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Abstract The production of cellulose-based textile
fibers with high toughness is vital for extending the
longevity and thus developing a sustainable textile
industry by reducing the global burden of microplas-
tics. This study presented strategies to improve fiber
toughness by tuning spinneret geometries. Experi-
mental studies were conducted by spinning with
different spinneret geometries and measuring the
mechanical and structural properties of the spun fibers.
In addition, numerical simulation tools were used to
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better understand the effects of spinneret geometry.
The altering parameters of the spinneret geometries
were the capillary diameters D, the angle of the entry
cone into the spinning capillary, and the ratio of
capillary length to diameter L/D. The highest fiber
toughness could be achieved at a capillary aspect ratio
of 1 to 2. The obtained maximum fiber toughness was
93 MPa with a tensile strength of 60 cN/tex and a
concomitant elongation of 16.5%. For these fiber
properties, a 13 wt% solution of a high-purity pulp
with higher viscosity in [DBNH][OAc] was spun into
a 1.3 dtex fiber using a D100 spinneret with a capillary
of 1:1 length/diameter and an entrance angle of 8°. It
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was noticeable that the microvoid orientations
decreased almost linearly with increasing toughness
of the fibers. The morphologies of the fibers were
similar regardless of the spinneret geometries and the
raw materials used in the spinning process. In
summary, by modulating the spinneret geometries,
Toncell fibers obtained high toughness that have the
potential to replace synthetic fibers.

Keywords Man-made cellulose fibers - Toughness
of cellulose fiber - Spinneret geometry - Capillary
aspect ratio of spinneret - Ionic liquid - Ioncell
Technology - Dry-jet wet spinning

Introduction

Synthetic textiles dominate global textile production
due to their low production cost. However, the
unsustainable production processes for synthetic tex-
tiles, their lack of biodegradability and the resulting
pollution by microplastic fibers are of global concern
(Stone et al. 2020; Salvador et al. 2017; Royer et al.
2021). To promote the circular economy and sustain-
able textile production, synthetic textile should be
gradually replaced by eco-friendly textiles. However,
this implies that biodegradable textile fibers should
have some properties that can currently only be
achieved using synthetic fibers.

Man-made cellulose fibers produced from wood
pulp derived from sustainable forestry or other ligno-
cellulosic raw materials are more sustainable than
synthetic fibers and cotton (Shen et al. 2010; Moriam
et al. 2021a). With the development of lyocell fiber
technology, a much more sustainable technology is
now available to produce high-quality textiles com-
pared to the viscose process (Sayyed et al.
2019b, 2019a; Jiang et al. 2020). Additionally, lyocell
fiber technology also has the potential to upcycle
cellulose-based waste textiles (Haslinger et al.
2019a, b; Wedin et al. 2019; Ma et al. 2018a, b),
especially those made of natural cellulose fibers or
viscose, into higher added value textile fibers.

The high toughness of cellulose-based textile fibers
enables the development of sustainable textiles and
upcycling of cellulosic waste textiles into durable
textile fibers. However, commercially available high
tenacity cellulose fibers compromise the good
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elongation property and vice versa (Sixta et al.
2015). Hence, a simultaneous increase of elongation
and tenacity properties is required to enhance the
toughness (the integral over the tenacity-elongation
curve).

Ioncell® technology is a recently developed lyocell
process to produce man-made cellulosic fibers from
ionic liquid solutions by dry-jet wet spinning (Sixta
et al. 2015; Asaadi et al. 2016; Michud et al. 2015).
Toncell is an environmentally friendly process and
considered as an alternative to the viscose and N-
methylmorpholine N-oxide (NMMO)-based Lyocell
processes (Michud et al. 2015; Elsayed et al. 2020).
The ionic liquid ‘1,5-diazabicyclo [4.3.0] non-5-ene
acetate [DBNH][OAc]’ is used as an excellent cellu-
lose solvent allowing for a rapid dissolution at
moderate temperatures and subsequent shaping into
continuous filaments (Hummel et al. 2016). Highly
orientated cellulose fibers with high tenacity are
obtained by coagulation in a cold-water bath (Hauru
et al. 2014).

The process parameters, including extrusion veloc-
ity, draw ratio, airgap, spinneret geometry, and
coagulation bath temperature, considerably influence
the mechanical properties of man-made cellulose fiber
produced via lyocell process (Hauru et al. 2014;
Michud et al. 2016). Michud et al. previously reported
the effect of spinneret diameter (150 vs. 100 pm),
draw ratio, and coagulation bath temperature on the
structural and mechanical properties of the cellulose
fiber (Michud et al. 2016). Guizani et al. presented the
effect of air gap conditioning on the mechanical
properties of the fibers using a monofilament spinning
plant (Guizani et al. 2020b). Previously, two studies
were performed to observe the effect of spinneret
aspect ratio (L/D) on the Ioncell fiber properties.
Hauru et al. reported that a L/D of 2 improved the
Ioncell fiber orientation compared to a shorter L/D of
0.2 (Hauru et al. 2014). Later, Guizani et al. further
justified that the increase in L/D leads to better
mechanical properties of the spun fibers (Guizani et al.
2020a). However, both studies were done with a
monofilament spinning system, which was only con-
ditionally representative of real spinning conditions.
Moreover, there is a lack of systematic knowledge
about the geometry of the spinneret capillaries, such as
the length-to-diameter ratio of the capillary, the
entrance cone geometry, and the use of multi-hole
spinnerets.
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Spinneret geometry is one of the important spinning
parameters that affects the spinnability, the structural
properties, and the fiber mechanical properties
(Michud et al. 2016; Wang et al. 2018). The influence
of the spinneret diameter on the mechanical properties
of the NMMO- Lyocell fibers was investigated.
Mortimer et al. reported that the narrower the
spinneret, the shorter the draw length. In addition,
the die swell effect is smaller for the spinneret with
holes of a lower diameter due to the efficient cooling
(Mortimer and Péguy 1995).

