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Abstract We report on a new process for the
spinning of high-performance cellulosic fibers. For
the first time, cellulose has been dissolved in the ionic
liquid (IL) 1-ethyl-3-methylimidazolium octanoate
([C2C1im][Oc]) via a thin film evaporator in a
continuous process. Compared to other ILs,
[C2C1im][Oc] shows no signs of hydrolysis with
water. For dope preparation the degree of polymer-
ization of the pulp was adjusted by electron beam
irradiation and determined by viscosimetry. In addi-
tion, the quality of the pulp was evaluated by means of
alkali resistance. Endless filament fibers have been
spun using dry-jet wet spinning and an extruder
instead of a spinning pump, which significantly
increases productivity. By this approach, more than

Supplementary information The online version contains
supplementary material available at https://doi.org/10.1007/
$10570-021-03697-x.

M. P. Vocht - R. Beyer - P. Thomasic -

A. Miiller - A. Ota - F. Hermanutz (D<) -

M. R. Buchmeiser (D<)

German Institutes of Textile and Fiber Research
Denkendorf (DITF), Korschtalstr. 26, 73770 Denkendorf,
Germany

e-mail: frank.hermanutz@ditf.de

M. R. Buchmeiser
e-mail: michael.buchmeiser @ditf.de

M. R. Buchmeiser
Institute of Polymer Chemistry, University of Stuttgart,
Pfaffenwaldring 55, 70569 Stuttgart, Germany

1000 m of continuous multifilament fibers have been
spun. The novel approach allows for preparing cellu-
lose fibers with high Young’s modulus (33 GPa) and
unprecedented high tensile strengths up to 45 cN/tex.
The high performance of the obtained fibers provides a
promising outlook for their application as replacement
material for rayon-based tire cord fibers.
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Introduction

Cellulose is the second most important raw material
used in fiber industry (The Fibre Year 2019: World
Survey on Textiles and Nonwovens 2019). Currently,
cotton has the largest market share of cellulose based
fibers; however, with the lowest expected growth rate.
Thus, the global textile fiber production is expected to
increase to 133.5 million tons per year until 2030
while cotton production is expected to tableau around
annual 26-28 million tons (Haemmerle 2011). The
resulting, so called “cellulose gap” has to be closed.
Current strategies include an increased use of wood
cellulose, identification of additional cellulosic
sources, e.g. biomass, but also fabric reuse, and
recycling (El Seoud et al. 2020). The use of wood
pulp for fiber production can be traced back for a long
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time (Bredereck and Hermanutz 2005). Currently,
there are only two technologies that have been
industrialized for man-made cellulosic fiber (MMCEF)
production. Although being the oldest commercially
utilized method, the viscose process still dominates the
fabrication of regenerated cellulosic fibers (Shearer
1925). Wood pulp has to be pretreated using sodium
hydroxide forming alkali cellulose (Cook 1968). This
chemical aging leads to a degradation of the cellulose
and is important for the final processing of the viscose
solution. The longer the ageing time, the lower the
viscosity of the solution is. The aged alkali cellulose is
then mixed with carbon disulfide (CS,) to form
cellulose xanthate, which is dissolved in diluted
sodium hydroxide solution. This solution is spun into
a coagulation bath containing sulfuric acid and salts
like sodium and zinc sulphate. During coagulation, the
cellulose xanthate is transformed back into cellulose.
Apart from high water consumption up to 850 L/kg,
the main issue of the viscose process is the use of
highly toxic and ecologically harmful chemicals,
which reduces the incentive of this methodology
(Bredereck and Hermanutz 2005; Sayyed et al. 2019;
Vigliani 1954). Federally regulated extensive waste
treatment has become the cost-determining factor and
is necessary to ensure that neither highly toxic and
ecologically harmful CS,, hydrogen sulfide nor heavy
metal compounds formed during precipitation are
released into the environment. However, the flexibility
of the process is a major advantage that should not be
ignored. Viscose fibers can not only be used as textile
fibers but also in many different ways, e.g. in the form
of fibers with special fiber geometry (“Y” shaped
fibers with improved water imbibition) or high tenac-
ity fibers (Polysonic) (Wooding 1995). Beside fiber
spinning, the metastable soluble cellulose xan-
thogenate can be used for the production of films
(cellophane) and other materials (Fink et al. 2001).
The second major process for producing cellulosic
fibers is the Lyocell process. In contrast to the viscose
process, no derivatization of the cellulose is necessary
(Loubinoux and Chaunis 1987). Instead, a cyclic
amine oxide, i.e. N-methylmorpholine N-oxide
(NMMO) is used as a direct solvent. Compared to
the viscose process, the Lyocell process is much more
environmentally friendly and efficient (Bredereck and
Hermanutz 2005). Apart from the environmental
advantage, Lyocell fibers are also of high quality with
excellent mechanical properties making them
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suitable for many applications (Schuster et al. 2004).
However, the cellulose/NMMO solution suffer from
side reactions and by-product formation affecting the
fiber properties. Therefore, the spinning dope needs to
be stabilized by the addition of isopropyl gallate to
suppress these side reactions (Rosenau et al. 2002;
Zhang et al. 2018).

