; Riggs et al. 1982; Huang et al. 2007), 
Lyocell (Peng et al. 2003; Wu et al. 2006) and Ioncell fibres (Byrne et al. 2016; 
Michud et al. 2016).  

TEMPO-oxidized cellulose can be liberated into fibrils with a width as small as 
3-4 nm and, at least a few microns in length (for an aspect ratio > 100) (Isogai 
et al. 2011). Compared to CNF, the hydroxyl groups in the C6 of TOCNF are ox-
idized to carboxylate groups, as shown in Figure 3a. The oxidation yields thin-
ner and more flexible fibrils. TOCNF with high aspect ratio (>100) and surface 
charges, can induce both fibril entanglement and osmotic repulsion between the 
fibrils, which enhance wet-spinning into fibres (Iwamoto et al. 2011; Walther et 
al. 2011; Torres-Rendon et al. 2014; Lundahl et al. 2016a; Wang et al. 2019b, a). 
With optimized parameters, fibres have been manufactured with high stiffness 
(86 GPa) and tensile stress (1.57 GPa) (Mittal et al. 2018); these values are much 
higher compared to the properties of known natural or synthetic biopolymeric 
materials. Finally, functional systems, e.g., magnetic (Walther et al. 2011), su-
perabsorbent (Lundahl et al. 2018b), electroconductive (Wan et al. 2019; Chen 
et al. 2020), water-resistant (Cunha et al. 2018; Tripathi et al. 2018), bioactive 
(Vuoriluoto et al. 2017) fibres can be obtained by modification of the spinning 
dope, coagulants, and subsequent post-treatment. 

2.2.3 Lignin 

Next to cellulose, lignin is the most abundant macromolecular organic sub-
stance in plants. It is a complex phenolic polymer formed by radical coupling of 
mainly three phenylpropane monomers: p-hydroxyphenyl-propane (H), guai-
acylpropane (G) and syringylpropane (S), as shown in Figure 3b (Haygreen 
and Bowyer 1996; Koch 2008). Lignin from softwood contains high amounts of 
G units. In hardwood, similar amount of G and S units exist, whereas in grasses 
H is the main unit (Clark and Deswarte 2008). So far, the exact native lignin 
structure remains unknown since it is degraded and altered during extraction. 
Chemical and mechanical methods have been applied for lignin isolation 
(Haygreen and Bowyer 1996). In most processes, lignin is dissolved and some 
fraction (residual lignin) remains on the obtained fibres together with cellulose 
and hemicelluloses. The amount of residual lignin in fibres obtained by mechan-
ical processes is much larger compared to those from chemical ones. Kraft and 
alkali lignins are separate from the lignin dissolution (black liquors). Kraft lig-
nin is a type of industrial lignin obtained from the Kraft process, which accounts 
for about 85% of the total lignin production worldwide. In the Kraft cooking 
process, about 90–95% of the lignin is dissolved into the cooking liquor con-
taining sodium hydroxide and sodium sulfide (Chen 2015). 

Owning to the high carbon content ( 60%), lignin has been considered as po-
tential precursor for carbon fibres (Gellerstedt and Henriksson 2008). Several 
spinning techniques were applied for lignin fibre production such as melt spin-
ning (Kubo and Kadla 2005; Puziy et al. 2018), dry-jet wet spinning (Ma et al. 
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2015; Byrne et al. 2018; Lu et al. 2018), and electrospinning (Ago et al. 2016). 
To our knowledge, there are no reports on the fabrication via wet spinning of 
lignin-based fibres from colloids suspended in aqueous media. 
 

 

2.2.4 Chitin and ChNF 

Chitin is an abundant polymer, a linear polysaccharide similar to cellulose, with 
C2 hydroxyls replaced by acetylamine groups (Figure 3c) (Rinaudo 2006). Chi-
tin mainly comes from ocean biomass such as the exoskeletons of crabs, lobsters 
and shrimps, and some from cephalopods (e.g. squids and octopuses) (Rouilly 
and Vaca-Garcia 2015). It is also found in insects (e.g. ants, beetles and butter-
flies), fungi and alga (Liu et al. 2016). Chitin is commonly applied as separation 
membrane for water purification, as thickening and stabilizing agent for food 
and pharmaceuticals, as well as binder in dyes, fabrics and additives (Rouilly 
and Vaca-Garcia 2015). Chitin with a linear and semi-crystalline structure is 
made into fibres for textiles, sutures, dressings and biodegradable substrate 
(Rinaudo 2006; Pillai et al. 2009). In order to spin fibres, chitin is convention-
ally dissolved in solvents such as NaOH/urea and DMAc/LiCl. The solvents can 
break the polyamide structure of chitin, thus the resultant solution can be spun 
into fibres via regeneration (Pillai et al. 2009; Duan et al. 2018).  

ChNF can be fibrillated from chitin via chemical (acid hydrolysis, TEMPO oxi-
dation) and mechanical treatment (Duan et al. 2018). In addition, it also can be 
obtained by dissolution and self-assembly of chitin molecules (Zhong et al. 
2010). Despite the versatile properties of chitin, only few authors have reported 
on colloidal ChNF for spinning. Grande et al. applied the dry-spinning method 

Figure 3. Basic structures in bio-based polymers (a) TEMPO oxidized cellulose (TOCNF) with
sodium as counter ions; (b) lignin phenylpropane monomers (p-hydroxyphenyl-propane (H), 
guaiacylpropane (G), and syringylpropane (S) units) and (c) partially deacetylated chitin.  

(c)

Protein Chitin

Cellulose

Hemicellulose

Lignin

(a)

(b)
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to process chitin nanofibrils via complexation with cellulose nanocrystals 
(Grande et al. 2019). Walther et al. used ChNF for wet spinning using THF as 
coagulant (Torres-Rendon et al. 2014) and studied the effect of wet stretching 
on the mechanical properties. Both studies demonstrated the possibility to fab-
ricate chitin-based fibres from aqueous systems. However, no systematic stud-
ies are available on ChNF wet spinning, and the parameters affecting the pro-
cess, such as dope concentration, shear rate and coagulant type.  

2.3 Shear rate in wet spinning 

During the extrusion through the spinneret, the hydrodynamic shear aligns par-
ticles along the flow direction. A higher shear rate during spinning induces fi-
bres with higher orientation, resulting in better Young’s modulus and tensile 
strength (Iwamoto et al. 2011; Mohammadi et al. 2017; Kim et al. 2019a). How-
ever, hollow structures might be formed under excessive shear due to ‘cylindri-
cal coalescence’ (Iwamoto et al. 2011). An easy way to increase the shear rate is 
by reducing the spinneret diameter. However, spinnerets of extremely small di-
ameters could also lead to colloidal clogging. Thus in some cases, a flow-assisted 
spinneret is applied in wet spinning to increase the shear rate, and at the same 
time to reduce the friction induced by the spinneret (Håkansson et al. 2014; 
Hagström et al. 2018). With precise optimization of the spinning process, ultra-
strong fibres can be obtained from TOCNF, with a Young’s modulus and tensile 
strength reaching values such as 86 GPa and 1.57 GPa, respectively  (Mittal et 
al. 2018).  