The effect of the spinneret geometry in the solution
flow during spinning was investigated rigorously in a
series of publications by Xia et al. for the dry-jet wet
spinning of the cellulose/1-butyl-3-methylimida-
zolium [BMIM]CL  solution (Xia et al
2014, 2015, 2016). Xia et al. studied the effect of the
entrance angle and the influence of the capillary length
in the flow behavior of the spinning solution using
numerical simulation (Xia et al. 2014). According to
their study, longer spinneret aspect ratio helped to
stabilize the viscosity of the cellulose/IL solution
promoting the smooth solution flow. Furthermore, the
study reported that the die swell effect was reduced by
a shorter spinneret entrance angle and an increased
length of the exit channel. A shorter entrance angle
reduced the velocity gradient along the flow direction
and a longer capillary length promoted the relaxation
of the polymer chain. In addition, the longer capillary
promoted a stable viscosity of the cellulose solution
compared to the shorter capillary. The apparent
viscosity remained stable due to the molecular orien-
tation in the outlet channel.

Kirichenko et al. suggested the use of rectangular
spinnerets instead of the circular spinnerets to reduce
the irregularities of the diameter of the spun Capron
yarn (Kirichenko et al. 1977). According to their
study, the fluctuation of the airflow and the difference
in heat transfer from the filaments to the air depend on
the arrangement of the spinneret hole. The cooling
conditions of the filaments were more uniform when
the spinneret holes were arranged in straight lines
compared to the concentric circles due to the trans-
verse unilateral air flow. Due to the uniform cooling in
the airgap, the rectangular arrangement of spinneret
hole produced yarn that had more regularity in the yarn
diameter.

We have previously shown that a longer capillary
length of the spinneret for a given diameter

significantly increased the fiber toughness under
otherwise identical spinning conditions (Moriam
et al. 2021b).According to that study, Ioncell fiber
achieved a modulus of toughness of 83.3 MPa, which
presented the potential of Ioncell fibers to have higher
strength and toughness than any other existing cellu-
lose fibers. The long-term goal of the study was to
reach the toughness of polyester fibers (128 MPa), a
common synthetic textile fiber (Moriam et al. 2021b).
As a continuation of the previous study, we have used
different spinneret geometries with varying spinneret
shape (circular to rectangular hole arrangement),
entrance angle, spinneret diameter, hole number, and
capillary length to observe their effects in mechanical
properties in the final fiber. In addition, the influence
of spinneret geometries on the solution flow was
investigated using numerical simulation. Furthermore,
we investigated the combined effect of the optimized
spinneret geometry and different pulps (standard grade
and high purity pulp) on the mechanical properties of
the spun fibers. Finally, the structural properties of the
high toughness fibers and their morphological prop-
erties were reported.

The effect of spinneret geometry in the spun fibers’
mechanical properties has not been published before
systematically for dry-jet wet spinning. This work will
present new insight of improving toughness of man-
made cellulose fibers toughness by tuning the spin-
neret geometries.

Experimental part
Raw materials

This study used high-purity pine pre-hydrolysis Kraft
pulp additionally purified with cold caustic extraction
produced by Georgia Pacific denoted as high purity
grade pulp or HPG-pulp (intrinsic viscosity, CUEN,
ISO 5351/1, of 594 ml/g; M,, -96.5 kg/mol and M, -
209 kg/mol, calculated by GPC-MALLS, hemicellu-
lose 0.7%) and birch pre-hydrolysis Kraft pulp
denoted as STG-pulp (Standard grade Pulp) (intrinsic
viscosity 482 ml/g; M, -49.3 kg/mol and M,, -
161.7 kg/mol; hemicellulose 6.8%) (Moriam et al.
2021b). Equimolar amount of 1,5-diazabicyclo [4.3.0]
non-5-ene (99% Fluorochem, UK) and acetic acid
(100% Merck, Germany) were used to synthesize the
Ionic liquid 1,5-diazabicyclo [4.3.0] non-5-ene acetate

@ Springer
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[DBNH][OACc] for the dissolution of cellulose. Elmer
GmbH, Austria provided 10 different spinneret
geometries having rectangular hole distributions
(Fig. S1) and, as a reference, the spinneret with
circular hole distribution (Fig. S1) obtained from Enka
Tecnica, Germany (Table 1).

Dope preparation and rheology

The grinded pulps were dissolved in melted
[DBNH][OACc] for 90 min at 80 °C using a vertical
kneader system. The cellulose concentration of the
dope was 13-15 wt%. After dissolution, the dopes
were filtered using a press filtration unit (metal filter
fleece, absolute fineness of 5-6 pum). The rheological
properties of the dopes were measured using the Anton
Paar Physica MCR 302 rheometer containing parallel
plate geometry (plate diameter 25 mm and gap size
1 mm). A dynamic sweep test (100-0.1 s™') was
performed to record the complex viscosity and the
dynamic moduli (G’ and G’’). Zero shear viscosity
was calculated using a cross viscosity model (Michud
et al. 2016) assuming the validity of the Cox-Merz
rule.

