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Abstract Lyocell fibers have received increased

attention during the recent years. This is due to their

high potential to satisfy the rising market demand for

cellulose-based textiles in a sustainable way. Typi-

cally, this technology adopts a dry-jet wet spinning

process, which offers regenerated cellulose fibers of

excellent mechanical properties. Compared to the

widely exploited viscose process, the lyocell technol-

ogy fosters an eco-friendly process employing green

direct solvents that can be fully recovered with low

environmental impact. N-methylmorpholine N-oxide

(NMMO) is a widely known direct solvent that has

proven its success in commercializing the lyocell

process. Its regenerated cellulose fibers exhibit higher

tenacities and chain orientation compared to viscose

fibers. Recently, protic superbase-based ionic liquids

(ILs) have also been found to be suitable solvents for

lyocell-type fiber spinning. Similar to NMMO, fibers

of high mechanical properties can be spun from the

cellulose-IL solutions at lower spinning temperatures.

In this article, we study the different aspects of

producing regenerated cellulose fibers using NMMO

and relevant superbase-based ILs. The selected ILs are

1,5-diazabicyclo[4.3.0]non-5-ene-1-ium acetate

([DBNH]OAc), 7-methyl-1,5,7-triazabicyclo[4.4.0]

dec-5-enium acetate ([mTBDH]OAc) and 1,8-diaz-

abicyclo[5.4.0]undec-7-enium acetate ([DBU-

H]OAc). All ILs were used to dissolve a 13 wt%

(PHK) cellulose pulp. The study covers the fiber

spinning process, including the rheological character-

ization of the various cellulose solutions. Moreover,

we discuss the properties of the produced fibers such

as mechanical performance, macromolecular proper-

ties and morphology.
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Introduction

Cellulosic fibers long dominated the man-made fiber

market until the synthetic fiber production surpassed

cellulosics in the late 1960s (The Fiber Year 2013).

Ever since, the man-made cellulose fibers have been in

the shadow of polyesters, polyamides and acrylics.

However, more and more problems are emerging in

connection with the ubiquitous use of plastics. For

instance, an increasing share of the plastic debris is

discharged during laundering and enters the marine

environment, where weathering causes fragmentation

into so-called secondary microplastics that even small

marine invertebrates may ingest (Goldstein and

Goodwin 2013). By 2100, a 50-fold increase of

buoyant microplastic particles (ca. 50 particles m-3)

and ca. 8000 particles kg-1 of sedimented microplas-

tic particles are predicted (Everaert et al. 2018). This

and other environment and health-threatening issues

have led to a renaissance of cellulosic fibers. In 2018,

the total man-made cellulosics production was 6.8

million tonnes, with viscose accounting for 5.6 million

tonnes (The Fiber Year 2019). The viscose technol-

ogy, however, is associated with a number of draw-

backs and limitations. It consists of a long processing

cascade and requires large amounts of CS2 and caustic,

which results in hazardous byproducts such as H2S

gases and other volatile thio-compounds posing severe

threats on the environment and work forces. Alterna-

tive solutions to satisfy the increasing demand for

cellulosic fibers are thus needed. At present, only one

lyocell-type fiber has a noteworthy share on the fiber

market. Lyocell is a generic name which is derived

from the Greek word lyein (meaning dissolve) and cell

from cellulose, and describes a process in which

cellulose is dissolved without chemical modification

in a direct solvent and spun in a dry-jet wet spinning

process via an air gap into an aqueous coagulation

bath. Currently, the only commercial lyocell solution

is based on the solvent N-methylmorpholine N-oxide

(NMMO) monohydrate. With the development start-

ing as early as in the late 1960s, the first commercial

production plant started operation in the early 1990s.

123

534 Cellulose (2021) 28:533–547



In 2018, this fiber type, sold under the trademark

Tencel, had a market volume of ca. 220,000 annual

tones with another 100,000 tonnes plant being built.

The continuous expansion of the global lyocell

capacity reflects the increasing demand for sustainably

produced bio-based fibers. This and certain stability

issues associated with NMMO (Buijtenhuijs et al.

1986; Rosenau et al. 2001; Jusner et al. 2020), have

motivated research on other cellulose solvents that

allow for direct dissolution and subsequent fiber

spinning. Meanwhile, a wide spectrum of cellulose

solvent systems is known, including electrolyte solu-

tions [DMAc/LiCl (Hansen and Björkman 1998),

DMSO/TBAF (Heinze et al. 2000; Köhler and Heinze

2007), ammonia or amine/thiocyanate (Hattori et al.

