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The demand for man-made cellulosic fibers is rapidly increasing; however, these fibers are mainly based on wood
dissolving pulp. Faster growing crops, such as agricultural residues and annual fast-growing plants (i.e. hemp),
are attractive alternative raw materials as well.e report on the use of wheat straw pulp (WS) for the spinning of
continuous man-made cellulosic fibers based on an ionic liquid spinning technology. Filaments were produced
from bleached and unbleached WS pulp that were obtained by an acetone based organosolv fractionation
Commercial dissolving pulp based on hardwood (HW) was used as reference pulp Continuous filaments were
spun using a novel dry-jet wet spinning (HighPerCell® process) technique, which is based on the use of 1-ethyl-3-
methylimidazolium octanoate ( [CoC;im] [Oc]) as a solvent. Via this approach, continuous multifilament fila-
ments were spun in textile and technical quality filament yarns. Elongation at break up to 9 % and tenacities of
35 cN/tex were obtained for the WS filaments. The novel approach also allows the preparation of low wet
fibrillating cellulosic filaments appropriate for textile applications. It should be emphasized that only recycled IL
was used in the production of the filaments and sustainable pulping technology.

1. Introduction

Cotton currently has the largest market share of natural cellulose-
based textile fibers. Forecasts assume that total global annual textile
fiber production increases from 113 million tons in 2021 to 133.5
million tons by 2030, while cotton production is expected to remain
static between 26 and 28 million tons annually (Haemmerle, 2011). The
resulting “cellulose gap” must be closed by increasing fiber production
from wood-based pulp and through the utilization of additional cellu-
losic sources, such as annual plants, waste streams, and recycled
cotton-rich fabrics (El Seoud et al., 2020). The production of dissolving
pulp is currently depending on wood, while trees take a long time to
grow but the forest is also straggling due to the climate crisis and the
replacement of plastics due to national bioeconomy strategy. Cellulose
from faster-growing annual plants can also be extracted and used to spin
man-made cellulosic fibers (MMCFs) and, therefore, offer opportunities
to close the cellulose gap. MMCFs production was revived in several
reviews, and the different processes were compared (Sayyed et al.,
2019). The Viscose and Lyocell spinning technologies are currently
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available at industrial scale. Overall, the Viscose process is the major
MMCF-spinning technology. The Lyocell process, which is based on a
direct solvent, is less commonly used (Rosenau et al., 2002; Bredereck
and Hermanutz, 2005). Viscose requires alkaline ageing of the pulp
before spinning and is associated with the use of toxic CS; and 650-850
kg water per 1 kg of viscose fibers. Extensive waste treatment has
become cost determining for this process. The Lyocell process does not
require pretreatment of the pulp but uses a cyclic amine (N-Methyl-
morpholine N-oxide) as a solvent. This makes the process much more
efficient and environmentally friendly.