Dry-jet wet spinning
Dry-jet wet spinning of the cellulose solutions (dopes)

were performed using a customized laboratory piston
spinning unit (Fourné Polymertechnik, Germany). The

Table 1 The list of spinnerets

molten dope was extruded through spinnerets. The
filaments were coagulated in a water bath (8-10 °C)
keeping an airgap of 1 cm and further guided by
Teflon rollers to the godet (velocity varied from 5 to
95 m min~' depending on the obtained draw ratios).
The fibers were washed with hot water (80 °C) for 2 h
under continuous magnetic stirring (the water was
changed every 30 min). Fibers were air-dried after
washing.

Numerical simulation

The velocity and shear rate distributions affecting the
molecular alignment of the cellulose strands in the
cellulose solutions were evaluated by simulating the
flow of the cellulose solution using the COMSOL
Multiphysics software using the Computational Fluid
Dynamics module. Prior to this, the viscosity cross-
model parameters were estimated from shear rate
viscosity data of the dope by fitting the model to the
experimental data using Wolfram Mathematica (Mo-
riam et al. 2021b). Accordingly, the simulation of
velocity and shear rate distributions in a spinneret
channel was done in the Computational Fluid Dynam-
ics module of COMSOL, assuming laminar flow and
employing the fitted cross-model to describe the shear
rate dependence of the viscosity. By virtue of the
axisymmetric spinneret channels, it suffices to create a
corresponding 2D geometry in which to carry out the
simulation.

Name (Number of L/  Diameter Hole Hole density (holes/ Entrance Hole distribution

holes x diameter x aspect ratio) D (um) number cm?) angle

504 x 100 x 0.2 0.2 100 504 221 8° Rectangular

504 x 100 x 1.0 1.0 100 504 (Fig. S1)

216 x 100 x 1.5 1.5 100 216 95

216 x 100 x 2.0 2.0 100

216 x 100 x 4.0 4.0 100

216 x 100 x 5.0 5.0 100

216 x 80 x 0.2 0.2 80

216 x 80 x 1.0 1.0 80

216 x 50 x 0.2 0.2 50

216 x 50 x 1.0 1.0 50

400 x 100 x 0.2 0.2 100 400 58 60° Circular
(Fig. S1)

@ Springer
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In the simulation, the integration of the scalar
product of the shear stress and shear rate over the
channel geometry gives a quantity that summarizes the
work per unit time accomplished by the shear forces
on the viscous fluid in the channel- the shear power.

Considering an infinitesimal portion of the flow, we
can conclude the shear power absorbed to be

dP = o - jdV. (1)

Here dP is the (infinitesimal) power absorbed by the
volume element dV whereas ¢ and 7 are the shear
stress and shear rate, respectively. Expressing the
shear stress as the viscosity u(y) times the shear rate
and integrating over the volume of the channel renders

P = [u(7)j7*dv (2)

Equipped with the previous equation, we can obtain
estimates for the power absorbed in the channels of the
different spinneret types by COMSOL simulation.

Tensile properties and birefringence

The tensile properties (tenacity (cN/tex); elongation at
break (%) and linear density (dtex)) of the spun fiber
samples were measured both in conditioned and wet
state using a Favigraph device (Textechno, Germany).
Prior to measurement, the fibers were conditioned in
20 £ 2 °C and relative humidity of 65 £ 2%. For
each measurement, a total of 20 individual fibers were
measured using 20 cN load cell and 20 mm gauge
length. The modulus of toughness was calculated
using the initial slope of the individual stress strain
curves.

The total orientation of the fibers was measured
using a polarized light microscope (Zeiss Axio Scope)
connected with a 5A. Berek compensator. The bire-
fringence An was calculated from the retardation of
the polarized light divided by the thickness of the fiber
assuming cellulose density of 1.5 g/lcm3 (Minner
et al. 2009). The total orientation was calculated from
birefringence An divided by the maximum value
(0.062) of the cellulose’s birefringence (Adusumalli
et al. 2009; Lenz et al. 1994).

Wide angle X-ray Scattering (WAXS)

X-ray diffraction data of the precursor fibers were
collected in the transmission setting of a SmartLab

instrument (RIGAKU) operated at 45 kV and
200 mA. Cellulose fibers were grinded using a Wiley
mill with 60 pm mesh size. The samples were then
pressed into disks using a pellet press instrument with
constant force for 30 s. Powder diffraction data were
collected from 5° to 60° 20 by 6/20 setting. Scattering
profile were corrected for smoothing, subtracting air
scattering, and subtracting inelastic contribution.
Guizani et al. presented the detailed smoothing
procedure which was used to subtract the amorphous
cellulose contribution from remained elastic scattering
profile (Guizani et al. 2020a). Thus, estimated amor-
phous contribution (/;xs(20)) is used to estimate the
crystallinity index (CI) using a range from 9° to 50°
20:

J1(20)d20 — [1,4,(20)d20

=100
c ¥ [1(20)d20

(3)

The background corrected profiles were fitted with
four pseudo-Voigt functions for (110), (110), (020),
and (002) peaks for cellulose II (Langan et al. 2001)
using a LMFIT software (Newville et al. 2016). The
(002) peak was added because there was a visible
shoulder for the peak in this 6/20 and transmission
geometry. The Scherrer equation was used to estimate
the crystal widths (CWp,) as follows:

KA

CWiy = B c0s 0 (4)
where K = 0.90 is the shape factor, A is the X-ray
wavelength, By is the full width at half maximum
(FWHM) of the diffraction peak in radians, and 0 is the
diffraction angle of the peak. Due to the significant
overlap of (110) and (020) peaks, the crystal widths
were reported as average values.

