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spinning.6,7 In particular, imidazolium based
halides and carboxylate ILs have been
reported to be suitable for processing of
(ligno-) cellulosic material.
However, in a fibre spinning process the
polymer melts or solutions have to fulfil
defined visco-elastic properties. Extrusion
through a spinning nozzle exerts high shear
stresses on the respective solution. In the case
of dry-jet wet spinning, the fluid filaments
would pass an air gap before they enter the
coagulation bath where rapid solvent
exchange causes the precipitation of
cellulose to form solid fibres. Typically, the
filaments are stretched in the air gap to
increase the longitudinal orientation of the
polymer chains and thereby also increase the
tensile properties of the resulting fibres. This
so called draw causes uniaxial extensional
stress on the solution which will cause
filament breach if the visco-elastic properties
are not suitable to withstand the stress.
Herein, we will discuss some rheological
aspects that have to be considered carefully
before cellulose dissolving ILs can be
promoted for fibre spinning.
SOLUTION STATE
The visco-elastic properties of a
cellulose-IL solution do not only depend on
the degree of polymerization (DP) and molar
mass distribution (MMD) of the cellulosic
solute but are also strongly influenced by the
IL itself. The interactions between the
cellulose molecules and the particular IL will
define the solution state of the polymer
chains. Attempts to literally shed light on this
subject via dynamic light scattering
experiments have been reported8 but are
limited due to impurities typically present in
ILs. Small traces of water or residual
molecular compounds deriving from the
synthesis of ILs can form aggregates that
disturb the measurement signal. To bypass
this problem, the intrinsic viscosity of pulp
cellulose in different ILs was determined at
different
temperatures
(25-60
ºC).
Eucalyptus pre-hydrolysis kraft (E-PHK)
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pulp
was
dissolved
in
1-ethyl-3methylimidazolium
dimethylphosphate
([emim]dmp), 1-ethyl-3-methylimidazolium
acetate
([emim]OAc),
1-methyl-1,5diazabicyclo[4.3.0]non-5-enium
dimethylphosphate ([mDBN]dmp), 1,5diazabicyclo[4.3.0]non-5-enium
acetate
([DBNH]OAc),
and
1,5diazabicyclo[4.3.0]non-5-enium propionate
([DBNH]propionate) (Fig. 1). Because of the
elevated melting point of [DBNH]OAc,
respective solutions were measured at 70 –
90 ºC.

Figure 1. Structure of 1-ethyl-3methylimidazolium acetate ([emim]OAc, 1),
1-ethyl-3-methylimidazolium
dimethylphosphate ([emim]dmp, 2), 1methyl-1,5-diazabicyclo[4.3.0]non-5-enium
dimethylphosphate ([mDBN]dmp, 3), 1,5diazabicyclo[4.3.0]non-5-enium acetate
([DBNH]OAc, 4), and 1,5diazabicyclo[4.3.0]non-5-enium propionate
([DBNH]propionate, 5).
Due to the relatively high viscosity of
even very diluted cellulose-IL solutions, the
kinematic viscosity was determined via
measuring the dynamic viscosity with a
plate-plate rheometer following a procedure
suggested earlier (Fig. 2).9,10 The density of
the neat ILs was measured to calculate the
density of the respective cellulose-IL
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The validity of the Cox-Merz rule has to
be assumed in order to derive the zero shear
viscosity from the complex viscosity curve.
However, some authors claimed that the
Cox-Merz rule failed in some cases, i.e.
complex and dynamic viscosity did not
superimpose perfectly. Thus, the calculated
limiting value of the complex viscosity
represents the complex viscosity within the
frequency-independent Newtonian plateau
but not necessarily the true zero shear
viscosity. Also in accordance with earlier
reports on highly concentrated cellulose
solutions, the regions in which the storage
were
modulus G′ scales with 2 and G′′
outside the measurement range.
It was found that E-PHK-[DBNH]OAc
solutions showed good spinnability when the
cross-over point of the dynamic moduli was
approximately at 1 s-1 and 5 000 Pa, and the
“zero shear” viscosity ca. 30 000 Pa s. Since
pulp cellulose consists of cellulose chains of
different length, respective solutions do not
only show a single relaxation time. The
dynamic moduli also allow for the
calculation of the relaxation time spectrum. It
is tightly connected to the MMD of the
cellulose. Fig. 5 shows the relaxation time
spectrum of a E-PHK-[DBNH]OAc solution
at 75 ºC.