Pulps from annual crops such as hemp, flax and wheat straw or rice
straw offer a more rapid increase in pulp volume due to the higher
growth rate of the plants (Paulitz et al., 2017; Makarov et al., 2022;
Urdaneta et al., 2024). Fast-growing crops are considered to have a high
potential for carbon sequestration, though agriculture is a major emitter
of greenhouse gases (mainly nitrous oxide) (Conchedda and Tubiello,
2020; Seile et al., 2022; McDonald et al., 2021). Especially fast-growing
annual plants with a high cellulose and alpha cellulose — cellulose of
high purity — are considered an alternative to wood pulp. Ates et al.
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compared the chemical compositions of different agricultural residues
(Ates et al., 2015). Due to the high alpha cellulose content (> 65 %) and
low lignin content, hemp pulp is of main interest for fiber production,
which was described by different research groups (Paulitz et al., 2017;
Thiimmler et al., 2022). Recently, hemp pulp was tested into continuous
filament spinning process using ionic liquids as direct solvent. It could
be successfully shown that alternative pulp are applicable as alternative
feedstock in novel spinning techniques (Ota et al., 2023). Although,
annual plant pulps have a high potential to become next generation the
pulping processes still need to be adapted for different plant types (Vera
et al., 2023). Lignocellulosic biomass such as wheat straw or rice straw
usually have high ash contents, in particular silica as main component.
Silica is a structural element in the cell wall of plants and is therefore not
easily removed from the biomass. In general, wheat straw consists of
cellulose (33-55 %), hemicellulose (18-35 %), lignin (7-30 %), and
small quantities of other components, such as protein, wax and inor-
ganic compounds as well as up to 14 % inorganic components (Li et al.,
2019). Effective and high-value-added utilization of agricultural straw is
still challenging. Currently, only a fraction has been converted into
low-value products (feedstuff, soil fertilizer and paper). The use of wheat
straw pulp for textile application using common spinning techniques is
quite challenging. In particular residual metal ions or inorganic impu-
rities (silica, potassium, calcium) after the pulping process can have a
negative effect on filtration and spinning stability as well as fiber
properties. The Lyocell process, where N-Methylmorpholine N-oxide
(NMMO) is used as solvent, requires a much more complex purification
process for wheat straw compared to wood pulp (Rosenau et al., 2002).
The pressure on closing the cellulose gap and increasing the share of
MMCF for textile market is so high that finding new solvents for cellu-
lose spinning became of main interest for many research groups. In 2002
the Group around R. D. Rogers published the first paper in which they
described the solubility of cellulose in an ionic liquid (IL) (Swatloski
et al., 2002). Like NMMO, some ionic liquids (ILs) can be used as direct
solvents for cellulose, and so for fiber spinning. This was reviewed by
different researchers (Hermanutz et al., 2018; Azimi et al., 2022; Szabo
et al., 2023). If the physico-chemical properties are carefully selected,
ILs can be a safer spinning solvent than NMMO. Furthermore, the per-
centage of dissolved cellulose can be substantially higher. In addition, a
solvent recycling rate above 99.9 % can be reached, ending up with an
economical feasible process and comparable with lyocell. At early
research stages, 1-ethyl-3-methyl imidazolium acetate and 1-ethyl-3--
methyl imidazolium diethyl phosphate were the first IL that have been
evaluated for fiber spinning of cellulose within our group. (Olsson and
Westman, 2013) In the last 10 years we focused on the usage of octa-
noate as anion, namely 1-ethyl-3-methylimidazolium octanoate
[C2oCoim] [Oc]) as a solvent for filament spinning (HighPerCell® tech-
nology) (Vocht et al.,, 2021). In comparison to [CyCoim] [Ac] we
observed higher stretching rates during spinning which minimizes the
fiber diameter and allows the production of supermicro fibers for
instance. In addition, a higher thermal stability was proven for [C2Cyim]
[Oc] which is an advantage in recyclability of the ionic liquid due to less
degradation. This work is a proof of concept of the production of
high-quality cellulosic filaments from wheat straw using the patented
FABIOLA™ process for the pulp production and HighPerCell® for fila-
ment spinning (Smit and Huijgen, 2017).

2. Experimental
2.1. Materials

Upgraded unbleached (UB) and bleached (B) wheat straw-pulps
(WS) produced by Netherlands organization for applied scientific
research (TNO) were used for filament spinning. Virgin

1-ethyl-3-methylimidazolium octanoate ( [C2Ciim] [Oc]) was sup-
plied in technical grade by Proionic (AT). Based on the knowledge that
no influence on fiber spinning and properties are expected by re-use of
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the solvent, the spinning trails were performed with recycled ionic lig-
uids (see supporting information Figure S1).
2.2. Pulp preparation (Fabiola™)

Wheat straw (WS) pre-extraction and subsequent fractionation was
done using the Fabiola® process at Fraunhofer following the procedure
described in Smit et al. (Smit et al., 2022). Pulp upgrading was per-
formed to remove (silicon) ash content using previously optimized
process conditions. The selected process conditions (0.5 M NaOH, 4 h,
80 °C) were applied with 1 kg pulp in an autoclave (Kiloclave Biichi Glas
Uster AG, Switzerland) equipped with a 20 L vessel. Part of the upgraded
pulp (WS-UB) was subsequently bleached with sodium chlorite
following the procedure described by Smit and Huijgen (Smit and
Huijgen, 2017). All details can be found in supplementary information
(SD.