The orientation distribution between fiber axis and
the crystallographic (020) lattice plane (cos? ¢,,) was
estimated using azimuthal scans obtained from the
(020) lattice plane of cellulose II allomorph at 21.9°
20.

/2 .
fo/ 1(Ppag) Sin P cos Po20d @ (5)

2
COS™ Pozo = /2 A
fo/ I(@p) Sin @opod

The orientation distribution from equatorial diffrac-
tion further converted to the orientation distribution
between fiber and crystallographic c-axis cos” ¢,
assuming cylindrical symmetry:

@ Springer
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cos’> @, = 1 — 2cos” Py (6)

Hermans orientation parameter (fyaxp) was esti-
mated by:

3cos? @, — 1
Swaxp = + (7)

Small angle X-ray Scattering (SAXS)

SAXS experiment was performed in a transmission
mode of Xeuss 3.0 (Xenocs) CuKa X-ray instrument
operated at 50 kV and 0.6 mA. Fiber samples were
placed vertically on the sample holder and X-ray was
radiated on the longitudinal side of the fiber. The
sample chamber was kept under vacuum condition
(= 0.16 mbar) during the measurement. The scattering
intensity was recorded on a 2D detector Eiger2 R 1 M
(Detris) and later corrected for the cosmic background.

The azimuthal profile was obtained in a scattering
vector Q-range of 0.016-0.002 A" with intensity
corrected for the detector orientation, acquisition time,
and transmitted flux. The data were not corrected for
the sample thickness. The obtained azimuthal profiles
were fitted with a pseudo-Voigt function with a
constant background. The fitted azimuthal profile
was used to estimate the orientation distribution of the
equatorial streak cos® @, :

/2 . 2
2 _Jo I(@xtrﬁak) SIN Q@ g4y pqf COS (pxzreakdq)
COS™ Qstreak = /2 .
0 I((pstreak) sin (pxtreakd(p

(8)

Then it was converted into the orientation param-
eter (fsaxs) in the same fashion as the Hermans
orientation parameter is estimated from the equatorial
diffraction assuming cylindrical symmetry:

C052 P = 1 - ZCOSZ Pstreak (9)
3cos? g, — 1
Ssaxs = — (10)

Scanning electron microscopy (SEM) imaging

SEM imaging was performed by using a Zeiss Sigma
VP (manufactured country Germany). For cross-
section imaging, the fiber was prepared by cryofrac-
ture in liquid nitrogen. A bundle of fiber was first
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dipped into liquid nitrogen and snapped. The fractured
fiber bundle was then glued onto the conductive
support. The samples were sputter-coated with gold to
ensure electric conductivity (20 mA current with 90 s
coating time). The secondary electron images were
taken at a 3 kV operating voltage at ~ 5k to 10 k
magnification.

Results and discussion
Rheology of cellulose solutions

The spinning performance is predominantly modu-
lated by the rheological properties of the dope (Asaadi
et al. 2018). The rheology properties of a cellulose
solution influence the spinnability of the spinning
solution. According to previous studies, cellulose
solution in [DBNH][OAc] followed the optimum
characteristics of a spinnable solution having zero
shear viscosity (20,000-30,000 Pa.s), crossover point
around 4000 Pa, and angular frequency around 1 s~
(Sixta et al. 2015; Hummel et al. 2016; Michud et al.
2015). In this study, for STG cellulose solutions, the
average spinning temperature was 72 + 6 °C, in
which the cellulose solutions had average zero shear
viscosity ~ 34,000 Pa; complex viscosity at the
crossover point, G' = G”, ~ 3900 Pa and the angular
frequency, ® ~ 0.7 g1 (Fig. 1). In addition, the
denser hole containing spinneret (504 holes) reduced
spinning temperature slightly compared to 216-hole
spinneret (Table S2). With the increasing number of
holes, the mass flow increases resulting in pressure
reduction. To maintain the extrusion pressure, the
temperature needs to be reduced slightly. Addition-
ally, since the cooling in the air gap is lower with a
high number of holes and hole density, the tempera-
ture of the supplied spinning solution can be reduced.

Due to having a higher degree of polymerization
(DP) and higher molecular weight of HPG pulp, the
rheological properties of HPG cellulose solution (13
wt%) are changed significantly compared to the STG
cellulose solution (Fig. 1). Interestingly, on average,
the spinning temperature for HPG solution was
increased by only ~ 6 °C (from 72 to 78 °C)
although the HPG solution’s zero shear viscosity
was higher at the spinning temperature by a factor of
1.9 compared to the STG solution (Fig. 1).
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13 wt% STG pulp dope

34000

G (COP) Pa

o (s7)

72.0 £6.1°C

65 70 75 80

Temperature (°C)

Fig. 1 The rheological parameters including zero shear
viscosity 1o, dynamic modulus at crossover point; G(COP)
and angular frequency at crossover point; ®(COP); of a 13 wt%

To observe the effect of the different spinneret
geometries, initial spinning trials using different
spinneret geometries were performed with STG cel-
lulose solutions with 13 wt% concentration. Later, the
HPG cellulose solution was used in combination with
optimized spinneret geometry to observe the effect of

pulp.