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EXTENSIONAL RHEOLOGY
When cellulose solutions are processed to
form fibres and films, the polymers in
solution are not only subjected to shear stress
but also undergo elongational deformation.
In particular during dry-jet wet spinning the
liquid filaments pass an air gap in which they
are drawn to increase the total cellulose
orientation via a uniaxial extensional stress.
The capillary break-up extensional rheometer
(CaBER) allows for the measurement of the
apparent transient elongational viscosity and
– under certain prerequisites – extensional
relaxation time. The latter can be extracted
from the measurement data if the elastocapillary region during the break-up
experiment can be identified unambiguously.
In order to test if the CaBER is suitable to
assess elongational-rheological properties of
cellulose-IL solutions, a 10 wt% E-PHK
pulp-[emim]OAc solution was prepared and
stored at 110 ºC for 8h. This reduced the DP
of the dissolved cellulose and, consequently,
also the viscosity of the solution (Fig. 6)
which facilitated the CaBER measurements
notably. The decay of the mid-filament
diameter observed in a typical CaBER
experiment is illustrated in Fig. 7.
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Figure 9. Apparent extensional viscosity as
a function of the extension rate for the
E-PHK pulp-[emim]OAc solution (10 wt%)
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Fig. 9 shows the apparent extensional
viscosity as a function of the extension rate.
Elasto-capillary response would cause a
steep rise of E,App towards the end of the
measurement which is clearly not observed in
our case. Thus, despite degradation of the
cellulose a concentration of 10 wt-% is too
high and the CaBER measurement is not
sensitive enough to detect the elasto-capillary
region. This means that extensional
relaxation times for high-concentration
cellulose-IL solutions cannot be extracted
directly from the CaBER experiments.
CONCLUSIONS
Processability of cellulose-IL solutions is
highly dependent on their visco-elastic
properties. ILs that can dissolve high
amounts of cellulose are not necessarily good
solvents for e.g. fibre spinning. The
respective solutions have to withstand
substantial shear and elongational stresses
present in several deformation phases (shear
in spin capillaries, draw in air gap, after-draw
in coagulation bath). Oscillatory shearrheological measurements provide viscoelastic key parameter that can be used to
define the spinning temperature and predict
the spinnability. The zero-shear viscosity and
cross-over point of the dynamic moduli have
to be in a defined frame to allow for stable
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EXPERIMENTAL
Materials
Eucalyptus urograndis prehydrolysis
kraft (E-PHK) pulp (Cuen intrinsic viscosity
(ISO 5351-1): 468 ml/g; Mn=79.8kg/mol;
Mw=268.7 kg/mol; Bahia pulp, Brazil) was
received in the form of sheets and ground by
means of a Wiley mill. [Emim]OAc (purity
≥95%) and [emim]dmp (purity ≥98%) were
purchased from BASF, Germany and
IoLiTec, Germany, respectively, and used as
received. DBN-based ILs were gratefully
received from the University of Helsinki.
Shear rheology
Shear rheology of all solutions was
measured on an Anton Paar MCR 300
rheometer with a parallel plate geometry (25
mm plate diameter, 1 mm gap size). Prior to
each frequency sweep, the viscoelastic
domain was determined by performing a
dynamic strain sweep test to find a suitable
strain for subsequent measurements. A time
experiment at constant frequency showed no
significant water uptake from the laboratory
atmosphere at the plate edges within the
required testing time. Thus, it was not
necessary to seal the edges with paraffin oil
as previously suggested.9,12 Each sample was
subjected to a dynamic frequency sweep at
various temperatures over an angular
velocity range of 0.1–100 s-1. Master curves
were generated via WLF (Williams-LandelFerry) time-temperature superposition. The
shift factor and reduced variables were
calculated as described by Sammons et al.12
Assuming that the Cox-Merz rule is valid, the
zero shear viscosity was calculated using the
three-parameter Cross viscosity model given
by Eq. 1
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