2.3. Pulp characterization

The ash content was determined gravimetrically after heating the
samples to 575 °C and maintaining the temperature for 6 h according to
DIN 54,370. Determination of the metal ion content was conducted
according to DIN EN ISO 11,885 using the ICP-OES instrument ICAP
7400 (Thermo Fisher Scientific). Alkali resistance (R-18 value) was
determination using an 18 wt % sodium hydroxide solution according to
DIN 54 355. Size exclusion chromatography (SEC) was performed using
a Shimadzu Nexera LC-40D, operated at 80 °C, combined with a Shi-
madzu RI-detector, operated at 60 °C. A PLgel mixed-B pre-column and
PLgel mixed-B separation column (linear separation range:
500-10,000,000 g/mol) were used. DMAc/LiCl (9 g/L) was used as a
solvent (flow rate 0.75 mL/min). A conventional calibration versus
Pullulan standards (PSS Mainz, Mn = 342-1330,000 g/mol) was
applied. Detailed sample preparation was previously described (Vocht
et al.,, 2021). Mass average molar mass (My), number average molar
mass (My), and dispersity (D) were calculated. Additionally, the degree
of polymerization (DP) was evaluated according to DIN 54,270.

2.4. Filament spinning and fiber characterization

Electron beam (EB) irradiation was performed for reducing pulps DP
in a controlled manner, with an EC-LAB 400 electron beam device from
Electron Crosslinking AB. All pulp plates (thickness of 0.5-1 mm) were
irradiated on both sides applying 40 kGy (in total 80 kGy) and an ac-
celeration voltage of 180 keV. This was performed at room temperature
and atmospheric pressure. Dope preparation was done in a two-stage
procedure starting with mixing pulp and the IL at room temperature
for 30 min. To obtain a homogenous spinning solution the mixture was
continuously processed via a thin film evaporator (VTA GmbH & Co.
KG) applying a rotational frequency of 100 Hz at 60 mbar and 120 °C.
The spinning dope was then filled into a pressure filtration cauldron
(Karl-Kurt Juchheim Laborgerate GmbH). All dopes had a concentration
of 12 wt %. Rheological properties of the dopes were measured using a
rheometer (MCR 301, Anton Paar) with parallel-plate geometry (25 mm
plate diameter, 1 mm gap). Dynamic moduli (storage modulus G’ and
loss modulus G’*) and the complex viscosity (4*) were determined by
performing dynamic oscillatory experiments between 110 and 20 °C
applying shear rates (between 0.1 and 100 s!) and a deformation of
10%. Zero-shear viscosity (57p) was calculated by fitting the Carreau
Gahleitner model (Gahleitner and Sobczak, 1989). Multi-filaments were
spun on a laboratory-scale device (Dienes Apparatebau GmbH) at
spinning temperatures of 65 and 75 °C respectively. The spinning dope
was passed through a metallic filter (mesh size of 0.043 mm). The
extruder was heated and propelled the spinning dope through a
multi-hole spinneret (250 capillaries, 450 pm capillary length, 150 ym
capillary diameter) into a 1-meter coagulation bath containing water at
18 °C via an air gap (10 mm) at an injection speed of 1.5 m/min.
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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, see Figure S1. We
previously proved that there are no major changes in the fiber properties
if the IL concentration in the coagulation bath rises during spinning
(Vocht et al., 2021). This finding opens the possibility to operate the
spinning at a relatively high concentration of the IL (up to 20 wt %) in
the coagulation bath and potentially reduces the energy costs during
solvent recovery.

