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ABSTRACT: Because new technology using ionic liquids (ILs) for cellulose processing enables the spinning of cellulose with various
techniques, the resulting fiber property profiles differ significantly, depending on the process parameters. ILs are thermally stable,
nontoxic, environmentally friendly solvents and dissolve cellulose directly; this leads to a high flexibility in the complete process chain
for man-made cellulosics. A comparison of the manufacture of cellulosic fibers according to the Lyocell process and by means of ILs
is presented. The rheological behavior of the spinning dopes, the structures, and the physical textile properties of the prepared fibers
were determined. The fibers spun from solutions of cellulose in N-methyl morpholin-N-oxide monohydrate, 1-ethyl-3-methyl imida-
zolium acetate, and 1-ethyl-3-methyl imidazolium diethyl phosphate were compared. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000:
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INTRODUCTION

Cellulose decomposes below its melting point and, therefore,
cannot be processed in the melt. Furthermore, cellulose is not
soluble in conventional solvents because of its complex supra-
molecular structure, which is formed of intermolecular and
intramolecular hydrogen bonds.'™ Moreover, there is strong
evidence for cellulose being significantly amphiphilic, with
hydrophobic interactions between anhydroglucose units.™
Therefore, the production of man-made cellulosic fibers requires
either chemical derivatization of the cellulose or dissolution in a
suitable solvent. Approximately 95% of the production volume
of man-made cellulosic fibers is produced by the viscose pro-
cess, which involves the derivatization of alkali cellulose with
carbon disulfide to give cellulose xanthate.>®™'> The cellulose
xanthate is dissolved in sodium hydroxide to form a viscous
dope (ca. 8 wt %), which is subsequently spun into a spin bath
containing sulfuric acid, sodium sulfate, and zinc salts to give
regenerated cellulosic fibers. The viscose process is characterized
by a high tunability, which results in a large and a variable
range of targeted fiber properties. Despite continuous improve-
ments in the last decades, the viscose process still has severe dis-
advantages, such as high water consumption, contamination of
the atmosphere, and process water with toxic and unpleasant
sulfur compounds. Because of the increasing investment in envi-
ronmental protection, the application of carbon disulfide free,
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direct-solution systems for cellulose has been investigated exten-
sively, but only the Lyocell process has become an important
commercial alternative.'” The Lyocell process is characterized by
direct dissolution of wood pulp in N-methyl morpholin-N-oxide
monohydrate (NMMO-H,0) at concentrations of 10-16 wt %
and is used to produce high-strength fibers with excellent tenac-
ity in the wet state.>'*2° Despite many advantages, including a
unique property profile and an environmentally friendly process,
Lyocell fibers are not a full substitute for viscose fibers at this
point. The main reason for this is the strong tendency of the
fibers to undergo wet fibrillation, which can lead to undesired
rope-marking effects and partial damage during rope finishing/
dyeing or in garment washing.>*'™>> Moreover, the solvent N-
methyl morpholin-N-oxide (NMMO) is thermally unstable at
process temperatures above 100°C, especially in the presence of
heavy metals. Radical decomposition/degradation, deoxygena-
tion, and the Polonovski reaction are the main side reactions.”*
The dissolution process of cellulose in NMMO also has some dis-
advantages with regard to chemical alterations involving decom-
position/degradation reactions of NMMO and cellulose, and this
requires a major investment in safety technology.”>*

Significant efforts have been made to find new processes to pro-
duce man-made cellulosic fibers with a performance profile
compared to viscose rayon but in an environmentally friendly
and efficient manner.”>~> This can be done with ionic liquids
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(ILs) for the dissolution of cellulose, which enables fiber fabri-
cation in a manner very similar to both the viscose and
NMMO processes. ILs are salts with melting points below
100°C.**7® A great number of possible cation and anion combi-
nations has led to the proposal of numerous applications,
including catalysis, extraction, organic synthesis, and metal and
polymer processing.’>** The possible selection of cations and
anions has a strong impact on the physical properties of ILs
and often defines their stability. The dissolution process of cel-
lulose in ILs is, in general, controlled by the selection of the
anion. Anions such as halides, carboxylates, or phosphates
prevent the formation of intramolecular and intermolecular
hydrogen bonds between the polymer chains and sheets.””*
1-Ethyl-3-methyl imidazolium acetate ([EMIM][OAc]) is the
most preferred IL for cellulose processing.”®™' In addition, after
detailed screening with different ILs at ITCE, 1-ethyl-3-methyl
imidazolium diethyl phosphate ([EMIM][DEP]) was found to
be of practical importance with regard to the spinning of highly
viscous cellulosic solutions with an air gap.*"*? The ionic
liquids with melting points below room temperature (RTILs)
used in this study had many significant advantages for process-
ing cellulose into fibers. [EMIM][OAc] and [EMIM][DEP] are
thermally stable, nontoxic solvents (no significant acute toxical
data were identified in literature) and have a very high dissolu-
tion ability for cellulose; they provide a high flexibility for the
complete process chain for man-made cellulosics. Moreover,
laboratory-scale investigations have shown that ILs used in cel-
lulose processing can be recovered almost entirely (>99.5%) af-
ter use in the process, and this has indicated their high
durability.*»***