2.4 Coagulants in wet spinning 

The shear force induced by extrusion decreases over time due to Brownian mo-
tion (Håkansson et al. 2014), thus a coagulant is necessary to lock the state of 
aligned nanoparticles. During coagulation, the stable colloidal state is altered 
due to the solvent/ion exchange, and counter-diffusion occurs between the na-
noparticles and coagulation bath according to Fick’s law (Mortimer and Péguy 
1996). Thus, a phase separation occurs in the colloidal system. In general, two 
types of coagulants have been employed for the fabrication fibres from aqueous 
suspensions: organic solvents (ethanol, acetone, THF) and aqueous electrolyte 
solutions (CaCl2, HCl , Al2(SO4)3, FeCl3) (Lundahl et al. 2017; Orelma et al. 2017; 
Wang et al. 2019b; Mittal et al. 2019).  

Since nanoparticles are suspended in water, the organic solvent should be mis-
cible with water, so that a counter diffusion occurs between the water in the col-
loids and the organic solvent. Gradually nanoparticles loose water and solidify 
in the coagulant. An organic solvent with moderate polarity is preferred that can 
facilitate hydrogen bonding formation among the particles (Walther et al. 2011). 
In general, organic solvents can be applied as coagulant for colloidal suspen-
sions with no limitations to their surface charges. However, they are also limited 
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by the solid concentration of the spinning dopes, i.e., to acquire sufficient inter-
fibrillar interactions. Fibres can be fabricated from more concentrated colloids 
in wet-spinning of CNF or TOCNF using acetone in the coagulation batch (>1.5 
wt.% for CNF and >1 wt.% for TOCNF) (Lundahl et al. 2018a). The strong inter-
fibrillar interactions offer better stability for the hydrogel fibres to maintain 
their shape. During solvent exchange, the interfibrillar interactions are expected 
to increase when water is gradually replaced by the organic solvent. 

2.4.1 Electrolyte coagulants 

Unlike organic solvents, aqueous electrolytes function efficiently with the sur-
face charged nanoparticles, in which the interfibrillar interactions are enhanced 
by counterion exchange. Electrolyte-based coagulants reduce the electric double 
layer repulsion between colloids and induce colloidal destabilization and self-
assembly by screening or neutralizing the surface charges (Mittal et al. 2019). 
The DLVO (Derjaguin-Landau-Vervey-Overbeek) theory describes the salting 
out or charge neutralization in colloidal destabilization ( Ninham 1999; Fall et 
al. 2011). In this theory, van der Waals and Coulombic (Entropic) forces are con-
sidered for colloidal stability. In 1888, Franz Hofmeister used concept of ‘kos-
motropes’ or ‘chaotropes’ to describe the ions that can ‘create’ or ‘break’ the or-
dered water structure (Hofmeister et al. 1888). Based on the order of salting out 
proteins, the anions and cations were classified in the so-called ‘Hofmeister se-
ries’, and also applied in bulk solution and interfaces (Kherb et al. 2012; 
Schwierz et al. 2013). Meanwhile it is also known that specific ion effects affect 
self-assembly of proteins, polymers, inorganic and organic nanoparticles.  

The type of electrolyte and its concentration affect the degree of dissociation, 
surface charge and interaction energy of nanoparticles, which directly correlate 
with interfibrillar aggregation (Wågberg et al. 2008; Fukuzumi et al. 2014; Chau 
et al. 2015; Shimizu et al. 2016). Thus, the interfibrillar interaction of surface 
charged colloids can be enhanced by electrolytes. 

Regarding colloidal wet spinning, aqueous electrolytes have been investigated 
as coagulants, such as acidic solution including HCl, CH3COOH, H2SO4, and 
H3PO4 (Mittal et al. 2017; Nechyporchuk et al. 2017; Hagström et al. 2018), and 
salt electrolytes including CaCl2 (Kafy et al. 2017; Kim et al. 2019a; Gao et al. 
2020) and FeCl3 (Wan et al. 2019; Mittal et al. 2019; Chen et al. 2020). In all 
these processes, the possibility for continuous wet-spinning have been demon-
strated, which is challenged in wet-spinning with organic coagulants. One ex-
ception of continuous spinning was observed in case of bacterial cellulose (Yao 
et al. 2017). It has been reported that mechanical properties of wet-spun TOCNF 
fibre were influenced by the acidic concentration and the anions of the acid ap-
plied in the coagulants (Cl-, SO42-, PO43-, CH3COO-) according to the Hofmeister 
series (Mittal et al. 2019). In addition, the valence of the counterions was found 
to influence the mechanical properties of the spun fibres. For example, cellulose 
films coagulated with multivalent counterions (Fe3+ and Al3+) displayed better 
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tensile strength and modulus than those with mono- or divalent counterions 
(such as Na+ and Ca2+) (Saito and Isogai 2005; Shimizu et al. 2016).  

So far, most efforts concerning the effect of counterions have been performed 
for film casting. In such cases, it was observed that the type of counterion sig-
nificantly influences the negatively charged CNF and changes the aqueous sus-
pension stability as well as film properties. The latter include re-dispersability, 
thermal stability, mechanical and oxygen barrier performance (Dong and Gray 
1997; Saito and Isogai 2005; Wågberg et al. 2008; Shimizu et al. 2016; Fukui et 
al. 2018).  

After coagulation, fibres are usually dried at room temperature. It was reported 
that restraint-dried fibres demonstrate higher mechanical strength than those 
after free-drying. In contrast, a higher elongation was observed in the latter case 
(Orelma et al. 2017). Further, fibril alignment can be improved by drawing dur-
ing collection, stretching after wetting (Torres-Rendon et al. 2014; Kafy et al. 
2017; Kim et al. 2019), and under electro-magnetic field (Kim et al. 2019b).  

2.5 Applications 

Depending on the precursor materials, fibres can be applied in various areas. 
Taking cellulose as an example, it is mainly processed into textiles such as fab-
rics made from Viscose, Lyocell and Ion-F. However, as discussed before, multi-
functional fibres can be fabricated from nanocellulose via wet spinning that 
broadens the potential applications. They include uses as sensors (Wan et al. 
2019), electronics, water purification systems (Vuoriluoto et al. 2017), rein-
forcement in composites (Mittal et al. 2018), energy storage devices (Chen et al. 
2020), as well as smart textiles (Wang et al. 2017). Due to high carbon content, 
lignin-based fibres are mainly applied as precursors for carbon fibre production 
in various areas such as for composite as well as energy conversion systems 
(Baker and Rials 2013; Nowak et al. 2018). Chitin fibres, on the other hand, are 
biocompatible and biodegradable material having varous functions including 
non-allergenic, deodorizing, and antibacterial (Hirano 2001). It is used in bio-
medical applications such as absorbable sutures and textile for wound dressing 
(Hirano et al. 1999; Hirano 2001; Huang et al. 2014; Zhu et al. 2019). In addi-
tion, chitin-cellulose blend fibres (“Crabyon”) have been commercialized as 
functional textiles for underwear, sportswear, socks and nonwovens. 