Due to the disadvantages of the established pro-
cesses, recent efforts focused on new technologies for
MMCEF production (Hermanutz et al. 2020). Within
this context, the use of N,N-dimethylacetamide
(DMAc) in combination with LiCl as a possible
solvent medium was considered, as it allows for high
cellulose concentrations of up to 16 wt.% and recovery
of the solvent (Sayyed et al. 2019). However, this
solvent system requires an “activation step” to
dissolve cellulose, which renders it expensive and
corrosive. Alternative spinning systems are based on
water (Mittal et al. 2018, 2019; Vehvildinen et al.
2015; Yamane et al. 1996). The group of Soderberg
used the hydrodynamic alignment of cellulose
nanofibrils (CNFs) suspended in water (Mittal et al.
2018, 2019). With this flow-assisted self-organization
of the fibrils, macroscale fibers with Young’s moduli
of up to 86 GPa and tensile strengths of 1.57 GPa were
obtained. Nonetheless, the development of such CNF-
based fibers is still in its early stages and it remains to
be seen how far the process can be improved in terms
of productivity, i.e. process speed and use of multi-
hole spinnerets. Among many approaches, ionic liquid
(IL) technology is amongst the most promising (EI
Seoud et al. 2020; Hermanutz et al. 2020; Isik et al.
2014; Sayyed et al. 2019; Sun et al. 2011; Wang et al.
2012; Zhang et al. 2017a). Like NMMO and DMAc/
LiCl, ILs are direct solvents for cellulose. Selected ILs
show good dissolution capacity for cellulose allowing
for cellulose concentrations of up to 39 wt.% (Her-
manutz et al. 2020). One benefit of this technology is
that ILs dissolve cellulose under rather mild condi-
tions without the use of additives (Swatloski et al.
2002). Beside that, other physical, chemical, and
biological properties like low melting point, low
flammability, low chemical reactivity, high thermal
stability and low toxicity make this class of solvents
highly attractive (Hough et al. 2007; Ostadjoo et al.
2018). For industrial use, any selected IL has to match
specific economic and ecological criteria like recy-
clability (> 99.5%), low propensity for side reactions,
lowest possible toxicity, and excellent cellulose
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dissolution capability, in order to create a sustainable
processes (Hermanutz et al. 2020; Ostadjoo et al.
2018). A recent review summarizes all relevant
cellulose dissolution and spinning processes together
with relevant developments towards industrialization
of the IL-technology (Hermanutz et al. 2018). So far,
most spinning processes are based on imidazolium-
based ILs. Notably, some imidazolium-based ILs are
unsuitable for industrialization despite their good
solubility for cellulose and good fiber properties with
tensile strengths up to 808 MPa and Young’s moduli
up to 30 GPa of the resulting fibers (Jiang et al. 2012;
Kosan et al. 2007, 2012; Zhang et al.
2017b, 2019, 2020). This is not only due to their
corrosive behavior, but also to the toxicity of these ILs,
as is the case with 1-butyl-3-methylimidazolium
chloride ([C4C,im][Cl]) (Couling et al. 2006). How-
ever, imidazolium-based ILs with short alkyl side
chains and harmless anions like 1-ethyl-3-methylim-
idazolium acetate ([C,C;im][OAc]) are less toxic
(Ostadjoo et al. 2018; Ruokonen et al. 2016).
Furthermore, imidazolium-based ILs are not inert. It
has been shown that cellulose dissolved in, e.g.
chloride-containing ILs, degrade over time and with
increasing temperature (Ebner et al. 2008; King et al.
2012). It was also shown that cellulose reacts with
carboxylate-based ILs in two ways. On the one hand,
the imidazolium cation can react with the cellulose
forming new cationic species (Clough et al. 2015;
Ebner et al. 2008). On the other hand, cellulose
degrades over time in carboxylate-based ILs such as
[C,Ciim][OAc] or 1-ethyl-3-methylimidazolium
octanoate ([C,C;im][Oc]), especially at higher tem-
peratures (> 90 °C) (Ebner et al. 2008; Ingildeev et al.
2013; Michud et al. 2015a; Olsson et al. 2014).
Although the rate of the degradation and side reactions
can be reduced by lowering the operating temperature,
their formation cannot entirely be prevented.