Because IL technology enables the processing of cellulose with
different spinning techniques, the resulting fiber property pro-
files differ significantly depending on the process chosen.
Although the conventional wet-spinning process produces fibers
with properties close to those of standard viscose fibers, proc-
essing in a dry—wet-spinning process (with an air gap) gives
fibers with property profiles comparable to those given by the
Lyocell process.’®*>°

In this article, we discuss the influence of direct solvent systems,
including NMMO-H,0, [EMIM][OAc], and [EMIM][DEP], on
the complete processing chain of man-made cellulosic fibers.

To assess the value of the novel technology using ILs, the prepa-
ration of spinning dopes, dissolution behavior, spinning process,
fiber structure, and physical textile properties of the manufac-
tured fibers were evaluated and compared to those from the
NMMO process with analogous spinning conditions.

EXPERIMENTAL

Materials

Two cellulose samples were used in this study. Cotton linters
(DP 759 with an o-cellulose content of 97.0%) and eucalyptus
sulfite pulp (DP 592 with an o-cellulose content of 94.1%). The
investigations of the dissolution behavior in the kneader under
air and N, respectively, were performed with cotton linters.
The comparison of the rheological properties of cellulose solu-
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tions in NMMO and ILs and the evaluation of cellulose process-
ing into fibers were accomplished with eucalyptus sulfite pulp.

The ILs were supplied by BASE An approximately 50 wt %
aqueous NMMO solution was purchased from Merck.

Dissolution Processes of Cellulose in ILs and NMMO-H,O
The milled pulp was dried at 105°C, added to a preheated IL,
and mixed in a kneader at 85°C for 2 h. After complete dissolu-
tion of the cellulose, the spinning dope was filtered, degassed in
vacuo at 85°C, and then supplied to the spinning device.

To obtain a cellulose spinning dope in NMMO-H,0, the milled
pulp was dried at 105°C and subsequently suspended in an
aqueous NMMO solution with 40 wt % water in a reactor
equipped with a wing stirrer. The water content was determined
by Karl Fischer titration with a Mitsubishi CA-02 moisture me-
ter. The suspension was stabilized by 0.06 wt % isopropyl gallate
(propyl-3,4,5-trihydroxybenzoate) and 0.04 wt % NaOH. There-
after, the excess water was distilled off at elevated temperatures
until the desired composition of cellulose/NMMO-H,0 was
obtained. After the complete dissolution of cellulose and after
the NMMO-H,O0, the spinning dope was filtered and then sup-
plied to the spinning device.

Rheology of the Spinning Dopes

The rheological measurements were accomplished with a Rheo-
metrics (SR 500) rheometer equipped with parallel-plate geome-
try and a Peltier temperature-control system. The shear rates
varied between 0.1 and 100 s '. The diameters of the plates
were 25 mm, and the gap between them was 1 mm. The visco-
elastic properties of the spinning dopes were studied by
dynamic oscillatory experiments at temperatures between 30
and 100°C; this provided the determination of the storage mod-
ulus (G), the loss modulus (G”), and the complex viscosity
(n*). With the principle of frequency—temperature superposi-
tion, master curves were obtained. The zero-shear viscosity (1)
was calculated by the Carreau model.

Filtration

The filtration of the low-viscous spinning dopes was accom-
plished with a laboratory-scale filtration vessel (2 L) purchased
from Karl Kurt Juchheim Laborgeraite GmbH with a polyester
nonwoven fabric with a mesh size of 5 um at 90°C and 2 bar.