2002, 2004), [BMIM]Cl/DMI (Rinaldi 2011)], phos-

phoric acids (Bredereck and Hermanutz 2005; Liebert

2010), metal complex-based solvents (Horvath 2006;

Liebert 2010), and aqueous sodium hydroxide (with

and without additives) (Budtova and Navard 2016;

Kamida et al. 1984; Kamide et al. 1992; Yamashiki

et al. 1992). However, all of them suffer from certain

problems and shortcomings which have yet prevented

them from scaling-up to commercially relevant levels.

Strictly speaking, this also applies to ionic liquids

(ILs) which are the subject of the article at hand.

Although ILs have been described already at the

beginning of the 20th century (Walden 1914),

notable research activities in this field emerged only

in the 1990s. The definition of ILs and a comprehen-

sive overview can be found in the seminal review by

Welton (1999). At the beginning of the 21st century,

ILs were found to dissolve biopolymers such as

cellulose, but also secondary wood polymers (hemi-

cellulose, lignin) and wood in its entirety. For details,

the reader is referred to a set of earlier published

reviews (Brandt et al. 2013; Lê et al. 2019; Maeki-

Arvela et al. 2010; Pinkert et al. 2009; Singh and

Simmons 2013; Wang et al. 2012). Notably, most of

the described biomass-dissolving ILs were imida-

zolium-based and only very few comprised other

heterocycles such as 1-alkylpyridinium, 1-alkyl-1-

methylpyrrolidinium, and guanidinium or non-cyclic

quaternary cations like tetraalkylammonium and

phosphonium ions (El Seoud et al. 2007; Laus et al.

2005; Maeki-Arvela et al. 2010). Further, they all

included an anion with a high hydrogen-bond (net)

basicity (Crowhurst et al. 2003; Doherty et al. 2010;

Hauru et al. 2012). The most prominent ones regarding

cellulose-dissolving ILs are halides (Swatloski et al.

2002), carboxylates (Fukaya et al. 2006), and phos-

phates (Brandt et al. 2010; Fukaya et al. 2008).

Various ILs representing combinations of above

mentioned cations and anions have been proposed

for spinning of (ligno-)cellulosic filaments. A com-

prehensive summary of IL-based fiber spinning was

given earlier (Hummel et al. 2016). The majority of

those studies focus on imidazolium chlorides and

acetates. They can dissolve cellulose and other

biopolymers in high concentrations, and in particular

imidazolium acetate ILs are characterized by low

viscosity, facilitating handling and dissolution. Yet,

imidazolium-ILs suffer from a number of drawbacks

limiting their potential for large-scale fiber spinning.

Usually, the halide-containing IL require a compara-

tively high dissolution and processing temperatures at

which the IL can decompose (Kosmulski et al. 2004;

Meine et al. 2010), and cellulose polymers are

degraded substantially even if stabilizers are added

(Bentivoglio et al. 2006; Gazit and Katz 2012; Laus

et al. 2005). These problems can be alleviated to some

extent when replacing the halide anion with acetate

(Michud et al. 2015a). Nonetheless, side reactions

induced by the imidazolium moiety such as cellulose

modification (Clough et al. 2015; Ebner et al. 2008)

and acetylation through trans-acylation may occur

(Zweckmair et al. 2015).

Apart from thermal and chemical integrity, the

spinning of filaments requires distinct visco-elastic

properties of the cellulose-IL solutions. These require-

ments are less strict for wet spinning where the

coagulation of the filaments happens instantly after the

solutions exit the spinneret. Hence, no or very limited

draw is applied to the filament. Consequently, the total

orientation and crystallinity of the resulting fibers are

low, resulting in moderate mechanical properties. In

contrast, dry-jet wet spinning results in filaments and

fibers with a pronounced macromolecular orientation

and high mechanical properties. The decisive differ-

ence between wet and dry-jet wet spinning is that in

the case of the latter the spinneret is outside the spin

bath and the visco-elastic filaments pass through an air

gap (typically only a few centimeters long) before they

immerge into a coagulating medium. By adjusting the

filament take-up velocity to a multiple of the linear

extrusion velocity, the filaments are stretched pre-

dominately in the air gap. Once the filaments get into

contact with the spin bath rapid solvent exchange
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causes instant coagulation which is believed to follow

spinodal decomposition (Nishiyama et al. 2019). The

stretch of the filament is called draw and creates a

uniaxial stress tensor acting on the polymer chains in

solution. The polymers adopt an oriented structure

with a predominant direction parallel to the filament

axis, which is preserved in the final solid fiber due to

the rapid solidification in the spin bath. This axial

orientation results in high tensile strength and modulus

known for lyocell-type fibers and is usually not

accessible through classical wet-spinning processes.

