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Abstract Wet-spun fibers were prepared from plant-

based cellulose nanofibers (CNFs) via a novel

approach proposed in a previous report. This method

is based on the use of a simple NaOH treatment and the

minimization of the use of harmful reagents. The CNF

gels prepared using an 8% NaOH solution exhibited

good preservation of the cellulose I crystal structure,

contributing to the high tensile properties of the spun

fibers. This study further explored this approach, and a

CNF suspension with 8% NaOH was spun into a 2%

sulfuric acid coagulation bath at different spinning

rates (1–100 m/min). Straight long fibers with a

circular cross-section were obtained at all spinning

rates. The orientation index of the CNFs and the

tensile properties of the CNF spun fibers increased

slightly with increasing spinning rate. However, these

values were lower than the values expected based on

the previous reports. The aggregation of CNFs in the

NaOH solution likely affected these properties. Nev-

ertheless, the advantages of this method, namely the

lack of use of toxic solvents and the minimal use of

organic solvents, were demonstrated. Furthermore, a

high wet strength can be expected due to the formation

of interdigitated linkages between the CNFs. These

CNF filaments are promising for applications in smart

textiles, biosensors, and structural reinforcement.
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Introduction

Cellulose is widely used in the fiber and textile

industries due to its high mechanical strength, low

toxicity, and good biocompatibility. In addition to

being produced from cotton fibers, cellulosic fibers

now can also be derived from regenerated cellulose

and cellulose derivatives. Currently, wood pulp and

cotton are the main sources of cellulose fibers and

contain natural cellulose as crystalline microfibrils

with a diameter of * 3 nm and length of several

micrometers. Microfibrils from wood and other plant

sources have desirable physical and morphological

properties and are isolated as cellulose nanofibers

(CNFs). Such CNFs have become popular as an

emerging bio-based nanomaterial with potential for

use in a wide range of applications in the biomedical,

pharmaceutical, and tissue engineering fields.

Recent studies have explored the spinning of CNFs.

Regenerated cellulosic fibers generally exhibit deteri-

orated mechanical properties due to the crystal

conversion from cellulose I to cellulose II during

processing. Indeed, Nishino et al. (1995) estimated the

longitudinal elastic moduli of the crystalline regions of

natural cellulose I and cellulose II to be 138 and 88
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GPa, respectively, representing a decrease of 36%.

(Nishino et al. 1995). Furthermore, the use of toxic

chemicals (e.g., carbon disulfide) also contributes to

this damage. Since the spinning of CNFs does not

require this dissolution process, the stable crystalline

structure of natural cellulose is maintained during

spinning, leading to the superior mechanical proper-

ties of spun CNFs.

Iwamoto et al. (2011) first reported wet spinning

using only CNFs where CNFs were prepared from

wood pulp and tunicate via an oxidation reaction with

2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) as a

catalyst, followed by wet spinning in an acetone

coagulation bath. The use of higher spinning rates led

to an improvement in the degree of orientation of the

CNFs, with wood CNF-based spun fibers prepared at

100 m/min exhibiting a Young’s modulus and tensile

strength of 23.6 GPa and 321 MPa, respectively.

TEMPO-mediated CNFs are preferable for wet spin-

ning because of their characteristic uniform narrow

diameter and high-viscosity suspensions (Iwamoto

et al. 2011; Walther et al. 2011; Torres-Rendon et al.

2014; Lundahl et al. 2016; Shen et al. 2016; Kafy et al.

2017; Vuoriluoto et al. 2017; Yao et al. 2017; Kim

et al. 2019). Furthermore, most applications carried

out coagulation via dehydration in an organic solvent

bath. Alternatively, CNF filaments were prepared via a

surface-charge-controlled gel transition (Håkansson

et al. 2014). Several studies also explored the dry

spinning of CNFs, where CNFs in dried filaments are

typically fixed by surface adhesion via hydrogen

bonding (Hooshmand et al. 2015; Shen et al. 2016;

Ghasemi et al. 2017).

The present work further explored a newly pro-

posed approach of the wet spinning of CNFs via

alkaline gelation. This simple hydrogel preparation

method involves the alkaline treatment and subse-

quent neutralization of a CNF suspension, and was

described in a previous report (Abe and Yano 2011).