The filtration of the high-viscous spinning dopes was accom-
plished with a metallic tissue with a mesh size of 42 ym.

Spinning Trials

A 6 wt % cellulose solution in [EMIM][OAc] was spun by
means of a Fourné laboratory-scale wet spinning device at
90°C. The fibers were extruded with a spinneret with a hole di-
ameter of 0.04 mm containing 1000 holes at an injection speed
of 17.2 m/min. The filaments were coagulated in a 1-m precipi-
tation bath containing water and [EMIM][OAc] (80/20) at
40°C wound on electronically controlled godets at 8.0 m/min;
they were then washed in water baths, dried, and finally proc-
essed for testing.

The 10 wt % cellulose solutions in [EMIM][OAc], [EMIM][-
DEP], and NMMO-H,O, respectively, were extruded with a
Fourné laboratory-scale piston spinning device. The fibers were
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spun at 20-60°C with a spinneret with a hole diameter of 0.09
mm (length-to-diameter ratio = 0.72) containing 48 holes. The
filaments were spun through a 10-mm air gap with an injection
speed of 3.5 m/min, coagulated in a 1-m distilled water precipi-
tation bath at 20°C, and wound on electronically controlled
godets at 7.1 and 8.0 m/min to achieve jet draw ratios of 100
and 125%, respectively. Then, they were washed in water baths,
dried, wound on a tension-controlled godet, and finally proc-
essed for analysis.

The ILs used for the processing of cellulose into fibers were
recycled with a laboratory-scale device. The removal of the volatile
component was accomplished by evaporation, which led to almost
complete recovery of the solvent (>99.5%). Experiments regarding
the recovery of NMMO were not performed in this study.

Viscometric Determination of the Degree of

Polymerization (DP)

Changes in the DP of cellulose samples were investigated by the
determination of the solution viscosities of ferric tartaric acid
complexes in alkaline aqueous solutions (FeTNa) as they relate
to molecular weight. The investigations were performed accord-
ing to DIN 54270. The viscosity measurements were performed
in a Ubbelohde viscometer with suspended-level bulb (type Ia)
purchased from Schott Gerate GmbH. The average DP was cal-
culated from the efflux time of the cellulose solution (f), the
efflux time of the blank EWNN solution (%), and the concen-
tration of cellulose in solution (¢) according to the modified
Schulz-Blaschke equation:

pP= 152 - Hspez
c(1+0, 339115PEZ)

where 7., is the specific viscosity (Hspe, = #rel — 1) and 1, is
the relative viscosity (1, = t/1ty).

Wide-Angle X-Ray Scattering (WAXS)

X-ray diffraction was accomplished by a Siemens PW 3710 0/20
vertical goniometer with a texture grade. The wide-angle X-ray
diffraction (WAXD) patterns were measured with Cu Ko [wave-
length (1) = 1.5405 A] under continuous scanning at a rate of
0.01° 20/s at 35 kV and 150 mA.

The degree of crystallinity, crystallites dimensions, and orienta-
tion of the crystallites [Hermans’ orientation factor (f,)] were
calculated with equatorial and meridional WAXS diffractograms.
The calculation of crystallinity involved the measurement of
equatorial wide-angle diffractograms. The degree of crystallinity
was calculated on the basis of the following formula:

=k
XL+ 1)

where I, is the sum of the intensity of the crystalline reflections
and I, is the sum of the intensity of the amorphous reflections.
The equatorial scan was separated into crystalline and amor-
phous reflexion by peak separation software with Pearson VII
Concept.

The crystallite size (f) was calculated on the basis of Scherrer’s
formula according to the following equation:
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K
" Bcos0,

where B is the width at half-height (integral breadth) of the
reflection at 20 and is corrected for the internal broadening of
the equipment (~0.1°) for Lorentzian curves; K is the Scherrer
factor, is dependent on the crystallite shape, and is equal to 1;
and 0y is the Bragg angle.

f. was calculated according to the following equation:

?)(COS2 Hhkl) -1

Jo= 2

where 0y is the angle between the longitudinal axis of the
microfibrill of the crystallite and the preferred direction.