Evidently, the filament draw also reduces the

diameter of the final cellulosic fiber. A final fiber

diameter of ca. 10–13 lm (correspond to 1–2 dtex) is

mandatory for technical applications such as compos-

ite reinforcement and in particular to produce yarns for

textiles and clothing. Although the reduction of the

diameter may seem trivial, it is one of the key issues

that disqualifies most cellulose-IL solutions, which

lack the necessary viscoelasticity for filament draw.

Various breaching mechanisms in the air gap depend

on the initial filament diameter, which limits the

minimum diameter of the spinneret orifices (Ziabicki

and Takserman-Krozer 1964a, b). If the filament is too

thin when exiting the spinneret it will breach in the air

gap. Thus, the draw-ability of an initially thick

filament is a central requirement for dry-jet wet

spinning to yield thin and strong fibers. The archetyp-

ical IL [emim]OAc does not provide the addressed

viscoelasticity and its suitability as solvent for dry-jet

wet spinning is thus limited (Hauru et al. 2016).

We found earlier that the amidine-based ionic

liquid 1,5-diazabicyclo[4.3.0]non-5-ene-1-ium acet-

ate ([DBNH]OAc) is an excellent solvent to process

cellulose in a lyocell-type spin process (Hummel et al.

2016; Michud et al. 2016b; Sixta et al. 2015). It

contains acetate as an established anion that provides

the necessary hydrogen bond basicity to dissolve

cellulose. Obtained through simple mixture of the

superbase with equimolar acetic acid, the resulting IL

dissolves lignocellulose rapidly at mild processing

temperatures (B 80 �C). More importantly, the result-

ing solutions depict visco-elastic properties suitable for

dry-jet wet spinning at high draw ratios (up to 20) (Ma

et al. 2016a). After studying systematically the

influence of the composition (Ma et al. 2016a, b) and

molecular weight distribution (Michud et al. 2015b) of

the lignocellulosic solute on the spinnability, we now

looked at alternative superbase-based ILs: 1,8-

Diazabicyclo[5.4.0]undec-7-enium acetate ([DBU-

H]OAc), an amidine-based IL, and 7-methyl-1,5,7-

triazabicyclo[4.4.0]dec-5-enium acetate

([mTBDH]OAc), a guanidine-based IL. Similar to

DBN, both DBU and mTBD ILs are capable of

dissolving high cellulose contents (Parviainen et al.

2013; Kuzmina et al. 2017; Elsayed et al. 2020).

Herein, we report on the suitability of these ILs as

spinning solvents and compare their performance with

NMMO monohydrate as a benchmark.

Materials and methods

The superbases were received as follows; DBN

(Fluorochem, United Kingdom), DBU (Merck, Ger-

many), and mTBD (BOC Sciences, USA). Respective

ILs were prepared by the addition of equimolar glacial

acetic acid (Merck, Germany) to the superbases (DBN,

DBU and mTBD). [emim]OAc was available from

Merck, Germany. The IL preparation was carried out

in a controlled temperature glass reactor under con-

tinuous stirring for 1 h. The reaction temperature was

set to 70 �C for the synthesis of [DBNH]OAc and

[DBUH]OAc, and 80 �C for the synthesis of

[mTBDH]OAc. NMMO monohydrate (Alfa Aesar,

Germany) was used as received. Propyl gallate powder

(Merck, Germany) and NaOH pellets (VWR, Finland)

were used as stabilizers during the NMMO dope

preparation. Cellulose pulp sheets, birch prehydrolysis

kraft (PHK) (intrinsic viscosity = 494 ml/g,

Mw = 160.5 kDa, polydispersity index 3.6, Pure by

Stora Enso, Enocell mill, Finland), was received and

ground in a Wiley mill.

Cellulose dissolution took place in a vertical

kneader by adding 13 wt% of cellulose (of the total

mass) to the ILs and NMMO, respectively. An

additional 0.3 wt% (oven-dry mass of pulp) propyl

gallate and 0.13 wt% (oven-dry mass of pulp) NaOH

were added to the NMMO/pulp mixture prior to

mixing. Thereafter, the kneader was closed and let to

stir for 90 min with 30 RPM under a vacuum pressure

of 20 mbar. The applied temperature was 80 �C for the

[DBNH]OAc-cellulose and [emim]OAc-cellulose

solutions, 85 �C for [mTBDH]OAc-cellulose solution

and 95 �C for [DBUH]OAc and NMMO-cellulose

solutions. Following dissolution, the cellulose-IL

solutions also referred to as dopes, were filtrated in a

hydraulic press system (170 bar, metal filter fleece,
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5–6 lm absolute fineness) to remove any undissolved

cellulose particles. Finally, the clear solutions were

wrapped and sealed against moisture and preserved in

cold room storage.