Numerical simulations using cellulose (STG pulp)
solution in ionic liquid [DBNH][OAc]

Numerical simulations were performed initially for
STG cellulose solution (based on the rheology) inside
the spinneret to observe the effect of spinneret
geometries in the flow behavior of the cellulose
solution. The impact of the shear flow was estimated
by integrating the product of the shear velocity and the
shear rate over the different capillaries (Fig. 2a,b).
According to Xia et al. spinneret aspect ratio and
entrance angle determined the IL/cellulose solution
flow (Xia et al. 2014, 2015). In this study, the entrance
angle of the spinneret influenced the shear power of
the STG cellulose dopes inside the spinneret (Fig. S2).
The shear power increased significantly due to a lower
entrance angle of 8° (rectangular hole distribution)
compared to an entrance angle of 60° (circular hole
distribution). Previous studies suggested that a shorter
entrance angle can be useful to promote efficient
solution flow inside the spinneret (Xia et al. 2014). In
another study, it was explained that the lower entrance
angle reduced the velocity gradient along the flow
direction resulting in the extension of the flow length,
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(b)

100000 10230 13 wt% HPG pulp dope

S 80000 65 000

= 60000 4

= 40000 I

© 1 °

£ 4400 o g

8 42004 a0 °

(V] 2

— 061

p 0,3 020 0.36

- 0 ) 78.4]t 2.5°C

75 85

Temperature (°C)

70

STG and b 13 wt% HPG cellulose solutions in [DBNH][OAc] as
a function of temperature. Polynomial fit, 95% confidence band
(Origin software)

which provides the polymer chains enough time to
relax (Xia et al. 2016).

The variation of the diameter of the exit channel
significantly influences the velocity, pressure, and the
shear rate fields in the spinneret. At constant mass
flow, variation of the diameter results in different
extrusion velocities that affects the shear rate in the
spinneret. The deformation energy might be more
dissipated in the spinneret with a smaller diameter
compared to the wider diameter (Xia et al. 2016). For
the spinneret with entrance angle 8°, the diameters
were varied from 100, 80, and 50 um. Earlier studies
explained that reduction of the spinneret’s hole
diameter promoted efficient cooling of the fluid
filament in the airgap due to the increased surface
area of the filament (Michud et al. 2016; Mortimer and
Peguy 1996). Due to the smaller hole diameter, a
shorter draw ratio was sufficient to achieve the desired
titer. However, the use of 50 pm diameter spinnerets
was not successful. During the spinning the piston
pressure inside the spinneret exceeded the optimum
pressure at a higher draw ratio which causes fiber
breakages. The use of this D50 spinneret may require a
lower cellulose concentration in the dope for success-
ful spinning (less than 13 wt%). Hence, the numeric
simulations of the cellulose solutions’ flow behavior
inside the D50 spinneret were not performed. The
viscous power (shear power) of the STG cellulose
solution into both D100 and D80 spinnerets varied
with the change in capillary length. In case of D100
spinnerets, the spinneret capillary aspect ratio
increased from L/D 0.2 to L/D 1.0, 1.5, 2, 4, and 5.
The shear power increased by a factor of 1.15 when the
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(a) Simulated shear rate, s-1 (b) Simulated velocity, m/s °
High High
4 0-1
3 0.08
0.06
2
0.04
1
0.02
0
low low
/D02 1 15 2 4 5 L/D02 1 15 2 4 5
© -
|
09 4 -
% 038 -
3 07 A
3
a 06 -
S ./
o 05 e
L
(7]
0,4 -
0,3 T T T T . :
0 1 2 3 4 5 6

Spinneret aspect ratio (L/D)

Fig. 2 a Logarithm of the simulated shear rate (left) and
b simulated velocities for the D100 spinnerets (L/D 0.2, 1,1.5, 2,
4, 5); ¢ Simulated shear power with increasing capillary lengths

capillary aspect ratio was increased from L/D 0.2 to
1.0-2.0, while when increased to L/D 4 and 5, the
shear powers increased by a factor of 1.8 to 1.9,
respectively (Fig. 2c). On the other hand, for D80
spinnerets, the shear power increased slightly for the
enhanced capillary length (L/D 0.2 to 1.0) (Fig. S3).

Investigation of the effect of spinneret geometries
on the mechanical properties of fibers

Spinneret geometries: titer (linear densities)
and spinnabilities

The spinnability of a cellulose solution is defined by
the stretchability of a fluid filament in the airgap for a
defined time without breakage. This filament stretch-
ability is characterized by the ratio of take-up velocity
to extrusion velocity named as draw ratio (DR). The
linear density (titer) of the spun fibers are adjusted by
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of the spinnerets with 100 pm diameter for the 13 wt% STG
cellulose solutions in [DBNH][OAc]

the DR (Hauru et al. 2014). In several previous
research studies, the spinnability of a cellulose solu-
tion spun with 100 um hole diameter spinnerets was
defined as follows: DR < 2 (titer > 6 dtex); non-
spinnable, DR 2-8 (titer 6- 2 dtex) -poor, DR 8-14
(titer 2- 1 dtex) -good and DR > 14 (titer < 1 dtex) -
excellent (Asaadi et al. 2016, 2018; Haslinger et al.
2019a).