Birefringence (An)

An of the fiber samples was measured with a Leitz Laborlux
polarizing microscope (12-pole-type Laborlux, 50/0.85 objective).
The method was based on the determination of the phase differ-
ence [I'; (indicated by 7 and n,)] for monochromatic plane-
polarized light in anisotropic materials. The diameter (d) of the
fibers was obtained by a measuring scale situated in the eyepiece
of the microscope. An was calculated by the following equation:

r
An=—
"
Morphology
Scanning electron micrographs were recorded with a Zeiss DSM
962. The samples were sputtered with Au/Pd before analysis.

Mechanical Textile Properties

The mechanical fiber properties were measured by means of a
Textechno tensile tester at 20°C with an average of the results
from 10 different fibers. The fineness was obtained as weight
per 10.000 m in length. The gauge length was 25 mm, and the
time to break was 20 s.

Water Retention Value (WRV)
The WRVs of the fibers were determined according to DIN
53814.

Fibrillation Behavior

The fibrillation behavior was determined by measurement of
the mechanical friction of the fiber samples in the wet state.
The 20-mm-long fiber samples were clamped within a polytet-
rafluoroethylene frame. The frames were placed in a 20.0-mL
glass vessel with 9.0 g of zirconium oxide balls (0.8—-1.0 mm in
diameter, purchased from W. Hoffmann GmbH) and 2.5 mL of
distilled water. They were heated to 30°C with a circulation rate
of 50 rpm for 3 h with a Labomat. Finally, the morphology of
the treated fibers was observed with an optical microscope at
magnifications up to 50x.

RESULTS AND DISCUSSION
Dissolution Behavior
The Lyocell process was characterized by the direct dissolution

of cellulose in NMMO and water. In this process, the pulp was
first wetted with dilute aqueous NMMO (ca. 40% of H,O0),
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Figure 1. Dissolution behavior of the spinning dope: influence of the
kneading time on the zero-shear viscosity (left y axis) and DP (right y
axis) of 10 wt % cellulose in [EMIM][OAc] under oxygen (reference tem-
perature = 85°C).

which caused a significant swelling of cellulose. Thereafter,
excess water was distilled off from the solution at elevated tem-
peratures until the desired ratios of cellulose/NMMO/water
were obtained. The solution was stabilized by the application of
a combination of alkaline and antioxidant stabilizers (NaOH,
isopropyl gallate).

New technology using ILs for cellulose dissolution enables dope
preparation either in a manner very similar to the NMMO pro-
cess by disintegrating the pulp in aqueous IL followed by
removing the excess water in vacuo and heating or direct disso-
lution in a kneader.”®*"*” Because the latter dissolution tech-
nique has big advantages under laboratory conditions, such as
mild dissolution conditions (85°C, 1.01 bar) and economically
advantageous processing times of 1-2 h, the preparation of cel-
lulosic solutions in ILs in this study was performed according
to the direct dissolution process.

The dissolution behavior of cellulose in IL was of fundamental
importance for its processing (Figure 1). Therefore, analytical
investigations of the dissolution process of cellulose with ILs
were made by analysis of the rheological properties of the solu-
tions along with the viscometric determination of the molecular
weight of each regenerated sample by hourly sampling.

These investigations showed that the viscosity of the spinning
dope and the DP of the pulp could be tailored to optimize the
dope preparation; this allowed greater variability in the proxi-
mate spinning procedure. Although the dissolution process in
ILs under an oxygen atmosphere is accompanied by alteration
reactions involving the oxidative degradation of cellulose over
time, the preparation of cellulose solutions in the presence of
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Figure 2. Dissolution behavior of the spinning dope: influence of the
kneading time on the zero-shear viscosity (left y axis) and DP (right y
axis) of 10 wt % cellulose in [EMIM][OAc] under nitrogen (reference
temperature = 85°C).
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Table I. Dissolution of Wood Pulp According to the NMMO Process and
with ILs

NMMO IL
process processes
Solvent NMMO-H-0 [EMIM][OAc] [EMIM]DEP]
Dope concentration ~ 10.0 6.0 and 10.0
(wt %) 10.0
Water content (wt %) <13.3 <5.0 <5.0
Stabilization + —
Dissolution conditions
Temperature (°C) 120.0 85.0 85.0
Pressure (bar) 0.02 1.01 1.01
Time (h) 4-5 1-2 1-2

—, without stabilizer; +, with stabilizer.

an inert gas atmosphere (N,) maintained consistent rheological
properties of the spinning dope and a nearly unchanged DP.
The results also reveal that the dissolution of cellulose in ILs
under an inert atmosphere occurred without degradation
(Figure 2).