Fiber spinning was performed by the means of a

dry-jet wet piston unit (Fourné Polymertechnik, Ger-

many). The dope was fed to the spinning cylinder and

extruded through the spinneret capillaries. The fila-

ments were aligned and stretched in an air gap before

regenerating in a ca. 110 L water spin bath and finally

collected around a spinning godet. The extrusion

velocity was 3.5 m/min, whilst the take-up velocity

gradually increased from 7 to 42 m/min, i.e., the draw

ratio (DR) range of 2–12. The spinneret was of 200

holes, 100 lm capillary diameter and a length-to-

diameter ratio of 0.2. The air gap distance was 1 cm

and the temperature of the bath was fixed to 12 �C
throughout the process. Over the course of the

spinning process, different temperatures were

employed for the various dopes. The temperatures

were ca. 80 �C for the [DBNH]OAc, 85 �C for the

[mTBDH]OAc, and 95 �C [DBUH]OAc and NMMO

dopes. Directly after spinning, the regenerated fila-

ments were cut into 10 cm fibers and washed at 80 �C
for 2 h to rinse off the residual IL. The washing water

was changed to fresh water after the first hour interval.

Rheological characterization

The shear rheological properties of the dopes were

analyzed with Anton Paar MCR 302 parallel plate

device (25 mm plate diameter, 1 mm gap size).

Oscillatory measurements followed a similar protocol

(strain, angular frequency range, and temperatures) as

described in our previous publications (Hummel et al.

2016; Michud et al. 2016a). Using this sequence, it

was possible to measure the sample complex viscosity

(g*), storage moduli (G0) and the loss moduli (G00).
From the data, the zero shear viscosity was extrapo-

lated via fitting g* to Cross viscosity model as shown

in the below equation, where C and p are (cross) time

and rate constant respectively.

g ¼ g0 � g1
1þ C _cð Þp þ g1 ð1Þ

The master curves for the complex viscosity and the

dynamic moduli were derived from the reduced

variables via WLF time–temperature superposition.

The shift factors and reduced variables were

calculated as described by Sammons et al. (2008).

The master curves were calculated at 90 �C and the

spinning temperature, respectively.

Tensile measurements

The fibers breaking tenacity, breaking force, elonga-

tion at break and linear density were measured on an

automatic single-fiber tester (Favigraph, Textechno,

Germany) for conditioned and wet properties. Prior to

the test, the fibers were conditioned over night at

20 �C and 65% relative humidity. The fiber count was

20 per sample. The test implemented a gauge length of

20 mm, 20 mm/min test speed and a sample preten-

tion weight of 5.9 ± 1.2 mN/tex (according to DIN

the 53816 standard). The Young’s modulus of the

fibers was derived from the elastic region in the stress

strain curve based on the ASTM standard D2256/

D2256.

Scanning electron microscope (SEM)

Cross-sectional images of the fibers were obtained via

a Zeiss Sigma VP SEMwith an acceleration voltage of

1.5 kV. The samples were prepared via sputter coating

with Au prior to the imaging.

X-ray diffraction and birefringence

The regenerated cellulose fibers were first washed

again with water before the X-ray diffraction (XRD)

measurements. XRD data were analyzed via SmartLab

(RIGAKU) instrument operated at 45 kV and 200 mA

(k = 1.5418 Å). Prior to the measurement, the fibers

were cut into small shreds and pressed to form pellets.

Using a sample holder with a transmission geometry,

the powder diffraction data were collected in the

continuous line scanmode with h/2h geometry from 5�
to 60� 2h, available in Fig. S1 a. Azimuthal profiles of

(020) diffraction peak were scanned with chi scan

mode.

An air scattering profile without samples was

collected under the same experimental condition and

was subtracted from the intensity profiles of the

samples. The subtracted data, illustrated in Fig. S1b,

were smoothed using Savitzky-Golay filter with a

window size of 29 and a polynomial order of 1. The

smoothed data were corrected for inelastic scattering.
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The background profile (Ibkg hð Þ) was estimated

using a smoothing method applying Savitzky-Golay

filter from 8� to 55� 2h for each diffraction profile.