Scanning electron microscopy (SEM) was carried out on a field
emission scanning electron microscope (Zeiss, type Auriga) with an ac-
celeration voltage of 3 keV. An Inlens-SE-detector was used for fracture
surfaces and a secondary electron detector for fiber surfaces, respec-
tively. Cellulosic fiber samples were sputtered with Pt/Pd (SEM, layer
thickness ca. 5 nm) for preparation. The total orientation of the cellu-
losic fibers was determined by birefringence (An) measurements using a
Leitz Laborlux 12POL polarization microscope (4 = 546 nm) equipped
with a Leitz compensator 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 (Anpyax = 0.062) (Lenz et al., 1992). It was
assumed that the maximum birefringence values of the amorphous and
crystalline phase are identical, i.e. Ang(max) = Angy(max) = 0.062
(Lenz et al., 1992; Lenz et al., 1993).

r
An = —
"=
An
ﬁ n Anmax

For Wide-angle X-ray scattering (WAXS), a Rigaku D/Max Rapid II
was used at 40 kV and 30 mA with Cu Ka radiation (1 = 1.54059 A). A
shine monochromator and an image plate detector were used. The
scanning rate was 0.2°/min and the scanning step 0.1° All fibers were
aligned in a fiber sample holder.

The degree of crystallinity (C.1.) was calculated according to the peak
deconvolution method using pseudo-Voigt functions (Seo et al., 2013).
Integrated intensities of the crystalline (I.) and the amorphous re-
flections (I,) were determined.

> L
I =—=="_
¢ NI+ I,

The crystallite chain orientation was determined by an azimuthal
scan of the meridional main interference taken from well-aligned fiber
samples in the longitudinal direction. The degree of preferred relative
orientation of the [002] crystallites (P.O.) was calculated according to
the following equation:

180" — FWHM [002]
N 180
Wet fibrillation tests were evaluated by fixing single filaments (2.5

cm length) to a frame and placing them in a cylinder containing 20 mL of
distilled HoO and 9 g of zirconia spheres (0.75-1 mm). Testing was

P.O.

Table 1
Wet fibrillation index (fb;) of the tendency to
fibrillate.

Counted fibrils fbi

0-5
6-10
11-20
21-40
41-80
> 80

U A WN -
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performed in a Labomat at 30 °C for 3 h and a rate of 50 rpm. Depending
on the counted fibrils, fibrillation was classified between 1 and 6
(Table 1).

Mechanical fiber properties of single filaments were measured on a
Textechno Favimat+ (20 °C, 60 % humidity) to obtain an average result
from 20 different single filaments according DIN ISO 5079 and for
testing under wet conditions DIN ISO 53 816. Fineness was measured as
weight in grams per 10,000 m of filament (dtex in the textile industry).
Boiling shrinkage was determined according DIN EN 14,621. Filaments
were placed for 15 min in boiling water and their shrinkage was
determined. Sweat test was done with 3 cycles in alkaline and acidic
sweat, the fibres were dried at 37 °C afterwards.

3. Results and discussion
3.1. Pulp composition

The determined R-18 values of the different pulps were comparable
and ranged from 90 to 95 %. R-18 (alpha cellulose) value describes the
amount of the cellulose material, which is not dissolved in an 18 %
NaOH solution and is commonly used to describe the pulp quality
(Hermanutz et al., 2018; Zhang et al., 2018; Fechter et al., 2020). While
the commercial HW pulp possessed an R18 value of 90 %, cellulose
contents of respectively 94 % and 95 % were measured for the WS pulps,
unbleached (WS-UB) and bleached (WS-B), (Table 2). All pulps had
initial DPs over 900, Table 1. Such high DPs lead to highly viscous so-
lutions where either an increased spinning temperature is needed for
spinning or lower cellulose concentration has to be chosen, which also
disfavored due to demand of energy or lower efficiency, respectively.
Usually, the DP must be reduced to a value lower than 800. There are
different ways to shorten the cellulose chains and increase the dope
concentration (Hwang et al., 2020). In previous papers we showed that
electron beam radiation (EB), a non-chemical method, is a suitable
process to adjust the DP of pulps (Ota et al., 2023; Vocht et al., 2021).
This process is based on the splitting of the cellulose chains, increase the
available surface area and reduces the crystallinity (Driscoll et al., 2009;
Seo et al., 2013). The latter two are beneficial for the dope preparation
using [C2Cpim] [Oc] (Ota et al., 2023). Irradiation of the pulps was
executed by applying an EB dose of 80 kGy, resulting in DPs between
650 and 410 and a dispersity index (D)of 6 - 8 for all pulps, Fig. 3 and
Table 2. It can be also seen that the molecular weights (M) were very
similar after EB treatment for all pulps. Establishing a precise correlation
between DP and SEC data is challenging, because DP is a direct measure
while SEC is an indirect measurement technique. Defining this quanti-
tative relationship is an important research topic that should be the
focus of a separate, dedicated study. As the DP is also commonly used by
industrial spinning of cellulose we have designated using DP as the
governing parameter for evaluating the spinnability of cellulosic feed-
stocks. SEC measurements are primarily done to understand the