To compare the dissolution behavior and the processing param-
eters for cellulose in 6 and 10 wt % NMMO-H,O, [EMI-
M][OAc], and [EMIM][DEP] spinning dopes were made and
characterized through both wet- and dry-wet-spinning proc-
esses. The parameters used for the production of the spinning
dopes are summarized in Table 1.

Rheological Behavior of the Spinning Dopes

The experimental parameters for the processing of cellulose
solutions were chosen according to theoretical considerations
made by Ziabicki.*® To characterize the window of spinnability,
the rheological properties of the spinning dopes were studied
over a wide range of concentrations and temperatures
(Figure 3).

A comparison of the rheological properties of cellulose solutions
in ILs with those in NMMO indicated that strong similarities in
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Figure 3. Rheological behavior of the 10 wt % cellulosic solutions in
[EMIM][OAc], [EMIM][DEP], and NMMO-H,0 at 100°C.
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Table II. Spinning Parameters of the Dopes by Means of the Wet- and Dry—Wet-Spin Processes

Dry-wet (air gap) spinning

Processing Wet spinning

Solvent [EMIMI][OAC] [EMIMI[OAC] [EMIMI|[DEP] NMMO-H20
Dope concentration (wt %) 6.0 10.0 10.0 10.0
Spinning temperature (°C) 90.0 20.0 60.0 55.0

no (Pa s)? 38.6 144.6 11.85.5 705.4

no (Pa s)° 329 1.8 x 10* 1.8 x 10* 1.8 x 10%
Nozzle aperture (um) 40.0 90.0 90.0 90.0
Number of holes 1000 48 48 48

Air gap (mm) = 10.0 10.0 10.0

Jet draw ratio (%) -50 100/125 100/125 100/125
Precipitation bath Water/[EMIM][OAC] Water Water Water

?Determined by the construction of temperature-independent master curves at 100°C.

PDetermined by rheological measurements at the spinning temperature used.

the rheological behavior existed, despite the different dissolution
methods. The characteristics of the shear viscosity and the
dynamic moduli of both the NMMO-based and IL solutions
were almost identical. However, the results regarding the viscos-
ities of cellulose solutions in NMMO-H,O and [EMIM][DEP],
respectively, corresponded to essentially greater values than the
results using concentrated solutions in [EMIM][OAc]. Because
of the superior dissolving capability of ILs for cellulose, the flow
behavior of the spinning dopes in [EMIM][OAc] differed drasti-
cally from those in NMMO-H,0 and [EMIM][DEP] and, there-
fore, required different processing parameters.

The processing of cellulose by dissolution in ILs has some con-
siderable advantages over the NMMO process. Low-viscosity
cellulosic solutions in [EMIM][OAc] were processed by means
of a standard wet-spinning process in a concentration range
between 5 and 8 wt %. Furthermore, concentrated spinning
dopes (>10 wt %) were converted to fibers in both [EMI-
M][OAc] and [EMIM][DEP] with the
process.

dry—wet-spinning

The wet-spinning process was limited by shearing forces in the
spinneret and, therefore, was determined by the viscosity of
spinning dope and the actual velocity gradient in the coagula-
tion bath. The situation was more complicated when dry—wet
spinning was considered. The spinning process became sensitive
to both the viscosity and rheological flow behavior, as defined
by the elastic and viscous moduli. To characterize the window
of spinnability, the rheological properties of the spinning dopes
were studied between 20 and 100°C. Then, the flow behavior of
the spinning dopes was adjusted by temperature to the same
viscosity to produce identical course of curves of G and G’. As
mentioned previously, the processing parameters with an air
gap in [EMIM][OAc] differed drastically from those in
NMMO-H,O and [EMIM][DEP]; this made comparison under
equal processing conditions difficult.

Additionally, the ILs were liquid over a wide temperature range
and were soluble in most organic solvents; this led to various
options with regard to the coagulation process, such as the tem-
perature control of the spinning dope and variety in the precip-
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itation medium. The process directions within the NMMO pro-
cess compared to the IL technology were explicitly limited.
Particularly, the relatively high melting point of NMMO-H,0O
(74°C) and the instability of cellulosic solutions in NMMO-H,O
played a decisive role. Because of the numerous side reactions
and appreciable byproduct formations in the system involving
cellulose/NMMO/water in the Lyocell process, the solutions had
to be stabilized by compounds such as propyl gallate. In con-
trast to the Lyocell process, the dissolution of cellulose in ILs
was performed under mild conditions. Because a stabilization of
the dope was not necessary, a high recovery of the solvent was
possible, and a consistent fiber performance was the result.