Window size and polynomial order for the Savitzky-

Golay filter were set to 201 (corresponding to 4� by 2h)
and 1, respectively. Iteration for the background

estimation was repeated 50 times until there was no

significant reduction in the background area. Then the

crystallinity index (CI) was estimated using the ratio

of the area of total intensity and of the above estimated

background intensity from 9� to 50� 2h:

CI ¼
R
I hð Þdh�

R
Ibkg hð Þdh

R
I hð Þdh ð2Þ

The background corrected profiles in the range

from 8� to 26� 2h were fitted with four pseudo-Voigt

functions for (1-10), (110), and (020) equatorial

diffraction peaks, and a diffraction peak for meridian

(002) peak as shown in Fig. S1 c. Latter meridian peak

was added because a visible shoulder was present at

17.2� 2h probably due to the preferential orientation

originating from the fibrous morphology of the

samples. The software lmfit was used for the fitting

as shown. Scherrer equation was used to estimate the

crystal widths (CWhkl) of equatorial lattice of cellulose

II as follows:

CWhkl ¼
Kk

bhkl cos h
ð3Þ

where K = 0.90 is shape factor, k is the X-ray

wavelength, bhkl is the full width at half maximum

(FWHM) of the diffraction peak in radians and h is the
diffraction angle of the peak. Due to the significant

overlap of diffraction peaks, the crystal width was

reported by the average from three equatorial diffrac-

tion peaks. ESI Table S1 describes the crystal width of

the fibers.

Herman’s orientation parameter between cylindri-

cal longitudinal direction and the crystallographic

c-axis of unit cell was estimated from the azimuthal

profile of (020) diffraction peak assuming cylindrical

symmetry along the fiber as previously described

(Yoshiharu et al. 1997).

The total orientation of the fibers was measured by

the means of a polarized light microscope (Zeiss Axio

Scope) equipped with a 5k Berek compensator. The

birefringence (Dn) was calculated by dividing the

retardation of the polarized light by the fiber thickness.

The total orientation (ft) was determined by dividing

the birefringence Dn by the maximum birefringence of

cellulose (0.062) (Lenz et al. 1994). A factor ft ¼ 1

means the chains are perfectly aligned longitudinally,

ft ¼ 0 means random orientation.

By knowing the total orientation ft, the crystallinity

(xc) and the crystalline orientation (fc), the amorphous

orientation (fa) could be calculated using the below

equation

fa ¼
ft � xc � fcð Þ
1� xcð Þ � 0:91 ð4Þ

where 0.91 is the ratio of the amorphous and the

crystalline densities of cellulose.

Results and discussion

All superbase-based ILs studied herein dissolved pulp

cellulose readily, resulting in solutions with similar

rheological properties. The importance of the rheo-

logical behavior for the spinnability in the dry-jet wet

spinning process has been discussed in detail earlier

(Hummel et al. 2016; Michud et al. 2015b). A defined

balance between viscous fluidity and elastic behavior

is a key parameter. High-throughput extrusion of the

dope requires shear thinning upon shear stress in the

spin capillary to avoid overly high pressures. The

resulting filaments must then depict a certain elasticity

to withstand the uniaxial stress exerted through the

draw in the air gap before they immerge into the

coagulation bath where they solidify (Nishiyama et al.

2019). Oscillatory shear measurements at various

temperatures provided the complex viscosity and

dynamic moduli for each cellulose-IL solution. As

expected, they were all non-Newtonian fluids with

strong shear thinning. At low angular frequency, the

complex viscosity curves approached the Newtonian

plateau. Through WLF time–temperature superposi-

tion, the data points could be shifted to even lower

angular frequency than accessed during the measure-

ment, making the Newtonian plateau even more

visible (Fig. 1, left).

The Cross model was used to fit the complex

viscosity and calculate the limiting value further

referred to as the ‘‘zero shear’’ viscosity (g0). How-

ever, this value would only correspond to the real

(= dynamic) g0 if the Cox–Merz rule is valid (i.e.,
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complex and dynamic viscosity as function of shear

rate and angular frequency, respectively, superimpose

perfectly). This has been confirmed by some authors

(Haward et al. 2012), whereas others found pro-

nounced differences in complex and dynamic viscosi-

ties (Chen et al. 2011; Lu et al. 2012). Using the master

curve to calculate the g0 value should be more

accurate since the data set reaches further into the

Newtonian plateau. However, we found that the

difference between the limiting values calculated

from the original data at the respective measurement

temperature and those calculated through extrapola-

tion of the master curve were statistically insignificant.

Thus, g0 values can also be calculated straight from

the measurement data. Additional information of the

g0 values are available in the ESI Fig. S2.

NMMO and [DBNH]OAc are already known

solvents in the lyocell technology. The respective

cellulose solutions depict visco-elastic properties

adequate for the dry-jet wet spinning (Fink et al.

2001; Hummel et al. 2016; Sixta et al. 2015). The

rheological measurements of the dopes prepared with

[mTBDH]OAc and [DBUH]OAc revealed similar

properties. Figure 1 (left) shows the complex viscosity

curves of the pulp solutions from the superbase ILs

and NMMO at 90 �C. Both NMMO and [DBUH]OAc

dopes express the highest g0, while [mTBDH]OAc

and [DBNH]OAc dopes are slightly lower. At higher

angular frequency, all solutions reveal strong shear

thinning until the curves virtually superimpose. Stor-

age and loss moduli of the same solutions and

temperature are shown in Fig. 1 (right). The differ-

ences between the solutions are even less pronounced

than for the complex viscosity. As reported already

earlier, the regions in which the storage modulus G’

scales with x2 and G’’ scales with x were outside the

measurement range, typical for highly concentrated

cellulose solutions (Hummel et al. 2016).