To conclude, wet spinning has been shown as a promising technique to produce 
functional fibres. The raw material, shear rate, coagulant type and drying 
method influence the spinning process as well as the properties of ensuing fibres 
(Rosén et al. 2020). However, available studies have mainly focused in CNF and 
the role of coagulants on wet spinning is still largely unexplored. This thesis 
provides a deeper understanding on coagulation (Paper I and II) and wet 
spinning of ChNF and lignin-based hydrogels (Paper I, III and IV). The po-
tential application of the obtained fibres is also discussed
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3. Experimental 

3.1 Precursor material preparation 

3.1.1 ChNF Preparation  

The chitin fibrils were isolated from crab shells by three times immersing in so-
lutions of HCl (1 M) and NaOH (1 M), respectively, for 12 h. The obtained chitin 
fibrils were bleached using 0.5 wt% NaClO2 solution at pH 5 for 2 h at 70 ℃. A 
kitchen blender was applied to shorten down the washed fibril size. Chitin fibrils 
were partially deacetylated with 33 wt% NaOH solution (at 90 ℃ for 4 h) and 
washed with distilled water. Finally, chitin fibrils were refined into nanofibrils 
by one time passing through 400 and 200 μm chambers (at 1500 bar) using 
microfluidizer (M-110P, Microfluidics IN., Newton, MA, USA). The obtained 
ChNF with deacetylation degree of 19.5±1.35, at pH of 3.5 (using acetic acid to 
titrate) were applied as raw material for wet spinning (paper I). 

3.1.2 TOCNF Preparation  

TEMPO-oxidation was selected since it has been commonly used, and the pro-
duction method is well known. Besides, TOCNF is studied extensively for wet-
spinning, facilitating easier comparison with available data. 

 
Never dried bleached kraft pulp (birch, supplied by UPM) was oxidized in a sys-
tem of TEMPO NaBr-NaClO (Sigma-Aldrich) at pH 10 according to literature 
(Lundahl et al. 2016a). The washed oxidized fibrils were refined into nanofibrils 
via one pass through a 200 and 100 μm chambers, at pressure of 2000 bar, op-
erated by M-110P microfluidizer (Microfluidics corp., USA). The obtained 
TOCNF (1.6 wt%) contained 0.6 mmol g-1 carboxylic groups were used as raw 
material in Paper II to study the effect of coagulant in wet-spun fibres. In ad-
dition, TOCNF was used in Paper III IV to assist wet spinning of LCNF and 

lignin. 

3.1.3 LCNF Preparation  

1.8 wt% never dried, unbleached mechanical pulp (soft wood, supplied by Sappi) 
were pre-grinded by two times passing through a colloidal mill (MKZA10-15J, 
Masuko Co. ltd, Japan) with a gap of 0.22 mm and 0.18 mm at 1500 rpm. Then, 
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the fibrils were further fabricated into micro/nanofibrils by passing through a 
microfluidizer (M-110P, Microfluidics IN., Newton, MA, USA), first time at 1100 
bar and then five times at 1800 bar. As obtained LCNF (6 wt% after being cen-
trifuged at 2000 rpm for 10 min) contained 36.5 wt% cellulose, 29 wt% hemi-
celluloses, and 28.3 wt% lignin. This LCNF with high lignin content was applied 
as raw material for wet spinning to obtain carbon microfibres (paper IV). 

3.2 Spinning 

3.2.1 ChNF spinning 

ChNF with 2 wt% solid content was degassed using a planetary centrifugal mixer 
(ARE-250, THINKY). The obtained ChNF was extruded through a needle (3.7 
cm length, 0.7 mm inner diameter), into acetone and solutions of NaOH (0.5 M) 
and NH3.H2O (0.5 M) (Paper I). The fibres coagulated in alkaline solution were 
washed with water and dried under tension at room temperature. The spinning 
rate was controlled at 10 ml/min. The fibres obtained were named as F_ChNFAC, 
F_ChNFNa and F_ChNFAM according to the coagulants applied. 

3.2.2 TOCNF spinning  

TOCNF with 1.6 wt% solid content was degassed and extruded through a needle 
(3.7 cm length, 1.2 mm inner diameter), into a coagulation bath. To investigate 
the influence of coagulant, organic solvents (ethanol, acetone) and electrolyte 
solutions such as NaCl (1 M), HCl (pH 2) and CaCl2 (1 M) were used in the co-
agulation bath. The spinning rate were controlled at 10 ml/min. Fibres were 
formed in the coagulation bath and collected as soon as they were able to be 
picked up. Then, they were dried at room temperature with fixed ends by mag-
netic plates. After 5 min of drying, fibres coagulated from electrolyte solutions 
(NaCl, HCl and CaCl2), were washed after 5 minutes drying so that the electro-
lyte residues would be removed. The obtained fibres were named as F_TOC-
NFEt, F_TOCNFAc, F_TOCNFHCl and F_TOCNFCa. 

Wet spinning of TOCNF was systematically studied in Paper II to investigate 
the effect of coagulation agent on filament properties. While in Paper III and 
IV, TOCNF was applied as a reference and to enhance spinning of lignin and 
LCNF.  

3.2.3 TOCNF/lignin spinning 

TOCNF with different alkali lignin contents (0, 20, 43, 60, 70, 80 and 100 wt%, 
based on total solid content) were well mixed and degassed using a planetary 
centrifugal mixer (ARE-250, THINKY). The dopes were spun using the same 
set-up used for TOCNF. Here, the coagulation agents were acetone and CaCl2 (1 
M for dopes with < 70 wt% lignin, 3 M for dopes with > 70, 80, 100 wt% lignin). 
The obtained microfibres were named based on TOCNF (C), lignin (L) content, 



Experimental 

20 

namely, C_Ca, C/L20, C/L43, C/L60, C/L70. A thorough description has been 
reported in paper III. 

3.2.4 TOCNF/LCNF spinning 

In order to spin LCNF into fibres, different ratios of TOCNF (0, 5, 13, 20, 33 
wt%, based on total dry mass) was added to the spinning dope. Before spinning, 
the dopes were mixed (3 min at 2000 rpm) and degassed (3 min at 2500 rpm) 
using a planetary centrifugal mixer (ARE-250, THINKY). LCNF dopes were 
spun (with the same set-up used for TOCNF) at 10 ml/min into acetone coagu-
lation bath. The fibres were collected after restraint drying at room temperature. 
Herein, LCNF and TOCNF were nominated as LC and C respectively. Thus, mi-
crofibres with various TOCNF content were labelled as C/LC95, C/LC87, 
C/LC80, C/LC67 and C_Ac. Paper IV systematically reports the wet-spun 
LCNF fibres.  

3.3 Carbonization 

The fibres containing lignin (C/LC, C/L) were applied as carbon precursor for 
carbon microfibres production. A tubular furnace (NBD-O1200-50IC Vacuum 
Tube, Furnace) was used to carbonize microfibres at 900 ℃ for 60 min with a 
heating rate of 2 ℃/min under N2 flux. After carbonization, the carbon fibres 
were named with a letter ‘‘c’’ followed with the microfibre names, namely, 
LCNFc, C/LC95c, C/LC87c, C/LC80c, C/LC67c and C_ACc; C_Cac, C/L20c, 
C/L43c, C/L60c and C/L70c. The carbonization yield was calculated from the 
mass before and after carbonization (Paper III and IV).  