Beside imidazolium-based ILs there are other ILs
able that are capable of dissolving cellulose (Her-
manutz et al. 2020). One of the most studied systems is
the protic IL diazabicyclo[4.3.0]non-5-enium acetate
([DHBN][OACc]), (Asaadi et al. 2018, 2016; Guizani
et al. 2020; Haslinger et al. 2019a, b, c; Hauru et al.
2014; Hummel et al. 2015; Ma et al. 2016; Michud
et al. 2015Db, ¢, 2016; Parviainen et al. 2013; Sixta et al.
2015; Wanasekara et al. 2016) which is used in the
IONCELL-F  process. Fundamental research
addressed the influence of the molecular weight

distribution of the cellulose, process parameters like
draw ratio, coagulation bath temperature, air gap
length and the air gap conditioning on the properties of
the final fibers (Guizani et al. 2020; Michud et al.
2015b, 2016). Alternative approaches to closing the
cellulose cycle entail the use of textile or cotton waste
or of cardboard (Asaadi et al. 2016; Haslinger et al.
2019a, b; Ma et al. 2016). It seems to be an advantage
that this type of IL can be distilled, which could
simplify the recycling of the solvent (Osmanbegovic
et al. 2020; Parviainen et al. 2015). However, despite
this potential advantage, decomposition of
[DHBN][OACc] during distillation reportedly results
in an imbalance between the anion and cation (Ahmad
et al. 2016). Furthermore, the IL undergoes hydrolysis
with water, which further complicates the recycling
concept (Ostonen et al. 2016; Parviainen et al. 2015).
Nonetheless, there exist various approaches to solve
this challenge for both [DHBN][OAc] and imidazole-
based ILs (Elsayed et al. 2020; King et al. 2012).

While most publications describe the production of
staple fibers suitable for use in the textile industry, the
use of cellulosic fibers is by far not limited to these
applications, the mores since special viscose fibers are
used as tire cord fibers and as reinforcement fibers for
composites (Schneck et al. 2019; Sporl et al. 2017a;
Wooding 1995; Zadorecki et al. 1986). In this study
we present an IL-based spinning process that allows
for the production of endless multi-filament fibers with
properties comparable to those of commercial tire cord
fibers. The imidazolium-based IL [C,C;im][Oc] was
used as solvent for cellulose since it can be recycled
with high purity (Lang et al. 2013). Also, the water
used for coagulation and washing can be reused and
closed process cycles can be established.

Experimental

Materials

Eucalyptus sulfite pulp (Sappi) with a DP of 930 was
used for fiber spinning. 1-Ethyl-3-methylimidazolium

octanoate ([C,C;im][Oc]) was supplied in technical
grade by BASF SE.

@ Springer
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Determination of pulp purity by R-18

The alkali resistance based on the determination of the
residue R18 was measured according to DIN 54,355.

Degradation of the pulp

For degradation, the pulp was subjected to electron
beam (EB) irradiation to reduce the degree of poly-
merization (DP) in a controlled manner. EB irradia-
tion was carried out with an EC-LAB 400 electron
beam device from Electron Crosslinking AB. All pulp
plates were irradiated on both sides applying 40 kGy
and an acceleration voltage of 180 keV.