The dynamic moduli also allowed for the calcula-

tion of the relaxation time spectrum of the pulp

cellulose in the respective IL. Since pulp cellulose is

not a monodisperse uniform polymer, each carbohy-

drate chain is characterized by an individual relaxation

time. The resulting relaxation time spectrum can be

directly correlated to the molecular weight distribu-

tion. Figure 2 (right) shows the relaxation time

spectrum of the pulp in each ionic liquid.

H(lambda) is related to the number of molecules or

components with a certain relaxation time (Ayad et al.

2001; Fulchiron et al. 1995; Meister and Kosan 2015).

Besides differences in intensity of H(lambda)*-

lambda, the relaxation time spectra of all spinnable

solutions have a similar distribution. For comparison,

the spectrum of the same pulp cellulose dissolved at

13 wt% in [emim]OAc was added. This particular

solution was found non-spinnable under the dry-jet

wet conditions applied to all other spin dopes (Hauru

et al. 2016). The intensity is significantly reduced, and

the maximum shifted to lower relaxation time values.

This is in line with the observed reduced elastic and

more viscose behavior of the [emim]OAc dope,

leading to capillary breach in the air gap and impeding

stable spinning (Ziabicki and Takserman-Krozer

1964a, b). A summary of the rheology data can be

found in the ESI Table S2.

Fig. 1 Master curves of complex viscosity (left) and dynamic moduli (right) of the pulp solutions at temperature 90 �C
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The temperature dependence of the g0 is shown in

the Arrhenius plot in Fig. 2 (left). The activation

energy of flow (EA) was calculated using the Arrhe-

nius equation g0 = A*exp(EA/RT), with R as the

universal gas constant and the temperature (T) in K. It

was noted earlier that ILs and their polymer solutions

might not show a fully linear trend in the Arrhenius

plot but rather depict a slightly convex evolution,

which is more accurately represented by the Vogel-

Fulcher-Tamman equation typically used for glass-

forming liquids (Fröba et al. 2008). However, we and

others found earlier that a simple Arrhenius fit is

sufficiently accurate for a qualitative comparison of

the different solutions (Gericke et al. 2009; Hummel

et al. 2019). The activation energy of flow was in the

range of 57–67 kJ/mol for all pulp solutions studied

herein. This values are in line with previously reported

activation energies for pulps with a similar DP in ionic

liquid (40–70 kJ/mol) (Gericke et al. 2009) or NMMO

solutions (40–90 kJ/mol) (Blachot et al. 1998; Gavil-

lon and Budtova 2007).

In numerous earlier studies we have found that the

dopes are spinnable at temperatures where the g0 is in

the range of 30 kPa.s and the cross-over point (COP)

of the dynamic moduli occurs at 0.8–1.2 s-1 and

around 4000 Pa (Hummel et al. 2016; Michud et al.

2015b; Sixta et al. 2015). The spinning temperature

was then chosen accordingly so that above criteria

were met. The angular frequency of the COP was

0.8 s-1 for [DBNH]OAc at 80 �C, 0.83 s-1 for

[mTBD]OAc at 85 �C, 1.17 and 1.02 s-1 for NMMO

and [DBUH]OAc at 95 �C, respectively. Although

these temperature differences are small, they might

have a notable impact on the overall process eco-

nomics when scaled to commercial scale.

While NMMO and [DBNH]OAc have been estab-

lished as excellent solvents for cellulose dry-jet wet

spinning in numerous studies, good spinnability was

also observed for pulp solutions in [mTBDH]OAc and

[DBUH]OAc. Homogenous filaments were extruded,

drawn in the air gap and regenerated in the coagulation

bath. The DR of the filaments could be increased

gradually to reach a maximum DR of 12, a value that

yields fibers with a linear density of 1.2–1.35 dtex

(using spinnerets with a capillary diameter of

100 lm). Throughout the spinning process, no sys-

tematic filament breach in the air gap or in the spin

bath was noticed apart from a few filament breaks that

are inevitable in a batch-type process. Fibers at various

DRs were collected for subsequent analyses.