3.4 All-solid state fibre-shaped supercapacitor assembly 

Two carbon fibres (C/LC33c) were placed parallel on a polydimethylsiloxane 
(PDMS, Sigma Aldrich) film and coated with PVA/H2SO4 gel electrolyte (1 g of 
H2SO4 mixed with 10 g of PVA solution (10 %) at 90 °C). When the electrolyte 
became a gel, another layer of PDMS solution were casted on the electrolyte to 
seal the whole system. All-solid state fibre-shaped supercapacitor was ready af-
ter the PDMS was dried at room temperature (Paper IV).  

3.5 Cell viability and proliferation.  

In order to confirm that the wet spinning process did not have any toxic effects 
on the fibres, and to explore its potential for skin and tissue engineering, the 
fibres made from ChNF and TOCNF were used in studies related to cell viability 
and proliferation. 

Cardiac myoblast H9C2 (ATCC® CRL-1446™) and mouse bone osteoblast 
K7M2 [K7M2-WT] (ATCC® CRL-2836™) were cultured in cell culture flasks of 
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented by 10 % of fetal 
bovine serum (FBS), 1 % (w/v) of L-glutamine, 1% (w/v) of non-essential amino 
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acids (NEAA), and penicillin-streptomycin (100 IU/mL) at 37 °C in 5 % CO2. 
Cell medium was changed every two days until reaching 80 % of cell confluence 
before starting the test.  

Viability and proliferation studies of the rat cardiac myoblast H9c2 and mouse 
bone osteoblast K7M2 in the vicinity of the two types of wet-spun microfibres 
were investigated. About 2 mg of each microfibre were sterilized by first ethanol 
immersion and then drying under UV-light for 3 h. Samples were immersed in-
side DMEM+10 % FBS and antibiotics for 24 h. About 10,000 cells of heart and 
bone were counted and seeded in each sample well in 24-well plates (four repli-
cates) and cell wells without fibres were used as the positive control (+Control). 
In each time point (Day 1 and 7), the medium was soaked out and DMEM+10 % 
Alamar Blue was added to each well. The formed fluorescent resorufin was col-
lected and inserted in new 96-well plates and tested by Varioskan Flash plate 
reader (Thermo Scientific Inc.) to check the cell growth and viability. 

3.6 Characterization 

3.6.1 Tensile testing  

The mechanical performance indicates the fibre deformation behaviour under a 
certain load. Tensile stress (  and strain ( are obtained by normalizing with 
the initial values of cross-sectional area (equation (1)) and fibre length (equa-
tion (2)), respectively. The stress-strain curve contains a linear region corre-
sponded with the elastic behaviour and a plastic region that fibres get deformed 
permanently. Young’s modulus is calculated from the elastic region according 
to equation (3). A higher Young’s modulus indicates a higher resistance to fi-
bre deformation (Anna Michud thesis, Fourné 1999, Gordon Cook 1984).  

 
   (1) 

 
  (2) 

 
  (3) 

 
, where  and  are the initial cross-sectional area and gauge length of the fi-
bres. F is the load applied on fibres and L is the length of stretched fibre at time 
t.  

 
Here, a Universal Testing System (Instron 5944 Single Column) was operated 
in tensile mode for fibre testing (Paper I, II, III, IV). The fibres were stretched 
at 2 mm/min with initial gauge length of 20 mm and load cell of 5 N. Before 
testing, all the microfibres were conditioned overnight in 50% relative humidity 
at 23 °C. At least seven specimens of each sample were used as replicates. 
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According to equation 1, the fibres cross-sectional area plays a significant role 
on the results obtained from mechanical tests. Therefore, for those fibres with 
circular cross-section, a micrometre with accuracy to 1 μm (Paper III) was 
used. For those fibres without a circular cross section, SEM images were ob-
tained and then areas were calculated using software ImageJ (Paper I, II and 
IV). 

 
Moreover, to eliminate the influence of cross-sectional area on fibre mechanical 
test, a textile method to test the fibre strength was carried out by measuring the 
tenacity (which is based on the load normalized by fibre linear density). Fibres 
linear density was determined using a vibroscope (Vibroskop 400, Lenzing In-
struments GmbH & Co KG, Austria) for both dry and wet fibre testing. The te-
nacity and elongation were measured via a Vibrodyn 400 (Lenzing Instruments 
GmbH & Co KG, Austria). At least 50 mg/dtex pretention was applied on each 
fibre while testing. The fibres were equilibrated overnight under the 75 % hu-
midity and 23 °C before testing. To measure the wet strength of chitin fibres, 
they were immersed in water for 2 min before testing and each sample repli-
cated 10 times.   

3.6.2 Wide angle X-ray scattering (WAXS)  

WAXS is commonly applied to detect crystalline orientation of the polymers. 
When X-rays are directed to a fibre, some X ray go through the fibres and scatter 
on the collector and diffraction image can be recorded. Fibres made of nano-
fibrils orient randomly resulting in several diffraction rings on the image. On 
the other hand, the fibres with oriented nanofibrils will not diffract the X-rays 
evenly, thus, confined rings (arcs) can be observed on the diffraction diagram. 
By exporting the intensity of the diffraction ring versus the azimuthal angle, the 
azimuthal intensity distribution can be obtained. According to the confinement 
of diffraction ring, the crystalline alignment is relatively quantified using the 
degree of orientation ( , equation (4)) and Herman’s orientation (S, equa-
tion (5)).  

 

   (4) 

 
where  is the full width at the half maximum (in degree) of a peak in the 
azimuthal intensity distribution. 

 
   (5) 

 
The average  is obtained from the average cosine of the azimuthal an-
gle  based on equation (6) and (7). 

 
  (6) 

  
where 
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   (7) 

 
where I(φ) is the intensity detected at azimuthal angle φ, and φ0 is the azimuthal 
angle in the beginning of the range used for the calculation of the average cosine 
‹cos2φ›. S was calculated at φ0 of 0, π/2, π and 3π/2 and the average of these 
values is reported. 

 
Here, WAXS was applied to determine chitin crystallinity (Paper I) and predict 
the fibril orientation in wet spun fibres (Paper I, II, III, IV). MicroMax-007 
X-ray generator (Rigaku, Japan) was operated at a wavelength of 1.54 Å, with a 
beam size of 120 μm, exposure time of 10 minutes. A Mar345 plate detector was 
equipped to collect sample diffraction patterns with 200 mm distance of sam-
ple-to-detector. Before evaluation, the diffraction patterns were corrected by 
subtracting the background.Three specimens were repeated on each sample.  

3.6.3 Moisture sorption capacity.  

The water vapor sorption capacity of the spun filaments (ChNF and TOCNF) 
was determined using dynamic vapor sorption (DVS, Intrinsic apparatus, Sur-
face Measurement Systems, UK) with an accuracy of 0.1 μg (Paper I and II). 
About 5 mg of fibres were cut in short length and loaded on the microbalance in 
a chamber where the relative humidity (RH) were controlled. Before testing, the 
fibres were preconditioned at RH of 0% until the equilibrium state was reached. 
Then, the RH was circled between 0% and 95% for seven times at room temper-
ature under nitrogen. The moisture sorption capacity was determined by re-
cording the mass changes.Each sample was tested by duplicate.  

3.6.4 Thermogravimetric analysis (TGA)  

TGA was utilized for characterization of the filament thermal stability by meas-
uring the weight change as a function of temperature in N2 atmosphere (TA In-
strument, Thermo Gravimetric Analyzer Q500). The wet-spun filaments were 
cut into short pieces and heated up from room temperature to 900 °C with 10 

/min heating rate.  Each sample was analysed by duplicate.  