Compared to D100 spinnerets, the fibers with target
titer were produced at a lower DR using D80
spinnerets (Fig. 3a,b). The decrease in spinneret
diameter reduces the draw length (Mortimer and
Péguy 1995). Based on the titer measurement, the
spinnability can be defined as follows using a
spinneret with a hole diameter of 80 pm: DR < 5
(titer > 2) -poor, DR 5-9 (2-1 dtex) -good and
DR > 9 (titer < 1 dtex) -excellent. In addition, the
spinnability was determined in terms of the minimum
titer achieved and considering the spinning time of
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5 min throughout at this DR. The spinnabilities of the
use of different spinnerets are listed in Table S1. In this
study, all the spinnerets with hole diameter 100 um
and 80 um showed good to excellent spinnabilities for
both STG and HPG cellulose solutions regardless of
the spinneret aspect ratio.

L/D ratio of the spinnerets: effect on toughness
and tenacity

According to our previous study, the longer capillary
(D =100; L = 200; L/D 2) influenced the molecular
alignment of the cellulose molecule of a cellulose
solution with high shear power inside the spinneret
(Moriam et al. 2021b). It was reported that, the high
shear flow inside the longer capillary spinneret
reduced the entanglement of the polymer chains and
at the same time promoted effective molecular align-
ment along the flow direction. As a result, fiber
toughness improved considerably. Hence, the target of
this study was to further study the effect of the
spinneret length-to- diameter ratio (L/D) in the fiber
mechanical properties, particularly in the fiber tough-
ness when the L/D was extended up to 5.
Interestingly, maximum tenacity and toughness
were achieved at titers ranging from 1.0 to 1.2 dtex
regardless of the spinneret geometry (Fig. 4a,b).
Additionally, the highest toughness and tenacities of
the fibers were achieved for the spinnerets having L/D
1.0-2.0. Longer capillary of L/D 4 and 5 did not
improve the fiber toughness. Due to the high shear
power within the longer capillaries of L/D 4 and 5, the
shear stress presumably becomes so high above a
certain DR that partial cohesive fractures are likely to
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Fig.4 The achieved a tenacities and b toughness of the fibers at
different titers spun from D100 spinnerets with different length-
diameter ratios (L/D 1, 1.5,2, 4, and 5). Pulp & solvent: 13 wt%
STG cellulose concentration in [DBNH][OAc]

occur, reflecting a stagnant or even decreasing tough-
ness modulus with increasing DR. As a result, the fiber
toughness decreased sharply at titers around 0.8 dtex
(Fig. 4a).

The contour plots further confirmed that high
tenacity and toughness of the fibers were produced
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using the spinnerets with L/D ratio of 1-2 (Fig. S5a
and S5b). As previously discussed, the numeric
simulations showed that the shear power increased
by a factor of 1.15 when L/D increased from 0.2 to
1.0-2.0. On the other hand, the shear power for L/D 4
and 5 was enhanced by a factor of 1.8 and 1.9,
respectively. An optimum increase of shear power,
rather than too high shear power of the solution flow
inside spinneret, might be favorable for better
mechanical properties of the fiber. Lundahl et al.
reported in a review study a similar observation where
the dry-spun CNF filaments showed maximum
strength at an optimum spinning shear beyond which
the mechanical properties of the CNF filament started
to decrease (Lundahl et al. 2017). Another study
showed that with the increased shear rate during wet
spinning of polyethersulfone hollow fiber, the tensile
strength and young modulus of the fiber increased but
elongation at break decreased. They explained that the
high shear rate promoted greater orientation and more
closely packed molecular chains in the direction of
shear which substantially increased the tensile
strength at break but introduced higher resistance to
elongation at break (Chung et al. 2000). In this study,
with an increased capillary ratio of more than L/D 2 at
target titer, the tensile strength did not change
significantly, but the elongation at break decreased
(Table S3). High shear power induced by a longer
capillary (L/D > 2) might create irreversible molec-
ular chain arrangement and restrict the elongation.
Thus, the tensile strength and the young’s modulus
remained unchanged, but the elongation at break
decreased, resulting in a slight reduction in fiber
toughness. The reduction in elongation and toughness
of the fiber was more prominent at the target titer
(~ 1.2-1.3 dtex) while using spinneret with L/D 5
(Fig. 4b, Table S3).

Furthermore, the microfibers with a titer below 1.0
dtex showed a significant reduction in toughness,
especially for longer capillaries (L/D > 2) (Fig. 4b
and Fig. S5). As the titer decreases, the elastic stress
increases once all the chains reach their maximum
elongated state (Bengtsson et al. 2021). At some point,
the filaments get too thin that the shear stress exceeds
the tensile strength of the filament leading to a
gradually increasing cohesive fracture (Fisher and
Denn 1976). The resulting lower lateral intercrystallite
interaction causes a reduced elongation of the fibers
produced (Schurz and Lenz 1994). At the same time,
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the modulus of elasticity increases with decreasing
titer to a point where fiber breakages started during
spinning (Fig. S8).