The structural properties of the regenerated fibers

are characterized and quantified through various

parameters. The total polymer orientation is accessible

via birefringence measurements. The crystalline ori-

entation is obtained through diffraction measurements

while the amorphous orientation is derived from the

crystalline and total orientation as discussed in the

materials and methods section. In general, fibers with

high crystallinity and crystalline orientation have

pronounced strength values. Table 1 summarizes the

Fig. 2 Left: g0 of the solutions over the temperature range. Right: Relaxation time spectra of the solutions at temperature of 90 �C
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development of the birefringence and chain orienta-

tion parameters as a function of DR for the different

solvents.

Interestingly, all fibers show a high total orientation

(0.61–0.68) and crystallinity (0.32–0.35) even at a low

DR of 2. Moreover, at the same DR, the birefringence

value of the fibers is ca. 0.04, which is significantly

higher than that of a regular viscose fiber (0.025)

(Jiang et al. 2012). The increased axial orientation of

the cellulose polymers is attributed to the high shear

stress acting on the polymer chains during the draw in

the air gap while cellulose is still in the dissolved state.

A gradual increase in DR increased the total orienta-

tion of [mTBDH]OAc and [DBNH]OAc fibers. How-

ever, the effect was far less pronounced in the case of

NMMO and [DBUH]OAc fibers. The crystalline

orientation developed with higher draws for all

solvents. It is noteworthy, that fibers spun from

superbase-based ILs exhibited a higher total and

crystalline orientation than that of NMMO at DR 12.

On the other hand, the increase in DR had little

influence on the crystallinity, which was on a high

level already at low DR. This is in alignment with our

previous findings for [DBNH]OAc fibers (Hummel

et al. 2016). In a similar manner, the amorphous

orientation was not affected by the higher DRs except

for [mTBDH]OAc fibers, which showed an increase

from 0.6 to 0.77.

Table 1 Fiber

birefringence measurements

and structural analyses

(XRD)

DR [DBUH]OAc [mTBDH]OAc NMMO [DBNH]OAc

n 2 0.042 0.038 0.041 0.040

5 0.042 0.043 0.041 0.043

12 0.043 0.046 0.041 0.044

ft 2 0.68 0.61 0.66 0.64

5 0.68 0.69 0.66 0.69

12 0.70 0.74 0.66 0.71

xc 2 0.35 0.34 0.32 0.35

5 0.36 0.36 0.33 0.35

12 0.38 0.36 0.35 0.35

fc 2 0.79 0.74 0.73 0.71

5 0.80 0.80 0.79 0.86

12 0.83 0.80 0.79 0.85

fa 2 0.68 0.60 0.69 0.66

5 0.67 0.68 0.65 0.66

12 0.68 0.77 0.65 0.69
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Fig. 3 SEM images of the fibers at DR 2 and 12
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The morphology of the regenerated fibers at DR 2

and 12 was compared via scanning electron micro-

scope (SEM) imaging, presented in Fig. 3.

At a lower DR, the cross-sectional images reveal

more irregularities and non-homogeneities present in

all the fibers. Polymer orientation is mostly induced by

shear forces that occur during the extrusion of the dope

through the spin capillaries. The shear strain, however,

is only moderate due to the very low aspect ratio of the

spin capillaries. At DR 12, the fibers possess a uniform

circular cross section with a clearly fibrillar fiber body

illustrating the improved orientation. As mentioned

earlier, this is due to the predominant elongational

polymer orientation in the air gap.

Figure 4 a displays the evolution of tenacity,

elongation and linear density of the spun fibers as a

function of the DR.

At a low DR of 3, all fibers exhibited linear density

of 4.1–5.6 dtex and pronounced tenacities of

33.4–45.6 cN/tex. Compared to viscose fibers of DR

12, the ILs-based fibers possess higher tenacities even

at such low draw (Hummel et al. 2016). Further

increase in the take-up velocity only strengthened the

filaments with minor decrease in the elongation. At the

highest applied draw (12), the fibers titer was 1.2–1.3

dtex, ESI Fig. S3. As presented in Fig. 4 b, NMMO

fibers showed the best elongation at break (12.4%)

with a tensile strength of 46.5 cN/tex. On the other

hand, [DBUH]OAc fibers expressed the highest

strength (56.3 cN/tex) and a 9.8% elongation.

[DBNH]OAc and [mTBDH]OAc fibers had somehow

comparable tenacities of 49.5 and 49.9 cN/tex,

respectively. However, higher elongation was

depicted by the [DBNH]OAc fibers (12.2%) than

[mTBDH]OAc fibers (9.8%), indicating that the latter

fibers are slightly stiff. This is also shown in the

modulus of elasticity of the [mTBDH]OAc and

[DBUH]OAc fibers, where due to their lower elonga-

tion, they display the most pronounced modulus at DR

12 with 17.4 and 16.2 GPa, respectively. Contrarily, a

lower modulus for NMMO (14.4 GPa) and

[DBNH]OAc (13.9 GPa) fibers reflects higher elastic-

ity. The elongation figures of the lyocell fibers

discussed here are undoubtedly inferior when com-

pared to the regular viscous ones. As explained earlier,

this is due to the difference in the mechanism of

regeneration of the wet spinning method, which

enforces instant regeneration of the filaments once

extruded. Hence, forming highly amorphous randomly

distributed cellulose chains of low strength. Mean-

while, the fibers elongation can exceed 20% (Hummel

et al. 2016).