3.6.5 Imaging techniques  

Transmission electron microscopy (TEM, JEM-2800, JEOL, Japan) was used 
to observe the ChNF fibril morphology. To prepare TEM sample, a drop of di-
luted ChNF suspension (0.005%) was deposited on the electron microscope grid 
and dried at room temperature. TEM observation was conducted at an acceler-
ation voltage of 120 kV.  

 
Atomic force microscopy (AFM, Nanoscope V controller, Bruker Corporation, 
USA) were applied to observe the fibril morphology of TOCNF, LCNF and 
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ChNF. The diluted TOCNF and LCNF were spin coated on PEI coated silica and 
dried in air. ChNF was coated on silica and dried in air. The AFM imaging was 
carried in air and operated in tapping mode using J-scanner. 

 
Scanning electron microscopy (SEM) using Zeiss SIGMA VP (Carl Zeiss Micros-
copy Ltd, Cambridge, UK) was applied to check the morphology of the wet spun 
fibres with working distance of 1 cm at 1.6 kV. Prior to imaging, the filaments 
were sputter-coated with 5 nm thickness of Pt/Pd. The cross-section at break 
was prepared by bending the frozen fibres in liquid nitrogen. 

3.6.6 Electroconductivity 

 Single carbon microfibre was fixed on a support with silver paint and the diam-
eter was measured via microscope and the length with a ruler. The electrical 
resistance ( ) was determined with a semiconducting parameter analyser (Ag-
ilent 4154A) operated under ambient conditions. The conductivity of wet-spun 
fibres after carbonization was obtained according to equation (8). These tests 
were run in duplicate and repeated 6 times for each sample. 

 
    (8) 

 
where σ is the conductivity of the material (S/cm), R is the resistance of the 
specimen (Ω), l and A are, respectively, the length (cm) and cross-sectional area 
of the specimen (cm2).  

3.6.7 Electrochemical measurements  

The carbon microfibres were used as free-standing working electrodes, assem-
bled into a three-electrode cell configuration with Ag/AgCl as a reference and 
platinum rod as counter electrode. An Autolab PGSTAT12 potentiostat (Eco-
Chemie, Netherlands) was used for electrochemical evaluation controlled by 
GPE software. Cyclic voltammetry (CV) measurements were carried out at a po-
tential window from 0 to 0.8 V in 1 M H2SO4 as electrolyte. Galvanostatic 
charge/discharge tests were also performed using various current densities over 
the voltage range of 0 to 0.8 V. Electrochemical impedance spectroscopy (EIS) 
was carried out at open circuit voltage over a frequency range of 0.1 Hz to 100 
kHz. The measurements were repeated at least twice. 
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4. Results and discussion  

This section highlights the results and their significance in wet spinning aque-
ous colloidal suspension. Firstly, the role of coagulants on the colloidal wet spin-
ning of ChNF and TOCNF was investigated, and the properties of resultant fibre 
were discussed (Paper I and Paper II). Secondly, two kinds of lignin based 
composite fibres were fabricated using LCNF or alkaline lignin combined with 
TOCNF. The obtained lignin-based fibres were further carbonized to produce 
carbon microfibres and their properties were discussed (Paper III and IV). 
Finally, the potential application of the resultant wet-spun fibres was demon-
strated.  

4.1 Effect of coagulants on wet spinning of aqueous colloids  

In this work, two kinds of coagulants (organic solvent and electrolyte solutions) 
were studied, and their influence on the dope wet-spinnability as well as the 
properties of obtained microfibres were investigated.  

The spinnability of colloidal dopes were not only rely on the dope itself (Lundahl 
et al. 2017), but also determined by the coagulants. Thus, selection of a suitable 
coagulant could directly determine the spinning process to be successful or not. 
For example, we observed that the composite dope of C/L with lignin content  
43 wt% could not be wet-spun in the organic solvents (ethanol and acetone), 
while 1 M CaCl2 could successfully coagulate it into fibres (Paper III). This 
might be due to the poor interfibrillar interactions resulting from the high elec-
trostatic repulsion between the two negatively charged polymers. While, intro-
ducing Ca2+ enhances the interfibrillar interaction by the reducing the electro-
static repulsion by screening. Besides, Ca2+ plays role as a crosslinker between 
the negatively charged polymers. In contrast, in Paper IV we observed that ac-
etone could successfully coagulate less surface charged C/LC5 into fibres, how-
ever, 1 M CaCl2 could not result in wet spinning. Similar phenomena were ob-
served on the unmodified CNF (1.8 wt%) that both ethanol and acetone success-
fully coagulated it into fibres, whereas the electrolyte (HCl and CaCl2, 1M) did 
not work. Even using the same type of coagulants, different phenomena could 
be observed. For example, in Paper II, when 1 M electrolyte of NaCl and CaCl2 
were used to wet-spin TOCNF, both of them successfully coagulated TOCNF 
into fibres. However, spun fibres in NaCl were much shorter than the one ob-
tained in CaCl2, and they were too weak to be picked up during the washing step. 
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After all, no fibres could be obtained from NaCl coagulant. In contrast, fibres 
could be continuously wet-spun from CaCl2 bath. Therefore, in selection of the 
coagulant, interfibrillar and counter ion interactions should be also considered 
in order to achieve successful wet-spinning process.  

 
To study the coagulant influence on the resultant fibre properties, ChNF and 
TOCNF were spun into two types of coagulant; and properties of the spun fibres 
including morphology, mechanical performance and moisture/water sorption 
capacity as well as thermal stability were investigated. The partially deacetylated 
ChNF were positively charged after protonating in acetic acid. Microfibres were 
fabricated from ChNF using either acetone or alkaline solution (NaOH and am-
monia) as coagulant. Through acetone coagulation, solvent exchange occurred 
between water in dope and acetone, leading to a gradual water loss of ChNF. 
Finally, ChNF get densified and settled down at the bottom. On the other hand, 
when ChNF were introduced in alkaline solution of NaOH or ammonia, the pos-
itively charged amino groups were neutralized by the hydroxyl group from alka-
line solution. In the end, the interfibrillar interaction enhances via the reducing 
electrostatic repulsion as well as hydrogen bonding formation. As a result, hy-
drogel fibres were formed and floated on the surface of coagulant. In addition, 
ChNF were partially dissolved and regenerated in 0.5 M NaOH solution, 
whereas it did not occur in weak alkaline ammonia solution with same concen-
tration.  
 
The two different coagulation mechanism resulted ChNF fibres with different 
properties. It was observed that the alkaline coagulated fibres owning higher 
tenacity and Young’s modulus than the acetone coagulated fibres. Meanwhile a 
higher water sorption capacity (22 g/g) is observed for acetone coagulated ChNF 
compared to the alkaline coagulated fibres (10.5 for ammonia and 12 g/g for 
NaOH). However, similar performance, including thermostability and vapor 
sorption capacity, was obtained for the fibres coagulated from acetone and al-
kaline solution.  
 
Different from ChNF, TOCNF is negatively charged, having carboxylate groups 
on the surface. Based on the mechanism of ChNF coagulation, organic solvent 
(ethanol and acetone) and aqueous electrolyte (NaCl, CaCl2, HCl) were applied 
for TOCNF coagulation. Using organic solvents, quasi-solid fibres were ob-
tained at the bottom of the bath, whereas, hydrogel fibres were collected from 
solutions of CaCl2 and HCl.  
 