Unlike traditional polymer hydrogels, CNF hydrogels

were prepared without dissolving the CNFs in specific

solvents, and this approach tends to lead to the

formation of a highly porous crystalline nano-net-

work. CNF gels can adopt two different crystal forms,

namely cellulose I or II, depending on the concentra-

tion of the alkaline solution. The use of an 8 wt%

sodium hydroxide (NaOH) solution led to the forma-

tion of a CNF gel comprising mostly cellulose I due to

the partial interdigitation between the surface chains

of the cellulose nanofibers (Okano and Sarko 1985).

The CNFs in the hydrogel were fixed by these strong

interdigitated linkages, and the hydrogel exhibited

high tensile properties in the wet state because of the

cellulose I crystalline network (Abe and Yano 2012).

The previously proposed gelation system was adapted

in this study to prepare long CNF-based filaments.

A CNF suspension was mixed with NaOH and wet-

spun into an acidic solution bath. The CNFs coagu-

lated due to stable gelation during neutralization. The

main goal of this study was to evaluate whether this

method can be applied to spun CNFs. Furthermore, the

effect of the spinning rate on the degree of orientation

and the tensile properties of the CNF-based filaments

was investigated by X-ray diffraction (XRD) and

tensile testing.

Experimental

Preparation of cellulose nanofibers

Wood powder from Hinoki cypress (Chamaecyparis

obtusa) was sieved using a No. 60 mesh. The

procedure described in the previous studies was

followed (Abe et al. 2007; Abe and Yano

2009, 2010). The wood powder was purified using a

series of chemical treatments. Lignin was removed

from the powder using an acidified sodium chlorite

solution at 70 �C for 5 h. The powder was transferred

to 5 wt% potassium hydroxide at 80 �C for 2 h to

remove hemicellulose. The powder was rinsed with

distilled water to neutralize the residue. The a-
cellulose content of the purified sample was * 86%,

as determined by extraction with 17.5 wt% NaOH.

The undried purified sample was suspended in

distilled water (1 wt%) and passed through a grinder

(MKCA6-3; Masuko Sangyo Co., Ltd., Saitama,

Japan) at 1500 rpm twice to obtain an aqueous

suspension of cellulose nanofibers. The grinding

treatment was performed with a clearance gauge of

- 4.5 (corresponding to a 0.45 mm shift) from the

zero position.

Wet-spinning

NaOH was added to the CNF suspension to a NaOH

concentration of 8 wt%. The suspension was stirred

vigorously using a magnetic stirrer for 1 h and
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centrifuged at 18,000 rpm at 25 �C for 20 min. The

CNF concentration of the suspension increased to

4.7 wt% (without considering NaOH weight).

A schematic of the wet-spinning process is shown

in Fig. 1. The concentrated CNF suspension was spun

using a syringe pump from a nozzle (diame-

ter = 0.4 mm) in a 2% sulfuric acid coagulation bath

at 25 �C. Spinning rates of 1, 10, and 100 m/min were

investigated to control the alignment of the CNFs in

the spun fibers. The coagulation bath was stirred

gently using a magnetic stirrer to avoid the deforma-

tion of the spun fibers during coagulation. The spun

fibers were left in the bath for 10 min to achieve full

coagulation and then were immersed in distilled water

for 6 h to remove the unwanted salts. The filament

ends of the spun fibers were fixed, and the samples

were air-dried.

Characterization

The CNF spun fibers were coated with platinum using

an ion sputter coater and were observed by field-

emission scanning electron microscopy (FE-SEM;

JSM-6700F; JEOL Ltd., Tokyo, Japan) at 1.5 kV.

The cellulose crystal form of the spun fibers was

evaluated using XRD (Rigaku, Japan) with CuKa
radiation (40 kV and 300 mA) in the 2h range from 5�
to 40� in the reflection mode. A bundle of ten spun

fibers was used for the XRD measurements and CNF

sheets and commercial rayon fibers were prepared and

characterized by XRD for comparison. The CNF

sheets were prepared by filtration of 0.2 wt% CNF

suspension followed by hot-pressing at 120 �C, and a

commercial viscose rayon fiber was used as control for

the cellulose II sample.