It is well known that under wet conditions only

cotton fibers preserve their strength and can even

demonstrate wet-to-dry tenacities[ 1. Viscose fibers,

contrarily, exhibit considerably lower values of close

to or even lower than 0.5 (Hummel et al. 2016).This is

associated with the high amorphous orientation of the

viscose fibers, which allows the accessibility of water

to the inner core, thereby swelling it and cleaving the

hydrogen bonds responsible for its strength (Hummel

et al. 2016). However, the lyocell fibers, observed in

Fig. 4 c, express improved wet-to-dry tenacities with

the lowest of 0.85 and highest of 1. The intrinsically

high crystallinity and crystalline orientation of the

fibers seem to preserve their strength under the wet

state.

Whilst all ionic liquids resulted in fibers of high

quality, their potential for commercialization also

depends on several other factors. [DBNH]OAc solu-

tions could be spun at considerably lower tempera-

tures than the only commercialized solvent NMMO

monohydrate. This could offer energy and cost

savings. However, the lyocell process requires almost

complete solvent recycling to be commercially feasi-

ble. The recycling scheme for NMMO has been

optimized over several decades and reached a recov-

ery rate of[ 99% (Rosenau et al. 2001). This is yet to

be developed for ILs. The recovery rate depends on

several crucial key points. One is the removal of the

residual IL during the fiber washing step, since ILs can

exhibit different affinities towards water and cellulose,

which may vary the amount of required washing water

and subsequently rise the costs because of extended

washing lines. Another important feature is the

hydrothermal stability of the solvent. Degradations

has to be prevented to avoid detrimental solvent losses

over the course of multiple cycles in a continuous

process operation. For instance, DBN and its salts can

undergo hydrolysis and subsequent irreversible amide

formation that needs to be prevented or efficiently

reversed (Parviainen et al. 2015). Recently, we

successfully demonstrated that [mTBDH]OAc could

be thermally recovered in the lyocell process without

losing its dissolution power (Elsayed et al. 2020). This

is due to the higher electron density of the sp2-

hybridized carbon of the guanidine that relatively

protects the base against water nucleophilic reactions,
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whereas a fast relief in the ring strain of the amidines is

dominant, producing the primary amines (Hyde et al.

2019). When [DBNH]OAc was subjected to the same

recycling scheme, significant deviation in the solvent

composition was detected that hindered cellulose

dissolution in the following cycles (Elsayed et al.

2020).

Conclusion

The presented results show a high potential of IL

solvents in the field of regenerated cellulose fibers. All

solvents exhibited excellent cellulose dissolution

power whilst producing a homogeneous solution

adequate for the dry-jet wet spinning process. The

rheological properties showed similar visco-elastic

Fig. 4 Mechanical properties of the regenerated fibers. a Fibers conditioned tenacity, elongation and linear density at different DRs.

b Fibers tenacity Vs. elongation at DR 12. c Fibers wet-to-dry tenacity at different DRs
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behavior for all dopes suitable for dry-jet wet spinning.

NMMO and [DBUH]OAc dopes possessed higher

complex viscosity and dynamic moduli than the other

solvents. Consequently, their spinning process

demands a higher temperature than [mTBDH]OAc

and [DBNH]OAc dopes. All fibers revealed both high

crystallinity and crystalline orientation even at low

DRs. Moreover, the tenacities of the superbase-based

fibers were moderately above than those of NMMO

fibers at DR 12. On the other hand, NMMO fibers had

the best elongation that is similar to the [DBNH]OAc

fibers. All fibers retained a high wet-to-dry tenacity,

which is a unique property of the lyocell technology.

In comparison to viscose fibers, the lyocell fibers

exhibit higher crystallinity and orientation (higher

strength) but lower elongation at break.

While the demonstrated fibers possess high quality,

the selection and success of a new solvent for the

lyocell process certainly depend on its recyclability.

The proof-of-concept of successful and feasible

recovery of the ILs is of significant importance for

their commercialization. The long-term hydrothermal

stability in a closed-loop operation process and the

final recovery rate can only be evaluated once the size

of the processing equipment exceeds a critical volume.

Hence, pilot plant operations are needed to define the

equilibrium of the possible degradations and side

products from both the solvent and the solute.
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