Viscometric determination of DP

The DP of the cellulose was measured according to
DIN 54 270 using a Schott Gerdte GmbH Ubbelohde
viscosimeter (Type Ia) in an alkaline solution of the Fe
(IIT) tartaric acid-sodium-complex (FeTNa). The
FeTNa solution was prepared by dissolving 217.2 g
sodium tartrate-2 H,O in 300 mL deionized water and
dissolving 81.2 g FeCl;-6 H,O in 250 mL deionized
water. Both solutions were moderately heated and
combined under stirring within 15 min. The mixture
was cooled to 15 °C and a solution of 96.0 g NaOH in
180 mL deionized water was added dropwise. The
resulting green solution was diluted with deionized
water to 1 L total volume and stored at 5 °C. 40-
50 mg cellulose powder were weighed in volumetric
flasks and filled with 30 mL FeTNa solution and
stirred over night at 0 °C. After tempering the
solutions to 20 °C, the volumetric flasks were filled
up with another 20 mL FeTNa. The cellulose solutions
were filled into the capillary viscosimeter. Elution
times (t) were measured at 20 °C and compared to
those of the pure FeTNa solution (ty). Two solutions
per cellulose sample were prepared. The DP was
calculated according to the Mark—-Houwink equation:

] = K - (My - DP)"

with the molecular weight of the monomer
My = 162 g/mol, a =1 and K - My, = 152 (Archwal
et al. 1967).
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Dissolution of cellulose in [C,C;im][Oc]

For all spinning trials, dopes containing 12 wt.% of
cellulose were prepared. First, the pulp and [C,C,.
im][Oc] were mixed for 30 min at room temperature
in a kneader. The obtained slurry was conveyed
through a spiral pump at a rotational frequency of
100 Hz and degassed at 120 °C and 60 mbar in a thin-
film evaporator (VTA GmbH & Co. KG). The dope
was filled into a pressure filtration cauldron from Karl-
Kurt Juchheim Laborgerate GmbH with the aid of a
heated (110 °C) gear pump, Fig. S1 (S.L.).

Rheology of the spinning dopes

Rheological measurements were performed on an
Anton Paar MCR 301 rheometer equipped with a
Peltier temperature-control system and parallel-plate
geometry. The plate diameter was 25 mm; the gap was
1 mm. Dynamic oscillatory experiments were accom-
plished with shear rates between 0.1 and 100 s~ ' and a
deformation of 10% at temperatures between 110 and
20 °C. Storage and loss modulus (G’ and G") and the
complex viscosity (1*) were determined. With the
principle of frequency-temperature superposition,
master curves were obtained. The zero-shear viscosity
no was calculated by the Carreau—Gahleitner model
(Gahleitner and Sobczak 1989).

Air gap spinning

Multi-filament fiber spinning was performed on a
laboratory-scale device (Fig.2, S.I.) at 55 °C and
65 °C. The spinning dope was passed through a filter
with a mesh size of 0.043 mm. The extruder was
heated and propelled the spinning dope through a
multi-hole spinneret (250 capillaries, 450 um capil-
lary length, 150 pum capillary diameter) into a 1-m
coagulation bath containing water at 18 °C via an air
gap (10 mm) at an injection speed of 1.5 m/min.
Filaments were wound on godets at velocities between
8.5 and 17.0 m/min before running through two
washing baths, each one meter in length, and two
washing godets. Before being wound onto a bobbin,
the fibers were tempered (80 °C) on a heated godet.
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Morphology

Scanning electron micrograph (SEM) pictures were
recorded on a Zeiss Auriga field emission scanning
electron microscope. Samples were sputtered with Pt/
Pd before analysis.

Fiber orientation

The average total orientation of the cellulosic fibers
was determined by birefringence (An) measurements
using a Leitz Laborlux 12POL polarization micro-
scope (4 = 546 nm) equipped with a Leitz compen-
sator B. Fiber samples were cut wedge-shaped and
wetted with paraffin oil. An was obtained by dividing
the measured retardation of the polarized light (I') by
the respective fiber diameter (d).