Spinning Trials
The spinning parameters for fiber production with wet and
dry—wet processing techniques are summarized in Table II.

Structure and Properties of the Produced Fibers

The structure of the cellulosic fibers was defined by molecular,
supramolecular, and morphological structure parameters and by
the pore formation and the fiber’s inner surface.” These fiber
parameters, their relationship, and the resulting physical textile
properties were all influenced by the processing technique.*’

Molecular and Supramolecular Structure

Viscometric investigations regarding the molecular structure of
man-made cellulosic fibers showed that the average molecular
weight of cellulose depended on the solution processing, and
the fibers exhibited DP values between 500 and 590 when dis-
solved pulp with an original DP value of 592 was used. The 6
wt % spinning dopes in [EMIM][OAc] exhibited quite low vis-
cosities and, therefore, could be degassed within a few hours.
The of highly viscous spinning dopes in
[EMIM][OAc] for dry—wet processing required several days at
elevated temperatures. These extreme conditions caused cellu-
lose degradation, which, however, did not significantly influence
the processing technique and the final fiber performance.

deaeration

The characterization of the supramolecular structure of the
fibers included WAXS and An.”® The crystallite size and the per-
centage crystallinity were calculated on the basis of an
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Elementary fibril Chain orientation®

Crystallite Crystallite
Solvent DP? Crystallinity® width (nm)© length (nm)? e An
Wet spinning
[EMIMI[OAC] 590 Low 0.02665
Dry-wet spinning®
[EMIMI[OAC] 500 High 3.15 8.62 0.814 0.03534
[EMIMIDEP] 524 High 8.38 5.87 0.788 0.03550
NMMO-H-0 556 High 3.23 6.14 0.769 0.03668

2Jet draw ratio = 100%. Original DPgetng = 592.

PHigh > 85%. Low < 85%.

“Derived from the 101 reflection.

9Derived from the 004 reflection.

°f. = 1, perfect orientation; f. = O, isotopic angular distribution.

equatorial and meridional X-ray scan of the fiber samples, and
thus, the values displayed in Table IIT depended on the concen-
tration of crystallinity only in the equatorial slice and not in the
entire halo. Thus, these values did not represent an absolute
percentage crystallinity throughout the sample due to the iso-
tropic fiber properties, but they were comparable to each other.
Therefore, only the crystallinity data via X-ray are quoted.

The crystallite size and percentage crystallinity varied with the
solvent system and the jet draw ratio. Because of the low crys-
talline order of the wet-spun fibers, the reliable X-ray data were
inconclusive in this case. The results of the X-ray analysis of the
fibers with different solvent systems for dry-wet spinning
showed that the crystallites aligned perpendicularly to the chain
direction exhibited uniform dimensions. However, there were
noticeable differences in the sizes of the crystallites parallel to
the chain direction. The assessed data reflected the influence of
the anion of the ILs on the dimensions of the crystallites. A
combination of a comprehensive evaluation of the X-ray data
with the results obtained by An showed that there were no dif-
ferences in the total chain orientation values or in the orienta-
tional state of the crystallites between the dry and wet manufac-
tured fibers. The results of the investigations show that the
application of various solvent systems for cellulose processing
had a substantial influence on the supramolecular structure of
the fibers produced. Particularly, the influence of the anion of
the ILs on the cellulose regeneration process in the coagulation
bath seemed to play a very important role in the kinetics of sol-
idification. In comparison to the soft diethyl phosphate anions,
the harder acetate anions affected different interactions between
the coagulation agent and the spinning solution; this led to the
formation of longer crystallites when [EMIM][OAc] was used.

Morphological Structure

The morphological structure of the fibers was investigated with
electron microscopy. The prepared fibers revealed no significant
differences in the fiber cross sections with regard to the fibrillar
and void morphology. Because of the rapid coagulation, all of
the fibers showed an almost round profile, a smooth surface,
and no visible differences. The profile of the cross section of the
wet-spun fiber was very homogeneous, and no fibrillar aggre-
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gates could be determined. In case of the dry—wet-spun fibers, a
similar morphological structure was observed, despite the appli-
cation of different solvent systems. The dry—wet-spun fibers
showed a similar, mostly fibrillar network structure, which was
due to the high orientation of the fibers obtained after the air
gap (Figures 4-7).