Hole diameter of the spinnerets: effect on toughness
and tenacity

Since the highest toughness and tenacities of the fibers
were obtained when using D100 spinnerets with L/D
1-2, the highest aspect ratio of L/D 1 was selected for
D80 spinnerets. In the case of the D80 spinneret, the
effect of different spinneret capillary aspect ratios was
compared between L/D 1 (longer) and L/D 0.2
(shorter). Similar to D100, the shear power of the
cellulose solution inside the D80 with the spinneret of
a larger L/D ratio was slightly higher than that of
shorter capillary L/D 0.2 (Fig. S3). Interestingly, the
tenacity and toughness of the spun fibers at target titer
(1-1.3 dtex) produced using D80 was almost similar
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Fig. 5 The effect of different hole diameters (80 and 100 pm)
and the capillary diameter to length ratio, L/D (short; L/D 0.2
and long capillary; L/D 1.0) on a tenacities and b toughness of
the spun fibers at different titers. Pulp & solvent: 13 wt% STG
cellulose concentration in [DBNH][OAc]
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for both shorter and longer capillaries (Fig. Sa,b;
Table S3). The optimum shear power might already be
achieved with a reduction of the diameter from 100 to
80 pm, so that a further increase of the capillary aspect
ratio had no influence on the mechanical properties of
the fibers spun with D80. The use of D100 and D80
spinnerets showed comparable results (Fig. 5a,b;
Fig. S6).

In terms of fiber toughness improvements, the
504-hole spinneret showed slight advantages over the
216-hole spinneret (Fig. Sa,b). As mentioned earlier,
the required spinning temperature was lower when
spinning with spinnerets with a larger number of
orifices. The lower temperature of the solution means
a higher solution viscosity, which is associated with a
relatively higher elongational viscosity (Guizani et al.
2020b). This high elongational viscosity could con-
tribute to the improvement of tenacity and toughness
of the spun fibers.

Assessing the effect of spinneret geometries
in combination with different pulp properties

Effect of pulp purity: 100 and 80 um diameters

STG fibers with highest toughness and tenacity were
produced using a spinneret with L/D 1. Hence, the
effect of pulp purity in the final fiber was investigated
using two different spinnerets with L/D 1 (longer
capillary) and L/D 0.2 (shorter capillary).

A longer capillary (L/D 1.0) was clearly advanta-
geous compared to the shorter capillary (L/D 0.2) for
achieving both high tenacity and high toughness
(Fig. 6a and b). In addition, HPG with longer and
more uniform molecular chains (lower polydispersity)
in combination with high viscosity resulted in
improved mechanical properties. A previous study
indicated that a higher proportion of longer molecular
chains, lower polydispersity, and fewer non-cellulosic
impurities in an HPG pulp resulted in improved
mechanical properties of fibers spun from it compared
to fibers spun from an STG pulp (Moriam et al.
2021b). Fibers spun from HPG-IL solution with a
longer capillary (L/D 1.0) further improved toughness
compared to fibers spun from HPG in combination
with a shorter capillary (L/D 0.2) (Fig. 6b). In
combination with a longer capillary (L/D 1) and
high-purity pulp, the maximum fiber toughness
reached up to 93 MPa at a titer of ~ 1.3 dtex (Fig. 6b,

Table S3), which can be considered the best mechan-
ical properties achieved so far for Ioncell fibers.

In terms of both tenacity and toughness of fibers
produced with D100 spinnerets, the effects caused by
the combination of HPG and short capillary (L/D 0.2)
and those produced by STG and longer capillary (L/D
1) were comparable (Fig. 6a,b).

In case of D80 spinnerets, fiber produced from HPG
pulp also showed better mechanical strength com-
pared to fibers spun from STG (Fig. 6¢,d). However,
the difference was not as prominent as it was for the
fibers produced from D100 spinnerets. This might be
related to the changed shear flow behavior inside the
spinneret. The numerical simulation showed that when
the D100 spinneret was used, the shear power
increased for both longer capillaries (L/D 1) and
presence of HPG dopes in the capillaries (Fig. S4).
However, the two different cellulose solutions (13
wt%) prepared from STG and HPG pulps, respec-
tively, showed no difference in shear power when the
D80 spinneret was used (Fig. S4).

Pulp concentration: effect on toughness and tenacity

In a previous publication, the cellulose concentration
in a [DBNH][OACc] solution was varied from 10 to 17
wt% and it was reported that the mechanical properties
of the fiber were highest while using a cellulose
concentration of 15 wt% (Sixta et al. 2015). In this
study, to investigate the effect of increased cellulose
concentration in the spinning solution on fiber prop-
erties, cellulose solutions containing 15 wt% cellulose
(using both STG and HPG) were prepared and spun in
comparison with solutions containing 13 wt%
cellulose.

Interestingly, the fiber properties showed no further
improvement with increasing concentration, regard-
less of the change in the pulp (Fig. 7a—d). Rather, both
fiber tenacity and toughness decreased compared to
the fibers spun from 13 wt% cellulose concentration
(Fig. 7a—d). The 15wt% and 17wt% cellulose solu-
tions were previously spun (Sixta et al. 2015) with a
circular spinneret in which the capillaries had a larger
entrance angle (60°). However, in this study, the
spinneret with rectangular hole distribution had a
narrower entrance angle of only 8°, the latter exerting
a significantly higher shear power on the cellulose
solution than a spinneret with a larger entrance angle
(Figure S2). Due to the high shear power, the solution
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flow might be restricted at high cellulose concentra-
tion in the dope so that the shear stress became higher
with increasing zero shear viscosity (Table S4),
resulting in partial cohesive fracture, which impaired
the mechanical properties of the spun fibers.