The total orientation (f;) was obtained by dividing
An by the maximum birefringence of cellulose
(Anmax = 0.062) (Lenz et al. 1992). It was assumed
that the maximum birefringence values of the amor-
phous and crystalline phase are identical, i.e. An(-
max) = An,,(max) = 0.062 (Lenz et al. 1992, 1993).

r
An = —
T
An
f:
" Al

Wide-angle X-ray scattering

For wide-angle X-ray scattering (WAXS), a Rigaku D/
Max Rapid II operated at 40 kV and 30 mA with Cu
Ko radiation (4 = 1.54059 A) was used. A shine
monochromator and an image plate detector were
employed. The scanning rate was 0.2°/min with 0.1°
scanning steps. All fibers were aligned in a fiber
sample holder. The degree of crystallinity was calcu-
lated according to the peak deconvolution method
using pseudo-Voigt functions for curve fitting via
PDXL software (Rongpipi et al. 2018) using

I 2k
C e+ 1)’

where I. and [, are the integrated intensities of the
crystalline and the amorphous reflections, respec-
tively. The crystallite size (¢) was calculated according
to Scherrer’s equation (Scherrer 1918).

t= BK’i ,with the width at half-height of the
-cos 0,

reflection (B), the wavelength (1), the Scherrer factor
(K), which depends on the crystallite shape, and the
Bragg-angle (6y).

Mechanical properties

The fineness (dtex), tensile strength (cN/tex), elonga-
tion at break (%) and Young’s modulus (cN/tex) were
measured using a Favimat from Textechno according
to EN ISO 5079 (20 mm gauge length, 10 mm/min
test speed). Fiber samples were conditioned prior to
the measurement (20 °C, 60% humidity) and tested.
All fiber properties listed are calculated on the basis of
20 individual measurements.

Results and discussion
Analysis and degradation of the cellulose

For the production of the spinning solution, cellulose
with a DP between 400 and 800 has been reported to be
particularly suitable (Abels et al. 2017). Therefore,
pulp degradation by EB irradiation was performed
before the production of the spinning solution. This
degradation process is based on the splitting of the
cellulose chains by the EB (Seo et al. 2013). The effect
of EB radiation on cellulose has been evaluated in
several studies (Emsley and Stevens 1994; Hwang
et al. 2020; Imamura et al. 1972; Nakamura et al.
1985). In particular, the relationship between the
number of chain scissions and the EB dose was
described (Bouchard et al. 2006; McLaren 1978).
However, degradation of cellulose with increasing EB
dose appears to proceed in a nonlinear manner.
Henninges et al. and Ma et al. outlined that EB
treatment favors the degradation of high-molar-mass
cellulose chains (Henniges et al. 2012; Ma et al. 2016).
They showed that this results in a narrower molecular
weight distribution. Degradation of cellulose via EB
treatment also comprises oxidative degradation,
thereby forming carbonyl and carboxyl groups (Ima-
mura et al. 1972; Nakamura et al. 1985). Besides, EB
treatment was also reported to reduce crystallinity and
increase the available surface area (Driscoll et al.
2009). A lower crystallinity of the cellulose can
facilitate the dissolution process of cellulose by

@ Springer
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Table 1 DP, R 18 value, water and ash content of the cellulose pulp before and after EB irradiation

DPgetNa EB dose (kGy) R 18 (%) Water content (%) Ash content (%)
Before EB 990 0 93 4.3 0.1
After EB 605 80 92 4.1 0.1
104 10° 10° 102
A
A
- A
10% . w 10%4 A 10"
L1g¢ Q. . a =
7 v T _— T
o ) g . 2
= 10%; 3 2 0% Lot F10°
B ° = A . 2
< F103 E ~ o .
10" 10%+ " f107
r
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10" 10° 10' 10? 10° 10* 20 40 60 80 100
o [rad/s] 9[°C]

Fig. 1 Rheological behavior of the spinning dope (12 wt.% cellulose in [C,C;im][Oc]) left: master curve at reference temperature
65 °C, In*l (@), G’ (¥), G” (A); right: theological parameters 1o (H) and wg (A) in dependence of temperature