The degree of the nanofiber orientation was mea-

sured in the spun fibers prepared at 1 and 100 m/min

using single-crystal XRD with an imaging plate

(Rigaku, Japan). The orientation index (fc) of the

cellulose crystals in the spun fibers was calculated

according to:

fc ¼ ð180� � HWÞ/ð180�Þ ð1Þ

where HW is the half-width of the azimuthal direction

of the equatorial (200) reflection.

Tensile testing of the spun fibers was conducted

using a universal material testing machine (model

3365; Instron Corp., Canton, MA) at a crosshead speed

of 1 mm/min with a gauge length of 25 mm. The

cross-section of the spun fibers was circular (based on

FE-SEM observations), and therefore, the Young’s

modulus and tensile strength were calculated based on

the mean value of the diameter measured at five points

on each spun fiber. The mean values of the Young’s

modulus, tensile strength, and fracture strain were

obtained using the results obtained for at least five

samples.

Fig. 1 Schematic depiction of the wet spinning process
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Results and discussion

A previous study demonstrated that fine nanofibers

were successfully obtained from wood powder with

diameters in the range of 12–20 nm (Abe et al. 2007).

The uniform CNFs isolated in this study corresponded

to cellulose microfibril aggregates (Donaldson 2007).

The high viscosity of the CNF suspension was

attributed to the homogeneous dispersion of hydro-

philic CNFs with a high surface-to-volume ratio. The

addition of NaOH to the CNF suspension led to a slight

decrease in the viscosity due to the aggregation of the

CNFs. Therefore, the CNF suspension became more

concentrated during centrifugation, and increased

from 0.8 to 4.7 wt%.

Although the CNFs aggregated in the NaOH

solution, the suspension was easily disrupted by brief

agitation. When the CNF suspensions with NaOH

were spun into the acidic coagulation bath, the CNFs

were fixed in a stable fibrous hydrogel upon neutral-

ization (Fig. 2). Regardless of the spinning rate,

straight long fibers were obtained due to the gentle

stirring of the bath using a magnetic stirrer.

The morphology and diameter (ca. 90 lm) of the

CNF spun fibers were similar regardless of the

spinning rate. The cross-section and side view FE-

SEM images of the CNF spun fibers prepared at a

spinning rate of 10 m/min are shown in Fig. 3. The

cross-section was approximately circular, and no

micro-voids or large deformations were observed

(Fig. 3a). The side of the fiber had a longitudinal

grooved surface (Fig. 3b, c). However, alignment of

the CNFs could not be observed in the spun fibers

prepared at any spinning rate.

Native cellulose can be converted from cellulose I

to cellulose II by soaking in a strong alkaline solution,

washing with water, and drying. The wood CNF

exhibited a typical cellulose I crystal form, while the

commercial rayon fiber (regenerated cellulose) exhib-

ited a cellulose II crystal form (Fig. 4). The XRD

pattern of the CNF spun fibers prepared with 8 wt%

NaOH indicated that cellulose I was prevalent.

However, small peaks attributed to cellulose II at the

2h angles of * 12.3� and 20� were also observed.

This crystal conversion was caused by the partial

interdigitation between the surface chains of the

CNFs.

The orientation index and tensile properties of the

CNF spun fibers prepared at the rates of 1, 10, and

100 m/min are given in Table 1, where the orientation

index was estimated based on the half-width of the

equatorial (200) reflection in the azimuthal direction.

An increase in the spinning rate from 1 to 100 m/min

led to a slight increase in the orientation index. The

values of the Young’s modulus, tensile strength, and

strain at break also increased slightly. However, when

the spinning rate was increased from 10 m/min to

100 m/min, the tensile properties remained almost

unchanged. Previous studies of CNF spinning found

that an increased spinning rate led to an improvement

in the orientation index of the CNFs as well as in the

mechanical properties of the CNF spun fibers

(Iwamoto et al. 2011; Torres-Rendon et al. 2014;

Hooshmand et al. 2015; Kafy et al. 2017). Iwamoto

et al. (2011) reported that the orientation index of

TEMPO-mediated CNFs in spun fibers increased from

0.67 to 0.72 for an increase in the spinning rate from 1

to 100 m/min, and Young’s modulus increased from

11.6 to 23.6 GPa. However, the findings of this study

indicated that increased spinning rate had little effect

on the orientation index of the CNFs. Consequently,

the tensile properties of the spun fibers were relatively

low compared to those reported in the previous

studies. The CNFs exhibited mild aggregation in the

NaOH solution that perturbed their alignment, as was

expected to occur at the higher spinning rates.