Table 2
DP, R 18 value, Mn, Mw, P and ash content of the cellulose pulp before and after
EB irradiation.

Pulp EB dose/  DPperna M,/ ME,/ P> R18/
kGy kg/mol kg/mol %
HW before 0 930 35 435 13 90
EB
after EB 80 650 33 311
WS- before 0 1320 37 646 17 94
UB EB
after EB 80 410 35 295
WS-B  before 0 1160 81 1204 15 95
EB
after EB 80 440 37 230 6

! Number average molecular weight; >weight average molecular weight;
Sdispersity index.
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Fig. 3. Molecular weight distribution diagrams before (black) and after irradiated with 80 kGy (red) of the pulps a) HW, b) WS-UB, and c) WS-B.

EB-degradation process better

Small amounts of ash were found (below <0.5 wt %) in all pulps
(Table 3). The lowest amount of heavy metal content and silicon were
found for the industrial wood pulp (HW). Nevertheless, the bleached
(WS-B) and unbleached (WS-UB) samples showed low amounts of silicon
as well. Via bleaching of the WS pulp the total amount of ash could be
significantly reduced by 77 % to 0.11 %. It was noted that all metal ion
values are acceptable and within the tolerance level and no known
negative effect for [CoC1im] [Oc]-based spinning processes is expected.
In contrast to the Viscose or Lyocell process, where transition metal ions
interfere with the processes, e.g. these ions can react with NMMO during
the Lyocell process, resulting in exothermic reactions (Rosenau et al.,
2002).

Table 3
Ash content and ICP-OES analysis of the pulps.
Pulp HW WS-UB WS-B
Ash content / wt % 0.06 0.48 0.11
Metal ion / ppm Fetotal 4 67 53
cu*t <1.0 26 <1.0
NiZt+ <2.0 <2.0 <2.0
Mnyotal <2.0 <2.0 <2.0
Criotal <1.0 21 7
Si 33 300 110
S 76 85 61
Na/K 220/ <4 290 /16 170 / 74
Mg / Ca 17 /73 18 / 300 3/27

3.2. Rheology and fiber spinning

The rheology profiles of the cellulose/IL dopes were used to deter-
mine their spinnability and the conditions to perform the spinning trail
(Olsson and Westman, 2013; Ingildeev et al., 2013). For viscoelastic
spinning dopes, a crossover point (G' = G") is expected at a specific
frequency (wg). Spinning solutions consisting of 12 wt % cellulose in
[C2Cyim] [Oc] displayed non-Newtonian viscous behavior. As a result, a
shear-thinning behavior of the viscoelastic fluid was observed, Fig. 4.
With decreasing temperature, the wg decreased while zero-shear vis-
cosity (7o) increased, a typical behavior for polymeric solutions. All
solutions showed a suitable 7y range, which is essential for spinnability
and typically between 1000 —10.000 Pa -s.