enhancing penetration with solvent. Overall, EB
treatment has some advantages over chemical hydrol-
ysis. It is a time- and energy-efficient as well as
chemical-saving method for the reduction of the DP of
cellulosic materials (Henniges et al. 2013; Stepanik
et al. 2000). While DP reduction via alkali treatment
takes place in several steps and is difficult to control,
EB treatment is a single step, easy to control and
highly reproducible. Also, since the cellulose should
be as dry as possible for processing with ILs, any
chemical pretreatment is disadvantageous. The start-
ing pulp had an average DP of 990, which was reduced
to a DP of 605 by applying a dose of 80 kGy, Table 1.
Besides the DP, the alkali resistance (R 18 value) was
also tested using a 18 wt.% NaOH solution. The R18
value describes the amount of the cellulose material,
which is not dissolved in this NaOH solution. This
value is commonly used to describe the quality of pulp
used for cellulosic fiber spinning (Fechter et al. 2020).
The determined R 18 values of the cellulose before and
after the degradation were similar indicating no
significant changes in the quality of the pulp.
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Characterization of the spinning dope

Rheology measurements of the cellulose/IL dopes are
a well-established method to determine the spinnabil-
ity of a solution (Ingildeev et al. 2013; Olsson and
Westman 2013). Since the polymer—solvent interac-
tions are directly related to the viscosity one can also
determine the storage and loss modulus (G’ and G”).
The relationship between both moduli can provide
more information about polymer—polymer interac-
tions (Sporl et al. 2017b). For viscoelastic materials a
crossover point (G’ = G”) is expected at some fre-
quency (ws). For G” > G, the system is considered to
be a fluid, in the opposite case the system is gel-like.
However, rheology measurements with a conventional
rheometer using a plate-plate system can only give an
indication for the spinning conditions as the conditions
in the spinneret cannot be simulated.

A spinning solution consisting of 12 wt.% cellulose
in [C,C;im][Oc]) displayed a non-Newtonian viscous
behavior, which resulted in the shear-thinning of the
viscoelastic fluid, Fig. 1. As expected, lower temper-
atures resulted in higher viscosities, Fig. S2 (S.L.).
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Table 2 Air gap spinning conditions of 12 wt.% [C,C,im][Oc] spinning solution

Serial Temperature Zero-shear viscosity Cross over  Hole diameter Number of Maximum draw
(°C) (Pa s) point (pm) holes ratio
™h (Pa)
A 55 16,720 1.76 150 250 11
B 65 8551 3.64 150 250 10.5

Fig. 2 SEM of a regenerated fiber. Left: fiber surface. Right: cross section

Accordingly, at lower temperatures lower frequencies
were necessary to reach the reversible gel point. With
increasing temperature 7, decreased, while g
increased.

Dry-jet wet spinning

Based on the rheology measurements, two tempera-
tures, i.e. 65 and 55 °C were chosen for spinning. The
multifilament bundles produced were extruded into a
coagulation bath (water) after passing an air gap of
10 mm and continuously washed with water. Fibers
were dried on a heated godet roll and then wound on a
bobbin, Fig. S5 (S.I.) Table 2 summarizes the param-
eters for fiber spinning based on the air gap (dry-jet
wet) spinning process. Approximately 1000 m of
continuous filament were wound onto each bobbin.

Fiber morphology

A representative SEM picture of a prepared fiber is
shown in Fig. 2. Because of the rapid coagulation, all
fibers showed a smooth surface with no visible defects.
The round cross section of the fibers is a result of the

dry-jet wet spinning technique. Furthermore, the fibers
showed a fibrillar structure network (Fig. S6, S.1.) due
to the preorientation of the molecular chains in the air
gap (Ingildeev et al. 2013). The fibers did not show any
visible voids or signs of a skin—core structure in the
cross-section.

At this point it should be emphasized that the
coagulation bath was not changed during the spinning
trials. Therefore, the concentration of the IL increased
from O to approx. 20 wt.% over the entire spinning
process as determined by refractometry measurements
(Fig. S7, S.I.). No major changes in the fiber
morphology could be observed with increasing IL
concentration in the coagulation bath. Those results
have direct consequences for the up-scaling of the
process. The possibility to operate at a relatively high
concentration of the IL in the coagulation bath
potentially reduces the energy costs during solvent
recovery.