Structural properties of the high toughness fibers

Both the elongation and tensile strength properties of
the fiber depend on the fiber orientation (Asaadi et al.
2018). Hence, toughness, which is the integral of the
tensile strength over the elongation, also depends on
fiber orientation. Previous studies have shown that the
degree of fiber orientation increased considerably at a
lower DR and tended to level-off when greater than 5
(Michud et al. 2016). Both the total orientation and
crystalline orientations of the fibers were nearly the
same for the STG- and HPG-based fibers regardless of
the spinneret geometries (Fig. 8). In addition, the
change in crystal size and crystallinity did not
correlate with the change in toughness of the fiber.
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The average crystal size of the fibers was 34-36 A and
the crystallinity was 34-36% (Table S3).

The voids within the fiber matrix influence the
mechanical properties of the fiber. In the dry-jet wet
spinning process, the microvoids are elongated and
formed in the spinneret (pre-orientation) and in the
airgap (Schurz et al. 1995; Sharma et al. 2019).
Previously, the microvoid orientation of the HPG-
basedfibers were found to be lower compared to the
STG fiber (Moriam et al. 2021b). It was assumed that
the slightly reduced microvoid orientation of the HPG-
based fiber improved the extensibility of fibers result-
ing in a concomitant increase in elongation properties
along with the increased tensile strength. Consistent
with the previous studies, HPG-based fibers produced
in this study also showed reduced microvoid orienta-
tions compared to the STG-based fibers (Fig.9).
Additionally, gradual reduction in microvoid orienta-
tion was observed for the fibers with increased
toughness regardless of their origins (Fig. 9).

Lyocell fibers have a skin—core structure, but with a
much thinner skin (outer layer) than regular viscose
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(CV) fibers and an inner crystalline core consisting of
nearly parallel oriented fibrils connected to amorphous
domains (Biganska and Navard 2008).
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Fiber morphologies were nearly identical for all
fibers prepared from HPG and STG (Fig. 10), regard-
less of their process parameters such as spinneret
geometries and raw materials. Analogous to the
lyocell fibers spun from NMMO cellulose spinning
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STG-based fibers
(titer 1.2-1.3 dtex)

D 100 pm

D 80 um

L/D 0.2

Fig. 10 The morphologies of the spun fibers of standard titer
spun using 100 pm and 80 pm spinneret diameters (STG-based
fibers: L/D 0.2 and 1.0; HPG-based fibers: L/D 1.0). Scale bar

solutions, the Toncell fibers were exhibited a skin—core
structure with a thin outer layer and an inner core from
which oriented fibrils protruded surrounded by some-
what irregularly arranged voids (open pores).
Qualitatively, the diameters of the microvoids in
the fibers spun with the longer capillaries, L/D = 1 and
a hole diameter of 100 pm, are larger and less oriented
than those of the reference fibers spun with the shorter
capillaries, L/D = 0.2. These differences in the fibril-
lar structure of the fiber cross sections also apply to the
microfibers with a titer smaller than 1.0 (Fig. S7).

Conclusion

The development of a circular economy requires
strategies to produce cellulosic fibers with high
toughness, as fiber toughness is the core for improving
the longevity of cellulose-based textiles. Biodegrad-
able and cellulose-based fibers from closed loop
operations are the sustainable solution to meet
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challenges in the textile industry such as microplastic
pollution and non-recyclable textiles. Ioncell technol-
ogy has already shown tremendous potential for textile
recycling and the production of cellulose-based textile
fibers with superior strength properties compared to
any other cellulose-based fibers on the market. In this
study, certain process settings were investigated to
enhance fiber toughness, giving priority to the spin-
neret geometry. The spinneret geometry exhibited a
significant effect on the mechanical properties of the
fiber spun from the ionic liquid [DBNH][OAc].
Numerical simulations showed that the flow properties
of the cellulose solution changed with different
spinneret geometries. The spinneret with a capillary
aspect ratio L/D 1-2 provided optimized shear power
of the cellulose solution, which is required for a better
mechanical property of the spun fiber. Spinneret L/D
1-2 promoted the highest tenacity and toughness of
the fibers. Both D100 and D80 showed comparable
fiber properties. The combination of the use of high-
purity pulp (13 wt%) and the capillary aspect ratio L/D
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1 with a capillary entry cone 8° of the D100 spinneret
resulted in fibers with the highest toughness (93 MPa)
and a tenacity of 60 cN/tex. With the new strategies
presented in this study, Ioncell fibers were able to
achieve approximately 12% higher toughness as
compared to the previous study (from 83.3 to
93 MPa) (Moriam et al. 2021b). Both total and the
crystalline orientation showed no significant changes
for the high-toughness fibers spun from different
geometries or raw materials. The microvoid orienta-
tions were comparatively lower for the HPG-based
fibers than for the STG-based fibers, while the fiber
morphologies for the spun fibers were very similar at a
standard titer, but still showed qualitatively larger pore
structures for the HPG fibers.

Finally, this research created a new perspective for
improving the toughness of cellulose-based textile
fiber which will contribute to the circular economy and
sustainability of textile production. Further studies
will include the effect of different spinneret geome-
tries at even larger variations on the mechanical
properties of Ioncell fibers made from other ionic
liquids.
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