Clear differences were observed on the TOCNF fibres coagulated using the two 
types of coagulants. Spun fibres coagulated in aqueous electrolyte solutions 
showed better tensile strength than the ones coagulated from organic solvents. 
Spun fibres from organic solvents having sodium as counterions of the carbox-
ylate groups reduced the capability for interfibrillar crosslinking (Fall et al. 
2011; Benítez and Walther 2017). Whereas, Na+ cations on TOCNF were ex-
changed respectively with H+ and Ca2+ via HCl and CaCl2 coagulation inducing 
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a better interfibrillar crosslinking via hydrogen bonding and ionic bonding 
(Kafy et al. 2017). It has been reported that with the same type of raw material, 
the fibrillar orientation directly impacts the performance of Young’s modulus 
(Torres-Rendon et al. 2014). Since all the fibres possessed similar orientation 
index (0.68-0.75), the Young’s modulus kept at similar levels (12-18 GPa).  
 
The counterion exchange further influenced the moisture stability of wet spun 
fibres. Ethanol and acetone coagulated fibres were less hornified (5-6 % limiting 
hornification) and absorbed more moisture than the ones coagulated in HCl and 
CaCl2 solutions (9-11 % limiting hornification). TOCNF with sodium as counter 
ions after coagulation in ethanol and acetone still had high surface charge that 
induced relatively high affinity to water (Lundahl et al. 2016b).Thus, it inhib-
ited the effects associated with hornification, such as irreversible hydrogen bond 
formation, pore closure and fibril aggregation (Suchy et al. 2010).  
 
In addition, coagulants also influenced the thermal stability of TOCNF fibres. 
TGA analysis showed that fibres coagulated in electrolyte solutions (CaCl2, HCl) 
were more stable. Ethanol and acetone coagulated fibres started to degrade at 
~226 ℃, whereas HCl and CaCl2 coagulated fibres degraded at temperature at 
243 and 248 ℃, respectively (Table 2). Meanwhile the maximum degradation 
rate shifted to higher temperature for the fibres spun in electrolyte solution. 
This was because of counter ions of the carboxylate groups. It has been reported 
that sodium can catalyse cellulose degradation at low temperatures (Isogai et al. 
2011; Shao et al. 2017), whereas cellulose in hydrogen or calcium forms showed 
higher pyrolytic yield of anhydro-sugars (Gellerstedt and Kleen 1995). Accord-
ingly, after heat treatment of the fibre until 900 ℃ for 1 h, a higher carbon yield 
(23 %) and electro conductivity (39.3 S/cm) were obtained for spun fibres coag-
ulated in CaCl2 than the ones obtained in acetone (14.3 % carbon yield and 18.4 
S/cm respectively, Table 3).  

 
Although ChNF and TOCNF having similar polymer structures, the obtained fi-
bres showed different properties regarding mechanical and thermo stability. As 
shown in Table 2, TOCNF fibres generally present higher stiffness and tensile 
strength than the ChNF fibres, especially Young’s modulus with two times value 
higher than ChNF spun fibres. This is reasonable since cellulose I has high elas-
tic modulus in the crystalline region along the fibril axis (El, 130-150 GPa) that 
is much higher than chitin (41-65 GPa) (Sakurada et al. 1962; Nishino et al. 
1999; Šturcová et al. 2005; Ogawa et al. 2011). On the other hand, the trend was 
reversed after immersing the fibres into water. TOCNF were too weak to do the 
measurement under water, while ChNF fibres retained about 50% of their dry 
strength. In addition, ChNF fibres were more thermally stable compared to 
TOCNF. ChNF spun fibres started to degrade at higher temperatures (Tonset, 
263-286 ℃) compared to TOCNF spun fibres (226-248 ℃), that can be due to 
the presence of sodium carboxylate groups in TOCNF (Fukuzumi et al. 2010). 
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4.2 Lignin-based fibres 

Two kinds of lignin rich dopes (alkali lignin and LCNF) were applied in this 
study as precursors for carbon fibre production. The first one is alkali lignin. 
However, the aqueous suspension of lignin was not wet-spinnable, thus the 
easy-spinnable TOCNF was added to lignin to enhance wet-spinning process 
(Paper III). Up to 70 wt% lignin was successfully wet spun into fibres with the 
assistance of TOCNF. This is also the highest ratio reached using ionic liquid 
dissolved lignin as dopes (Ma et al. 2015; Bengtsson et al. 2018). On the other 
hand, LCNF from mechanical treated wood retaining the native wood composi-
tion (lignin 28%, cellulose 36% and hemicelluloses 29%) was applied for lignin-
based fibre production. By comparing the results with those of obtained from 
the first dope, the effect of hemicelluloses and extractives on the wet-spun fibres 
can be better understood. Unfortunately, crude LCNF could not be wet spun 
into fibres (Paper IV), due to the low fibril bonding capacities (Saharinen Erkki 
et al. 2016). Addition of only 5 wt% TOCNF made LCNF spinnable, which is 
much lower than addition of 50 wt% CMC to LCNF by Orelma et al. (Orelma et 
al. 2017).  

 

TOCNF plays a significant role in spinning process for both systems. On one 
hand, TOCNF enhanced the spinnability, since both LCNF and lignin were not 
wet-spinnable. On the other hand, TOCNF reinforced the resultant fibres as 
shown in Figure 4 and Table 2. Tensile strength and Young’s modulus were 
increased by increasing TOCNF from C/L70 (88 MPa and 5.2 GPa) to C/L20 
(252 MPa and 10.2 GPa). Similarly, stress and Young’s modulus improved from 
C/LC95 (45 MPa and 2.8 GPa) to C/LC67 (150 MPa and 8.5 GPa). Generally, 
the spun fibres containing more TOCNF (less lignin or LCNF) own better me-
chanical properties. The exist of amorphous and branched structure of lignin 

Figure 4. Mechanical properties of the spun fibres obtained from (a) TOCNF/lignin coagulated 
in CaCl2 and (b) TOCNF/LCNF coagulated in acetone. 
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and hemicelluloses might interfere the fibre mechanical performance. This ob-
servation is in line with the literature data for the spun fibres from dissolved 
lignin/cellulose dopes (Ma et al. 2015; Bengtsson et al. 2018).  

The mechanical properties of fibres made from LCNF and lignin with similar 
TOCNF content ((33 % for LCNF (C/LC67) and 30 % for lignin (C/L70)) varied 
as well. C/LC67 had much higher tensile strength (150 compared to 88 MPa) 
and Young’s modulus (8.5 compared with 5.2 GPa), since a higher fibrillar ori-
entation index (0.74 to 0.53) and Herman’s parameter (0.56 to 0.31) was shown 
on C/LC67 (Table 2). Besides the 3 % higher TOCNF, the higher tensile 
strength could be resulted from the cellulose (36.5 %) and fibrillar structure of 
LCNF. 