Based on the rheology measurements, 75 °C (HW) and 65 °C (WS)
were chosen the for spinning trials. The multifilament bundles produced
were extruded into a coagulation bath (water) after passing an air gap of
10 mm and continuously washed with water. Table 4 summarizes the
parameters for fiber spinning based on the air gap (dry-jet wet) spinning
process. For all spinning trials, no clogging of the nozzle was observed,
and continuous filaments were spun without any failures. The spinning
trials confirmed an important operational tolerance: the water coagu-
lation bath remained stable even at elevated IL concentrations. The
stability is highly valuable, as the ability to operate with a higher solvent
concentration in the bath means less water must be distilled during the
solvent recovery cycle. Draw ratios (DRs) were varied from 3 to 27 in
order to modify the filament properties. Low DRs yielded in higher
elongation filaments (textile quality), while increasing the DR led to
higher tenacity filaments (technical quality). Highly stretched yarns are
mainly used as reinforcement fibers due to higher strength while yarn
with higher elongation at break are preferred for apparel. Obtained
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Fig. 4. Rheological behavior of the spinning dope (12 wt % cellulose HW (black), WS-UB (red). and WS-B (green) in [C2C;im] [Oc]) left: master curve at reference
temperature 70 °C, [n*| (@), G’ (v), G’ (a); right: rheological parameters 1o (l) and ws (a) in dependence of temperature.

Table 4

Air gap spinning conditions of 12 wt % [C2C;im] [Oc] spinning solution.
Spinning trial Temperature/ °C 1o / Paes ws/ st max. DR
HW 75 8889 8 11
WS-UB 65 1484 55 20
WS-B 65 1084 121 27

filaments on bobbins are shown in Fig. 5.

3.2.1. Characterization of the filaments

The obtained filaments, had an average linear density between 1.9
and 2.8 dtex (diameter between 9 ym and 16 ym), which is typical for
man-made cellulosic fibers. Note that 1 dtex is the linear density defined
as Grams per 10,000 m of yarn.

Because of the rapid coagulation of cellulose, all fibers showed a
smooth surface with no visible defects. The round cross section of the
fibers (Fig. 6, right side) is a result of the dry-jet wet spinning technique.
Due to the preorientation of the molecular chains in the air gap all fibers
showed a fibrillar structure network (Ingildeev et al., 2013). The fibers
did not show any visible voids or signs of a skin-core structure in the
cross-section, representative SEM images are shown in Fig. 6. As re-
ported in a previous publication there were no residual amounts of IL
residue present in the HighPerCell® filaments (Vocht et al., 2021).

For all three pulps the spinning conditions were varied to achieve
textile and technical filament quality, see Table 5 and Table 6. For a
better comparison of the fibers we picked similar DRs, respectively 4 and
11 for textile and technical fiber quality. The shrinkage during drying
was 3.0 % and 0.25 %, respectively. The mechanical tensile properties of
the single filaments were measured under dry and wet conditions

Fig. 5. Filaments left (HW), middle (WS-UB) and right (WS-B).

according to DIN norm. Though, spinning HW pulp higher tensile
strengths (33-40 cN/tex) and Young’s moduli (1800-2200 cN/tex) were
observed under dry conditions. Technical fiber showed compared values
to lyocell fibers (35-40 cN/tex), where textile quality is also the range of
viscose fibers that possess fibers strength between 20-25 cN/tex. WS
filaments had tenacities between 18-28 cN/tex and Young’s moduli
between 1000-1800 cN/tex. This difference might be due to the lower
molecular weight (M) of the HW pulp as described by other researchers
(A. Michud et al., 2015). No major differences in the mechanical fila-
ment properties from bleached and unbleached WS pulps were
observed, reflecting the tailorable character of this IL-based process to
different pulp origins. Apparently, there is no influence of the impurities
originating from the raw material in case of the wheat straw, even lower
ash content in the bleached pulp did not increase the tenacity or elon-
gation values for both technical and textile fiber quality. Therefore, it is
more dependent on the molecular structure of the cellulose. Due to
shorter cellulose chains of WS (DP) less covalent bonding between the
cellulose chains is possible and lower strength is observed. All filament
types also showed the typical behavior when testing the mechanical
properties under wet conditions with an increase of the elongation at
break values and decreased tenacity and Young’s modulus.