Physical Textile Properties

The mechanical fiber properties and the end-use properties of
the fabrics were closely related to the fiber structure.*® The
physical fiber properties mainly depended on the molecular and
supramolecular structure. A further important parameter was
the morphology of the fiber and its inner surface and pore
formation.

Important physical textile properties of commercially available
man-made cellulosics in comparison to cotton were summarized
by Bredereck and Hermanutz.” The values obtained for the te-
nacity and elongation were slightly lower compared to those of
commercially available cellulosic fibers. The spinning trials did
not completely exhaust the potential of processing techniques
because the spinning dopes were processed on laboratory-scale
equipment. Therefore, certain parameters could not be

Figure 4. Scanning electron micrograph of the wet-spun fiber sample
from [EMIM][OAc].
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Figure 5. Scanning electron micrograph of the dry—wet-spun fiber sample
from [EMIM][OAc].

optimized. Nevertheless, the spinning trials were reproducible
and suitable for the precise investigation of various parameters
with regard to the structure and properties of cellulosic fibers.

A comparison of NMMO fibers with samples spun from ILs led
to the conclusion that their physical textile properties were quite
similar. The data obtained suggest that the similar homogeneous
dissolution state of the spinning dopes exhibited similar struc-
tures as the resulting fibers. The fibers obtained by means of
the wet-spinning procedure exhibited tensile strengths of
approximately 22 cN/tex and elongations at break of 8% under
dry conditions. The resulting mechanical properties of the fibers
in the dry-wet-spinning process of the cellulose solutions in
NMMO hydrates and ILs ranged from 25 to 26 cN/tex with
regard to tensile strength and from 4 to 9% in terms of elonga-
tion at break. Also, the tensile curves of the dry—wet-spun fibers
possessed almost identical characteristics within the range of
low elongation.

Water Retention Values (WRVs)

The empirical measure of the water-holding capacity for cellu-
losic fibers involved the determination of the weight ratio of
water retained after centrifugation under specified conditions by
a wet fiber sample to the weight of the same at 105°C dried

Figure 6. Scanning electron micrograph of the dry—wet-spun fiber sample
from NMMO-H,O0.
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Figure 7. Scanning electron micrograph of the dry—wet-spun fiber sample
from [EMIM][DEP].

fiber samples. The WRV depends on the supramolecular and
morphological structure and was essentially limited to the
amorphous structural regions and the void system of the cellu-
losic fibers.

The results of the investigation with regard to water retention
show that the absorption behavior of the fibers was clearly
affected by the spinning process.”' The low-crystalline, wet-
spun fibers showed significantly higher water retention values
compared to those spun with an air gap. The high-crystalline,
dry—wet-spun fibers exhibited only small differences in the
water retention with different solvent systems.

Fibrillation Behavior
A special property of Lyocell fibers is their distinct fibrillation
behavior in the wet state, which is derived from their
fiber structure, which contains long, highly oriented crystallites
and low lateral interactions between the fibril bundles
(Figures 8-11).>21%

The fibrillation behavior of the produced fibers was studied by
the subjection of the fiber samples to chafing damage in the wet
state, followed by microscopic examination. As expected, the
results show that the wet-spun fibers have the lowest tendency
toward fibrillation. The wet-spun samples did not show any
splitting of the fibrillar elements at the fiber surface. The low
tendency of the fiber fibrillation could be explained by low crys-
tallinity and small orientation of these fibers. However, clear

Figure 8. Micrograph of the wet-spun fiber sample from [EMIM][OAc]
(jet draw ratio = 50%).
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Figure 9. Micrograph of the dry-wet-spun fiber sample from [EMI-
M][OAc] (jet draw ratio = 125%).

differences in the fibrillation behavior were served for the dry—
wet spun fibers. Although the [EMIM][DEP] processed fibers
had almost no tendency to fibrillate, the samples spun from
[EMIM][OAc] showed a significant fibrillating tendency in the
wet state. The NMMO-based fiber could be classified with
regard to fibrillation behavior between the two IL spun samples.
The fibrillation tests showed that both application of various
processing techniques and the use of different solvent systems
had a substantial influence on the supramolecular structure and
the physical textile properties of the fibers produced. In this
regard, the results of the fibrillation tests confirmed the WAXD
measurements well. It follows from theory of the structure and
properties of cellulosic fibers that the formation of the supra-
molecular structure with long crystallites was associated with a
low crosslinking of the crystalline regions and led to a higher
tendency of the fiber to fibrillation. Although the dry—wet-spun
fibers with [EMIM][DEP] with small crystalline domains
showed the lowest tendency toward fibrillation, the [EMI-
M][OAc] dry-wet-spun fibers had long crystalline regions and,
therefore, a strong tendency to fibrillate in the wet state.