Since the coagulation of cellulose from an IL is a
diffusion-based process, the complete removal of the
IL from the final fibers requires a certain period of
contact time in a coagulation or washing bath (Parvi-
ainen et al. 2015; Zhang et al. 2020). Due to the
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Table 3 Structural parameters of the fibers as determined by birefringence and WAXS measurements

55-3 55-4 65-1 65-2 65-3 65-4 65-5 65-6

55-2

Sample code 55-1

1:10.5 1:11 1:5.5 1:6.5 1:8.0 1:9.0 1:10 1:10.5

1:9.0

1:

Draw ratio

An

0.049 + 0.001
0.79 £ 0.02
75+ 4

3.14

3.41

4.93

0.048 £ 0.001
0.78 £ 0.01
81 £ 4

2.95

3.73

4.48

0.051 +£ 0.001
0.80 £ 0.01
72+ 4

2.97

4.22

4.05

0.049 £ 0.002 0.049 + 0.001

0.78 £ 0.03
72+ 4
3.00

4.22

4.85

0.046 £ 0.001
0.74 £ 0.02
79+ 4

3.28

3.71

3.98

0.047 £ 0.001
0.76 + 0.01
78 £ 4

3.47

4.03

4.35

0.048 £ 0.001
0.77 £ 0.02

n.d

0.042 £ 0.001
0.73 £ 0.03
76 £ 4

3.44

443

4.67

0.042 £ 0.001
0.68 £ 0.01
75+ 4

3.38

0.78 £ 0.02
79 + 4
3.04

3.86

3.58

Ic (%)

n.d
n.d
n.d

1(1-10) (nm)
#(110) (nm)

3.65

1

5.0

#(020) (nm)

3.0

2.5 }
2.0-

1.5 'y

1.0 % iy

Titer [dtex]

0.5

O-O T T T T T
5 6 7 8 9 10 11 12

Draw ratio

Fig. 3 Titer values of regenerated fibers spun at 55 °C () and
65 °C (@) as a function of the draw ratio

relative high spinning speed, the retention time of the
fibers in the washing baths and on washing godets,
respectively, were rather short. In order to identify any
residual IL in the fibers, two extraction experiments
were performed. Short cut fibers were immersed in
D0 for 24 h at 20 °C and 80 °C and 'H-NMR spectra
were recorded of the extract, Fig. S8. No traces of IL
were observed, suggesting the complete removal of
the IL from the fibers. These findings were also
supported by elemental analysis, which also revealed
the absence of any IL.

The orientation of the fibers was quantified by
birefringence and XRD measurements. With the aid of
the birefringence values (An) the total orientation (f;)
was calculated, Table 3. The high orientation values
are caused by pre-oriented cellulose chains due to the
stretching in the air gap.(Ingildeev et al. 2013; Michud
et al. 2015¢) The crystallite sizes (#(hkl)) were
calculated according to the deconvolution method
using pseudo-Voigt functions for curve fitting, Fig. S9.
The crystallite dimension of the (1-10) was 3.4 to
3.5 nm and 3.0 to 3.3 nm for fibers spun at 55 °C and
65 °C, respectively. Slightly smaller values were also
obtained for the (110) and (020) reflexes at higher
spinning temperature (Table 3). However, the crys-
tallinity of all samples was between 72 and 81% and
no significant temperature dependency was observed.
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Fiber properties

The regenerated fibers showed a strong correlation
between the draw ratio and the resulting properties.
Furthermore, a correlation between the mechanical
properties and the spinning temperature was found. As
expected, the linear density (titer) of the fibers also
depended significantly on the draw ratio. Thus, the titer
decreased with increasing draw ratio of the spinning
mass in the air gap, Fig. 3. Unsurprisingly, we found no
correlation between the titer and the spinning temper-
ature. Independent of the temperature, nearly the same
fiber titer was obtained at a given draw ratio.

By contrast, both the tenacity and the Young's
modulus of the dry-jet spun fibers are clearly affected

by both the spinning temperature and the draw ratio
(Figs. 4, 5). For both spinning trails the tenacity
increased with increasing draw ratio. Therefore, the
highest tenacity obtained at a draw ratio of 10.5 was
45.1 &+ 2.2 cN/tex (65-6). Fibers spun at 55 °C
showed the same trend; tensile strength increased
with increasing draw ratio. However, fibers spun at
55 °C at a given draw ratio showed always a lower
tensile strength compared to fibers spun at 65 °C. This
trend could also be observed for the Young’s modulus.
The highest values of 2245 £ 121 cN/tex were
achieved by spinning at 65 °C, while the maximum
value of the spinning trial at 55 °C was 1950 + 132
cN/tex.