Depending on the spinning conditions, the microfibril chain orien-
tation differs. A high chain orientation along the longitudinal fiber axis
(P.O. values) and total orientation (f;) leads to the delamination of the
fiber; this phenomenon is called fibrillation. Fibrillating fibers will show
a “peach skin-like” appearance and affects textile processes (weaving,
dyeing and finishing) (Bates et al., 2006; Ma et al., 2016). Fibrillation
occurs under wet mechanical abrasion and results in disintegration of
the fibers. In case of HW and WS filaments it can be nicely correlate with
the spinning conditions (DR and shrinkage) applied to result in two fiber
qualities, namely textile and technical. To maintain the quality of tex-
tiles during wearing and washing, fibrillation has to be minimized.
Table 5 shows the comparison between the total orientation (fy) —
measured via birefringence — and the wet fibrillation index (fb;) — me-
chanical stability under wet conditions. In general, higher orientated
filaments showed a higher fibrillation tendency. This effect is also
related to the draw ratio as higher ratios result in most cases in higher
tenacity. A reverse trend was seen for filaments with a lower total
orientation /lower DRs. To describe this filament-type the term “textile”
is used. Additional like the f; the diffraction, patterns correlated with the
fibrillation and, hence, the spinning conditions. “Textile” filaments
showed a typical semi-crystallinity cellulose II kind patterns with a
higher share of an amorphous part (crystallinity index between 60 and
74) while “technical” filaments showed sharper crystalline reflexes
(crystallinity index between 76 and 78), Figure S3 and Figure S4. The
“technical” filaments showed higher tenacity, while the lower elonga-
tion at break for this filament type is also directly correlated with the
fiber structure (Vocht et al., 2021; Zhu et al., 2016). The textile quality



A. Ota et al.

Journal of Ionic Liquids 5 (2025) 100178

Fig. 6. SEM images of the fibers a) HW, b) WS-UB and c) WS-B.

Table 5

Mechanical (dry and wet) mean value of 20 measurements, total orientation (fy),
crystallinity index (C.L), preferred orientation (P.O.) and fibrillation index (fb;),
mean value of 3 measurements, of “textile” filaments.

Table 6

Mechanical (dry and wet), mean value of 20 measurements total orientation (f,),
crystallinity index (C.L), preferred orientation (P.O.) and fibrillation index (fby),
mean value of 3 measurements, of “technical” filaments.

HW WS-UB WS-B HW WS-UB WS-B
Draw Ratio 4 4 4 Draw Ratio 12 11 11
Shrinkage / % 3.0 3.0 3.0 Shrinkage / % 0.25 0.25 0.25
Testing dry wet dry wet dry wet Testing dry wet dry wet dry wet
conditions conditions
Titer / dtex 1.94 + 211 + 232+ 1.96 + 2.34 + 2.42 + Titer / dtex 1.75 + 1.80 + 2.02 + 1.96 £ 2.30 £ 2.28 +
0.05 0.05 0.24 0.12 0.15 0.20 0.11 0.11 0.10 0.12 0.08 0.13
Elongation at 10+1 14+1 9+1 16+2 8+1 15+3 Elongation at 8+1 8+1 4+1 7+1 4+1 8+1
break / % break / %
Tensile 33+1 18+1 20+ 2 12+ 2 18 +2 10+1 Tenacity / ¢N/ 40+ 2 23+1 27 £ 2 14+1 28 +£3 12+1
strength / tex
cN/tex Young’s 2225 + 314 + 1835 + 226 + 1777 + 163 +
Young’s 1798 + 112 + 1075 + 61 +4 1044 + 50+ 4 modulus/ 95 14 41 11 66 13
modulus / 51 8 43 45 cN/tex
cN/tex fe 0.70 + 0.03 0.64 £+ 0.02 0.66 + 0.01
fe 0.63 = 0.02 0.54 + 0.01 0.53 £+ 0.02 CL /% 78 76 78
CIL /% 74 60 74 P.O. [002] 92 91 90
P.O. [002] 88 85 86 fbi 5 4 5
fb; 2 2 2

filaments show only few fibrils on the surface while many fibrils are
visible in case of the technical quality, Fig. 7. Filaments with low and
high fibrillation can be produced using the IL-technology (HighPerCell®
process) by simply varying the process conditions without the need of
chemicals or time-consuming post-spinning treatment (Ingildeev et al.,
2013; A. Michud et al., 2015), surpassing the Lyocell fibers, as a treat-
ment (cross-linking) is essential for specific applications.