Meanwhile, significant difference was noticed on morphologies of the fibres 
spun from lignin and LCNF (Figure 5). C/L fibres possessed smoother surface 
with circular cross-section. With increasing the ratio of lignin, the smoother sur-
face and larger diameter were obtained for the spun fibres. On the other hand, 
C/LC fibres demonstrated rough surface and irregular cross-sections that could 
be partially due to the organic coagulant (acetone) as discussed before. Besides, 
the heterogeneous LCNF containing nano/microfibrils (observed with AFM), as 
well as large amount of hemicelluloses (29 %) may result in fibres with rough 
morphology. Similar rough topography was also observed on LCNF/CMC com-
posite fibres produced from electrolyte coagulants (2 wt% Al2(SO4)3) (Orelma et 
al. 2017).  

Figure 5. The SEM images from surface and cross-section at break of spun fibres C/L and C/LC.
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Thermostability of lignin-contained fibres were also studied and similar trend 
was observed using TGA analysis. In the beginning, at temperature below 200 
℃ (Shah and Imae 2017) water and some small molecules were eliminated. 
Then, polymer decomposition and chain scission started (hemicelluloses ~ 200-
315 °C, cellulose ~ 315-400 °C and lignin ~ 160-600 °C) (Lin and Chen 2015). 
Finally, carbonization occurred until 900 ℃ (Jradi et al. 2015). In general, fibres 
containing higher lignin or LCNF content possessed better thermal stability 
(Table 3). The onset decomposition temperature (Tonset) for TOCNF occurred 
at 242 ℃. With increasing lignin content, Tonset was raised up, from 253 ℃ 
(C/L20) to 261 ℃ (C/L70). Similarly, Tonset for TOCNF/lignin composite fibres 
was elevated from 230 °C (TOCNF) to 277 °C (C/L67). As expect, with almost 
similar TOCNF content, C/L70 (Tonset 261) were more thermo stable than 
C/CL67 (Tonset 255) due to the more lignin content. 
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4.3 Carbon fibres  

Fibres containing lignin were transformed into carbon fibres via slow pyrolysis 
(2℃/min) and carbonization at 900 ℃ under N2 flow for 60 min. Unlike pure 
lignin fibres that required long-term (≥ 24) thermal stabilization (Byrne et al. 
2018), our lignin composite fibres did not infused during carbonization and re-
tained the fibre structure. This could be because of the presence of cellu-
lose/hemicelluloses to eliminated lignin fusion, as also reported in other works 
(Cho et al. 2018).  

Precursor fibres with higher carbon (lignin) content and better thermostability 
would facilitate the ensuing carbon fibres of higher mass yield. Figure 6a, b 
illustrated the mass yield after carbonization of lignin composite fibres. Neat 
TOCNF fibre (C_Cac) showed 23 % yield after carbonization similar to the yield 
(21-22 %) of carbon fibres obtained from cellulose via solution-spinning 
(Bengtsson et al. 2018). With higher lignin content, the mass yield increased 
and reached to 41 % for C/L70c, which is similar (40 %) to fibres obtained from 
dissolved cellulose/lignin spun fibres with similar ratio (Bengtsson et al. 2018). 
This value is also close to the carbon fibre obtained from melt-spinning of neat 
lignin (42-46 %) and isotropic pitch (33 %) (Sudo et al. 1993; Qin and Kadla 
2012). On the other hand, the mass yield of TOCNF fibres spun from acetone 
demonstrated much lower yield 13 % compared the fibres coagulated with CaCl2 
23 %. Similarly, the mass yield was increased with more LCNF content and 
reached to a plateau around 27 % for C/LC80c and C/CL95. The reason for ob-
serving a plateau is that, there is minor change in the neat lignin content (23 %, 
25 %, 27 %) for the samples containing 80 %, 87 % and 95 % LCNF (considering 
28 % lignin content in LCNF).  
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Besides, the electroconductivity was measured and the results displayed in Fig-
ure 6c, d. Generally, fibres with more LCNF or lignin content resulted carbon 
fibres of higher electroconductivity. It can be partially explained by the increas-
ing carbon content from 89 % (C/LC67c) to 90.5 % (C/LC95c) of the resulted 
carbon fibres. Meanwhile, a more porous structure obtained in LCNF-contain-
ing carbon fibres also contributes to relatively lower electroconductivity.  

Figure 6. The mass yield and electroconductivity of carbon fibres derived from LCNF (a, c), and
lignin (b, d) fibres. 
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The morphology of the resultant carbon fibres was observed via SEM (Figure 
7). All the carbon fibres preserved the morphology of the precursor fibres with 
a decrease in fibre diameter after carbonization. Lignin-derived carbon fibres 
showed relatively smooth and with circular and dense cross-section, as observed 
in their precursor fibres before carbonization. However, LCNF-derived carbon 
fibres demonstrated rough and porous topography accounted from the precur-
sor fibre and the volatile gases derived from decomposition of cellulose/hemi-
celluloses (Li et al. 2014).  

Figure 7. Morphology of carbon fibres derived from LCNF (first three rows) and lignin (bottom 
rows). 
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4.4 Applications 

4.4.1 Fibre-shaped supercapacitors 

Supercapacitors are energy storage devices that can store energy via two mech-
anism: electrical double layer capacitance (EDLC) and pseudo capacitance (PC). 
EDLC is based on reversible ion adsorption/desorption, meaning that electro-
static accumulation of solvated ions occurs at the interface of electrode and elec-
trolyte. Thus, the porous structure and electroconductivity of the electrodes are 
proportionally affecting EDLC, while PC stores energy via surface redox reac-
tions.  

Accordingly, the conductive and porous carbon fibres from precursor C/LC 
would be good candidate for the electrode of EDLC. Hence, C/LCc was directly 
applied as fibre shaped electrode in an electrochemical cell containing sulfuric 
acid as electrolyte. The cyclic voltammetry (CV) illustrated typical curves for 
ideal EDLC. Symmetric and nearly rectangular CV was observed for all C/LCc 
fibres, indicating a fast charging/discharging behaviour (Figure 8a). Mean-
while, a correlation was noticed between TOCNF content in the precursor fibre 
and the capacitance. With increasing TOCNF content, the capacitance of the 
carbon fibres increased significantly from 2.4 F/cm3 (C/LC95c) to 25 F/cm3 

Figure 8. (a) Cyclic votammetry curves of LCNF-derived carbon fibres in 1 M H2SO4 at 20 mV/s. 
(b) Volumetric capacitance at different scan rates. (c) The capacitance retention during 5000 
cycles and (d) the capacitance retention of C/LC67c during 10000 cycles.  
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(C/CL67c) (Figure 8b). This is attributed from the increasing porosity and spe-
cific surface area as measured by nitrogen adsorption/desorption. Accordingly, 
BET values increased from 12 to 46 m2/g by addition of TOCNF from 5 to 33 %. 
When the scan rate was increased from 10 to 100 mV/s, the specific capacitance 
decreased accordingly due to the less time to diffuse ions in deeper and smaller 
pores.  

For energy storage devices, it is important to have a stable performance for long 
term application. Thus, the long-term stability was analysed under 5000 con-
tinuous cycles (at 20 mV/s scan rate). It can be seen that the capacitance in-
creased over time with L/T33 and fluctuated for others (Figure 8c). This can 
be due to the continuous wetting of the pores that had more accessibility in 
charge/discharge cycle with slow scan rate (20 mV/s). Therefore, carbon fibres 
were conditioned and immersed in electrolyte overnight before stability tests to 
ensure proper wetting. Further long-term tests with 10000 cycles was carried 
out at 100 mV/s and showed that C/LC67c can retain 93 % of its initial perfor-
mance (Figure 8d).  