We attribute these findings to the lower orientation
of the cellulose chains in the fibers prepared at 55 °C
compared to those spun at 65 °C, the more since this is
supported by the birefringence measurements, in
which fibers spun at 65 °C showed a higher orienta-
tion. The higher orientation can be attributed to a
higher mobility of the cellulose chains during the
spinning process at higher temperature, which facil-
itates their orientation in the air gap. This in turn
results in a better contact between the individual
cellulose chains, which increases chain interactions
and improves both tenacity and Young’s modulus
(Cook 1968). Finally, the elongation at break also
depended on the draw ratio. Both temperature series,
55 and 65 °C, showed values between 5 and 7%,
whereby the elongation decreased with increasing
draw ratio.

Finally, we compared the mechanical properties of
the dry-jet wet spun fiber (spun at 65 °C, sample code
65-6) with a commercial tire cord fiber (Viscord 1840
CS3, Glanzstoff), Table 4. Both fiber types had
tenacities around 44-45 cN/tex. Nonetheless, the
obtained Young’s modulus of the dry-jet wet spun
fiber was twice as high as the one of the Viscord fiber.
Also, a higher orientation factor of the dry-jet spun
fiber was determined by birefringence measurements.
This difference can be attributed to the different
spinning processes. The IL fibers also showed a higher
crystallinity (75%) than commercial Viscord fibers
(68%). While Viscord fibers are produced by wet
spinning, the process described here is based on air gap
spinning. The air gap has a strong effect on the
molecular orientation and mechanical properties
(modulus of elasticity). A comparison of the stress—
strain curves of the fibers is shown in Fig. S11 (S.L.).
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Table 4 Structural parameters and mechanical properties of dry-jet spun and commercial fibers (Viscord 1840 CS3, Glanzstoff)

Fiber type Dry-jet spun (65-6) Viscord (1840 CS3)
f, 0.79 + 0.02 0.57 £ 0.06

Ic (%) 75+ 4 68 + 3

(1-10) (nm) 3.14 3.58

(110) (nm) 341 3.62

(020) (nm) 4.93 3.74

Fineness (dtex) 1.10 2.05

Elongation at break (%) 5.0+ 0.8 145 £ 25
Tenacity (cN/tex) 45 +£ 2 44 + 4

Young’s modulus (cN/tex) 2250 £ 120 1150 £ 80

However, the influence of the air gap on the fiber
properties has been shown to pose some challenges.
Thus, as a result of the higher orientation of air gap spun
fibers, their elongation at break is significantly lower
than the one of viscose fibers. It is well known that the
elongation at break of regenerated fibers depend on the
fiber forming process (Lenz et al. 1994). In fact, the
orientation of the fibers significantly affects elongation
as the orientation of the cellulose molecules in the fibers
increases, while break elongation decreases. In order to
improve the elongation at break, regulation of the air
gap conditions (AGC), which has been shown to allow
for an increased elongation at break (Guizani et al.
2020; Zhang et al. 2017b) can be envisaged.

Conclusions

Today, cellulose-based tire cord fibers are produced by
the viscose process. The main disadvantage of this
process is the high amount of toxic and environmentally
problematic chemicals like carbon disulfide or zinc
salts, which requires a complex and expensive purifi-
cation of both waste water and emission gasses. In this
study, we outlined a new cellulose tire cord fiber based
on the IL-technology, which does not require any
chemical pretreatment/conversion or chemical stabi-
lization of the spinning solution to dissolve the
cellulose. The fibers produced by the new air gap
spinning process have a dense structure and smooth
surface. The mechanical properties can be controlled by
the draw ratio and the spinning temperature. Increasing
the spinning temperature results in increased fiber
strength and Young’s modulus. The obtained

@ Springer

mechanical properties significantly exceed those of
commercial tire cord fibers. Thus, the tenacity values
where similar (around 44 cN/tex) while the Young’s
modulus was with 2245 £ 121 cN/tex twice as high.

Finally, spinning is not negatively influenced by an
increasing concentrating of [C,C;im][Oc] in the
coagulation bath. Currently, we investigate the influ-
ence of recycled ILs on spinnability and fiber
properties.
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