The stability of the spinning dope and whether ageing occurs was
evaluated by spinning the same dope over 16 days. This was tested using
WS-UB and the same spinning conditions were chosen in terms of
spinneret configuration, spinning speed, temperature (80 °C) and draw
ratio to observe any differences in the filament properties, Fig. 8 and

Table S2. For all fibers the elongation at break remained mostly constant
over time in comparison to the starting values of ~4 % and a tenacity of
~ 35 cN/tex. Here the effect of the spinning temperature also has to be
emphasized, increasing the spinning temperature led to an increased
tenacity (35 cN/tex) and Young’s modulus (around 2000 cN/tex)
compared to the technical WS-UB fibers spun at 65 °C (27 cN/tex and
1800 cN/tex). Both findings show the stability and the flexibility of the
dope and the process.

Another important quality control test for fibers is the so-called
boiling shrinkage test, which is used to specify the dimensional stabil-
ity of textiles, for example after washing. The boiling shrinkage test
showed a lower shrinkage for the textile filaments compared to technical
filament, Fig. 9.
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Fig. 7. SEM images of WS-UB filaments after wet fibrillation testing a) textile quality and b) technical quality.
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Fig. 8. Mechanical properties (elongation at break (black) and tenacity (blue))
of the filaments of the WS-UB dope ageing test.

There was no significant change of the mechanical properties after
the boiling shrinking test (Table S3 S.1.), except for the Young’s modulus
of all technical filaments where a loss around 30 % was observed
regardless of the pulp origin (Fig. 10). This drop was also observed in
case of the textile HW filaments. This difference could be caused by the
relaxation (softening of non-crystalline regions within the cellulose
microfibrils, relaxation of oriented amorphous regions or crystallite
slippage) of the fibers during the boiling shrinkage test. No analytics
were performed. Therefore, no evidence or comprehensive conclusion is
possible.

4. Conclusions

This study focused on analyzing the potential filament production
using HighPerCell® technology and wheat straw pulp produced via an
acetone-based organosolv process. HW dissolving pulp was used as a
reference material. The unbleached and bleached WS pulps had high
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Fig. 9. Shrinkage of textile (orange) and technical (green) filaments from HW,
WS-UB and WS-B.

cellulose purity and were suitable for IL-based dope preparation. Fila-
ment dry-jet wet spinning was successfully performed with the different
pulps. WS-based filaments showed slightly lower mechanical properties
compared to HW pulp filaments due to a different molecular structure of
the cellulose. Nonetheless, the influence of the spinning conditions (DR,
shrinkage) and the resulting fiber structure nicely revealed the flexibility
of the spinning technology without using any chemical for determining
structural properties. Furthermore, it should be emphasized that a local
available feedstock was processed using sustainable, energy- and
resource-efficient biorefinery and spinning technologies with recycled
solvent use. This is essential for the transition to a sustainable and cir-
cular textile value chain. Future work should expand the focus beyond
hemp and wheat straw to include other annual plants. We aim to
investigate the influence of the different molecular structures of cellu-
lose—specifically, those derived from wood versus non-wood
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Fig. 10. Young’s modulus of HW, WS-UB and WS-B of textile (orange) and
technical (green) filaments before (closed symbols) and after (open symbols)
boiling shrinkage test.

sources—to better understand their impact on filament properties.
These basic studies will help develop models for local supply chains of
raw materials usable with the HighPerCell® technology (i.e., "drop-in"
solutions depending on seasonal availability of feedstock). Furthermore,
pulp production methods are of interest, as they significantly influence
pulp composition and reactivity. Finally, as the textile industry moves
toward circularity, fiber-to-fiber recycling is an important subject for
further study.
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