Furthermore, the aggregation that occurred prior to

the coagulation likely led to an inhomogeneous CNF

spun fiber structure, thereby resulting in a lower tensile

strength. This problem may be overcome via mechan-

ical agitation of the CNF suspension with NaOH, or by
Fig. 2 Digital photograph of the wet CNF spun fibers prepared

at a spinning rate of 10 m/min
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using a stretching method to improve the orientation

index.

Recently, the regenerated cellulose fiber has under-

gone remarkable development, and the fiber produced

via the direct dissolution system using an ionic liquid

exhibited a maximum initial elastic modulus of

34 GPa (Sixta et al. 2015). Nevertheless, the high

crystallinity and modulus of cellulose I enable the

spun fibers to exhibit superior mechanical properties

to those of the regenerated fiber, particularly for the

elastic modulus. A recent study on TEMPO-oxidized

CNF spun fibers reported that the highest Young’s

modulus (37.5 GPa) and tensile strength (543.1 MPa)

were achieved by stretching the spun fibers (Kim et al.

2019).

Conclusion

Spinning of CNFs is expected to widely expand the

range of their applications, particularly in the areas of

composites, nonwovens, and textiles (Lundahl et al.

2017). This study proposed a new method to produce

wet-spun fibers from CNFs based on gelation via a

NaOH treatment followed by neutralization. A CNF

suspension with 8% NaOH was wet-spun into a 2%

sulfuric acid coagulation bath at 25 �C at different

spinning rates (1–100 m/min) and straight long fila-

ments with a circular cross-section were obtained at all

spinning rates. The spun fibers consisted mostly of

cellulose I, and the XRD patterns exhibited only minor

characteristic cellulose II peaks due to the partial

interdigitation between the cellulose nanofibers. The

orientation index of the CNFs and the tensile proper-

ties of the CNF spun fibers increased slightly with

increasing spinning rate. However, the tensile proper-

ties of the spun fibers were lower than those reported in

the previous studies. This lower strength was attrib-

uted to the aggregation of the CNFs in the NaOH

solution that interfered with the alignment of the CNFs

during spinning. Furthermore, the obtained spun fibers

exhibited an inhomogeneous structure. This is a

Fig. 3 FE-SEM micrographs of the a cross-section (1000 9), b side view (1000 9), and c side view (10,000 9) of a CNF spun fiber

prepared at a spinning rate of 10 m/min

Fig. 4 XRD profiles of the wood CNF spun fibers (spinning

rate: 10 m/min), commercial viscose rayon and the original

CNF film

Table 1 Orientation index and tensile properties of the dried

CNF spun fibers prepared at various spinning rates

Spinning

rate (m/

min)

Orientation

index

Young’s

modulus

(GPa)

Tensile

strength

(MPa)

Strain at

break

(%)

1 0.62 11.9 (2.7) 77 (6) 1.1 (0.2)

10 12.2 (2.8) 98 (8) 2.4 (0.7)

100 0.65 12.7 (1.9) 112 (18) 2.8 (0.8)

Data are means (s.d.) of n C 5
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serious challenge that must be overcome in the

subsequent research.

The advantages of this method were successfully

demonstrated. The gelation achieved using NaOH

treatment did not require the dissolution process, and

thus, toxic solvents were not used for dissolution and

minimal amounts of organic solvents were used for

coagulation. Furthermore, very strong interdigitated

linkages were formed between the CNFs. Coagulation

of CNFs in organic solvents is typically achieved via

hydrogen bonds on the surface of the CNFs. However,

hydrogen bonding is not resistant to moisture; thus, the

wet strength of such spun fibers is severely compro-

mised. By contrast, the interdigitated linkages

between the CNFs in this study involved recrystal-

lization and are expected to maintain the strength of

the CNF-based hydrogels in water.

This study did not optimize the various spinning

conditions such as the nozzle diameter and coagula-

tion bath, and did not test some stretching treatment.

However, the development of CNF spinning is still in

its initial stages, and it is expected that further

improvements of CNF spinning will possible in the

future based on the accumulated knowledge and

technology related to the traditional cellulose spinning

fibers.
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