Finally, C/CL67c were assembled into all solid-state symmetric fibre shaped su-
percapacitor as shown in Figure 9a. Again, good EDLC behaviour was ob-
served on the CV curves with rectangular profiles even at scan rate up to 200 
mV/s (Figure 9b). The all solid-state capacitor has specific capacitance of 3.2 
F/g (2.6 F/cm3), energy density of 0.25 mWh/cm3 and power density of 65.1 
mW/cm3.  

This carbon fibres produced from facile and environmental-friendly method 
that can be directly used as fibre-shaped supercapacitors. Further it has poten-
tial to be integrated into small portable and wearable electronics.  

4.4.2 Cell viability and proliferation 

To ensure that wet spinning process has not added toxicity for biomedical 
applications, the biocompatibility of TOCNF and cell proliferation of ChNF were 
were studied. The rat cardiac myoblast H9C2 were cultured together with 

Figure 9. (a) Schematic illustration of a full solid fibre-shaped supercapacitor and (b) CV
curves of full solid fibre-shaped supercapacitors at different scanning rates.  
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TOCNF and ChNF fibres for one week. As shown in Figure 10a, all the wet-
spun fibres made from TOCNF and ChNF demonstrated promising viability 
compared to the positive control (100%), demonstrating all the fibres are bio-
compatible. The data also support that wet spinning is a safety process. The 
lower viability of F_TOCNFHCl could be resulted to the in insufficient washing 
after coagulation. Chitin fibres coagulated from acetone, NaOH and ammonia 
solutions were applied to investigate the cell proliferation of rat cardiac my-
oblast H9C2 and mouse bone osteoblast K7M2 in the vicinity of the chitin fibres 
for one week. As shown in Figure 10b, both types of cells were able to prolifer-
ate more than double during one week from day 1, further confirming the total 
removal of the coagulants and the safety of this process.  

 
 
In general, this study demonstrated that wet spinning from aqueous colloids is 
a non-toxic process and the resultant fibres can be applied in the biomedical 
field, for example, when long-term contact with tissues is needed, in muscles 
and bones.

Figure 10. (a). H9C2 (cardiac myoblast) cell viability in the vicinity of wet-spun TOCNF and
ChNF microfibres from different coagulants. (b) Cell proliferation percentage based on pos-
itive control on first timepoint of H9C2 (cardiac myoblast) and K7M2 (bone osteoblast) in the
vicinity of ChNF fibres coagulated in different bathes (acetone, NaOH, and ammonia solu-
tion) (n=4) during 1 week at 37 °C in 5% CO2.  One-way analysis of variance (ANOVA) was
used for statistical analysis with the level of significance set at probabilities of **p < 0.01 and 
***p < 0.001. 
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5. Future perspectives 

5.1 Scaling up wet spinning 

At the lab-scale, wet-spinning is a slow process and require major manual work. 
Developing a continuous spinning line would significantly increase the produc-
tion rate and reduce the total cost. Thus, a bench-scale continuous spinning line 
(Figure 11) was designed and constructed in collaboration with mechanical en-
gineers. When colloidal suspensions or hydrogels are extruded through the 
spinneret fixed on a holder, fibres are coagulated in the first bath for coagula-
tion. Thereafter, the spun fibres are directed into a second and a third baths for 
optional washing and dewatering. Finally, fibres can be collected on a rotating 
drum (Figure 11a4 and Figure 11b). However, if the hydrogel fibres need fur-
ther treatment such as further washing and surface modification, the wet fibres 
can be collected via a heating system (Figure 11e6) to remove excess solvent. 
Finally, the fibres can be collected on a rotating plate (Figure 11d7), which can 
be immersed in a container with a different solvent. Figure 11e demonstrates 
that single fibres can be easily picked up from the bundle and collected on the 
final collector from the heating system, as shown in Figure 11f.  
 
This new spinning set-up reduces the labour efforts, speed up the spinning pro-
cess and provides opportunities to produce multifunctional fibres. For example, 
magnetic fibres have been obtained by adding magnetic particles in the second 
bath and further rinsed in the third bath and finally collected and dried.  
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5.2 Functional fibre manufacturing 

Typically, fibres manufactured from spinning solutions of ligno-cellulose or chi-
tin/chitosan can be applied as yarns for fabrics and their properties depend 
largely on the precursor material. However, this limitation can be overcome by 
wet-spinning of colloidal particles. According to the demand, multifunctional 
fibres can be fabricated by tuning the dope composition, coagulation bath and 
by performing post-treatment. Hence spinning multifunctional fibres, including 
electro-conductive, magnetic, superhydrophobic, heavy metal absorbent, and 
superabsorbent are expected as promising high value products for sensing, ac-
tuation, smart textiles and electronics. 

(a)

(d)

(1)
(2) (3)

(4)

(6)

(5)

(7)

(b) (c)

(e) (f)

Figure 11. Continuous wet spinning line for aqueous-based colloids. (a) A spinning line with spin-
neret holder (1), coagulation and washing baths (2), drums (3), and collector (4); (b) TOCNF 
hydrogel fibres collected using (a) spinning line. (c) A collector with dried fibres. (d) The same
spinning line as in (a) with a heating system (6) and rotating plate collector (7). (e) TOCNF 
hydrogel fibres collected on the plate via spinning line (d). (f) Fibres were collected with a 
heating system on a rotating collector.  
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6. Concluding remarks  

In the present work, the role of coagulants on wet spinning of ChNF and TOCNF 
was systematically investigated. Upon coagulation, fibrillar interactions were 
enhanced by solvent or ion exchange, which influenced the obtained fibre prop-
erties. ChNF fibres spun in alkaline electrolyte solutions were stiffer and dis-
played less water sorption capacity compared to the ones coagulated in acetone. 
The differences were notable for fibres spun from TOCNF. The fibres coagulated 
via ion exchange (CaCl2 and HCl) presented higher mechanical strength and 
thermostability compared to those coagulated in ethanol or acetone. Mean-
while, compared to the ones coagulated in acetone, a higher mass yield and elec-
troconductivity were observed for the carbon fibres derived from TOCNF fibres 
coagulated in CaCl2 aqueous solution. In vitro tests confirmed that all the wet 
spun fibres were biocompatible and offer potential as template for bone and tis-
sue culturing.  
 
In addition, lignin-based fibres were successfully obtained from two types of lig-
nin sources—alkali lignin and LCNF. The spinnability of the dope deteriorates 
with a higher lignin content, leading to weaker fibres. On the other hand, the 
spun fibres presented higher thermal stability, resulting in carbon fibres of 
higher mass yield and electroconductivity. A clear difference was observed in 
the fibre morphology: C/L fibres preserved a circular cross section and were 
dense and smooth. In contrast,  C/LC fibres demonstrated an irregular and po-
rous surface. Thus, the latter property was demonstrated in electrodes for small 
and portable electronic devices.   
 
Finally, the wet spinning process were implemented for continuous production 
in a bench scale.  As a future perspective, functional fibres should be emphasized 
other than the those used in typical textiles, since water-based colloids such as 
CNF can be easily functionalized.  
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