CONCLUSIONS

Today, the production of regenerative cellulosic fibers is per-
formed almost exclusively by the viscose and Lyocell process.
The advantage of the viscose process is the high tunability of
the spinning conditions, which results in a large and a variable
range of targeted fiber properties. Disadvantages of the viscose
process include not only the time-consuming preparation of the
alkali-soluble cellulose xanthate but also the handling of toxic

Figure 10. from

Micrograph  of the
NMMO-H,O (jet draw ratio = 125%).

dry—wet-spun  fiber sample
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Figure 11. Micrograph of the dry-wet-spun fiber sample from [EMIM][-
DEP] (jet draw ratio = 125%).

and easily inflammable carbon disulfide, high water consump-
tion, and contamination of the atmosphere and the process
water with sulfur compounds during coagulation. The contami-
nation of the coagulation bath with huge amounts of sodium
and zinc salts requires further cost-intensive investment in pol-
lution-control systems.

The Lyocell process is characterized by the direct dissolution of
cellulose in NMMO-H,O and the possibility of producing high-
strength fibers. One severe disadvantage of Lyocell fibers is their
strong tendency to undergo wet fibrillation. Moreover, the sol-
vent NMMO is thermally unstable, not miscible with organic
solvents, and only miscible with water in a very limited range.
ILs, which have become easily available in recent times, are also
able to dissolve cellulose directly. They are, however, thermally
absolutely stable and can be used for the spinning of regenera-
tive cellulosic fibers in water as coagulant. NMMO, in principle,
can be considered an intramolecular IL. However, in contrast to
NMMO, a variation of anions in ILs is possible, whereby the
properties of the fibers obtained can be changed considerably.

In this study, we demonstrated the enormous influence of
anions in ILs on the spinning process and the properties of the
produced regenerated cellulosic fibers. In the dry—wet-spinning
process (e.g., see Table IV), the textile mechanical properties of
the prepared fibers, spun in [EMIM][OAc], [EMIM][DEP], and
NMMO-H,O, respectively, were absolutely comparable, but the
fibrillation behavior (Figures 9-11) was totally different. The
dry—wet-spun fiber sample from [EMIM][DEP] (Figure 11)
showed practically no fibrillation tendency in contrast to the
fiber spun from NMMO-H,O (Figure 10). With ILs as solvents,
a wet-spinning process, comparable to that in the viscose
method, was possible. With [EMIM][OAc] as a solvent, fibers
with the lowest tendency of fibrillation were obtained (Figure
8). In addition, with regard to the processing technique, ILs
have many advantages over NMMO-H,O as solvents for cellu-
lose. These include stable nontoxic solvents, which can be
recycled almost completely (>99.5%), the application of various
processing techniques with a substantial influence on the supra-
molecular structure, and the physical textile properties of the
fibers produced. Because IL process technology enables the spin-
ning of cellulose with various techniques with different ILs, the
resulting fiber property profiles differed significantly, depending
on the process parameters chosen. Because of the many
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Table IV. Physical Textile Values of the Manufactured Fibers

Tenacity (cN/tex) Elongation (%)
Solvent Fineness (dtex) cD? Wet cD® Wet WRV (%) Fibrillation®
Wet spinning
[EMIMI[OAC] 1.6 22.2 19.6 8.0 9.8 101.0 -
Dry-wet spinning®
[EMIMI[OAC] 4.1 24.6 21.4 3.8 52 78.6 ++
[EMIMIDEP] 4.9 26.4 23.9 6.0 6.6 87.3 —
NMMO-H-0 4.7 25.9 23.1 8.5 9.7 79.5 +

Jet draw ratio = 100%. CD, conditioned dry (65% relative humidity, 20°C); —, very low fibrillation tendency; +, high fibrillation tendency; ++, very
high fibrillation tendency.
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