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ABSTRACT: In this article, shear rheology of solutions of
different concentrations obtained by dissolution of cellulose
in the ionic liquid (IL) solvent 1-butyl-3-methylimidazolium
chloride ([Bmim]Cl) was studied by measuring the complex
viscosity and dynamic moduli at different temperatures.
The obtained viscosity curves were compared with those of
lyocell solutions and melt blowing grade polypropylene
melts of different melt flow rates (MFR). Master curves
were generated for complex viscosity and dynamic moduli
by using Carreau and Cross viscosity models to fit experi-

mental data. From the Arrhenius plots of the shift factors
with respect to temperature, the activation energies for
shear flow were determined. These varied between 18.99
and 24.09 kCal/mol, and were compared with values for
lyocell solutions and different polymeric melts, such as pol-
yolefins, polystyrene, and polycarbonate.VVC 2008 Wiley Period-
icals, Inc. J Appl Polym Sci 110: 1175–1181, 2008
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INTRODUCTION

Cellulose is the most abundant natural, renewable,
polymer that is used in the production of many
materials. However, limited process ability due to
dissolution difficulties has restricted its use in fibers,
films, and other products. Many of the current proc-
esses involving cellulose use chemical reagents that
contain sulfur, such as carbon disulfide in the vis-
cose process, which is hazardous to the environment
and humans even in reduced concentrations.1 A new
developing area of research deals with the cellulose
processing by using environmentally benign solvents
such as ionic liquids and N-methyl morpholine ox-
ide (NMMO).

Literature is abundant with reports on cellulose
dissolution and processing with different environ-
mentally friendly solvents, including ILs, and we
will mention but a few, because the main objective
of this work is not an extensive review on this sub-
ject. Cellulose dissolution and the mechanism of the
dissolution process have been studied by both ex-
perimental methods and computer modeling of the
geometry and electronic structure of the solvent and
its complexes with water and cellobiose.2–4 It was

found that dissolution can be done without activa-
tion or pretreatment in 1-butyl-3-methylimidazolium
chloride ([Bmim]Cl) and regenerated from its solu-
tion. Degradation of cellulose in ionic liquids and
preparation of some degraded cellulose products
was also studied by Massonne et al.5,6 Codissolution
in [Bmim]Cl and other solvents was carried out for
the purpose of sensor development by encapsulating
in a cellulose support and regeneration by precipita-
tion.7 A new method for introducing enzymes into
cellulosic matrices which can be formed into mem-
branes, films, or beads has been developed using a
cellulose-in-ionic-liquid dissolution and regeneration
process.8 Mini- and extensive reviews were pub-
lished on cellulose dissolution with ionic liquids or
on applications of ionic liquids in carbohydrate
chemistry.9,10 The molecular structure and synthesis
of ILs most frequently employed in carbohydrate
chemistry, the physicochemical properties of ILs that
are relevant to the dissolution and functionalization
of carbohydrates, and the mechanism of carbohy-
drate-IL interactions are discussed with an emphasis
on imidazolium and pyridinium cations with differ-
ent counterions. Finally, the very interesting novel
applications of the solutions obtained are addressed,
such as spinning of the dissolved biopolymer into
fibers, extrusion into different shapes, formation of
matrices and nanocomposites, and functionalization
to produce derivatives.
There are few reports on characterization of cellu-

lose solutions in ionic liquids, especially rheology
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studies. Dynamic moduli of an ionic liquid cellulose
solution with different amounts of multiwalled-car-
bon-nanotubes were measured by Hao Zhang et al.11

and rheological properties of wood and water
washed steam exploded wheat straw pulps dis-
solved in [Bmim]Cl were studied by shear viscosity
measurements.12

Both shear and elongational rheology are funda-
mental properties for polymer melts and solution
processing. Extensional deformations play a signifi-
cant role in many processing operations, which
involve a rapid change of shape such as fiber spin-
ning, film blowing, blow molding, and nonwoven
melt processing.13

The objectives of this article, and the next in a se-
ries of three, is a systematic study of shear and elon-
gational rheology of cellulose solutions in [Bmim]Cl.
We have chosen this solvent because, as literature
data show, it seems to be a good representative for
ionic liquids used to do dissolution and processing
of cellulose solutions.

EXPERIMENTAL

Materials

The cellulose used in this study was a dissolving
pulp of degree of polymerization 670 (Buckeye Tech-
nologies Inc., Memphis, TN) and the IL used was
[Bmim]Cl (Fisher, USA), the thermal properties
being listed in Table I.14 Three cellulose/IL solutions
of 8, 10, and 12% cellulose by weight were studied
at the three temperatures of 80, 90, and 1008C.

Instruments and experimental technique

Dissolution of cellulose in the ionic liquid solvent
was carried out in a Brabender internal mixer. Shear
rheology measurements were done using the
Advanced Rheometric Expansion System (ARES)
rheometer (TA Instruments) and parallel plate
geometry.

The sheets of dissolving pulp were ground to a
fine powder and dried in an oven to constant
weight. Ionic liquid [Bmim]Cl was melted first in
the Brabender mixing chamber and then cellulose
powder and propyl gallate (1% on cellulose) were
added under continuous mixing at 908C and 60

RPM rotors speed. Dissolution was performed until a
clear viscous solution was obtained. The time of dis-
solution was different for different concentration solu-
tions. After dissolution the samples were discharged
from the mixing chamber into glass jars, sealed, and
stored at room temperature for future testing.
The viscoelastic domain was tested by performing

a dynamic strain sweep test, for each solution at the
temperature of 908C. Then the complex viscosity
(g*), as well as the dynamic moduli G0 and G00 were
measured by performing dynamic frequency sweep
tests over an angular velocity range of 0.1–100 s�1.
To avoid water uptake by the sample while running
the experiments, the edges of the specimen sand-
wiched between the plates were covered with a thin
layer of a viscosity standard silicon oil (viscosity
29.1 Pa s at 258C). All experiments were conducted
at three temperatures of 80, 90, and 1008C. The zero-
shear viscosity was determined by using the ORI-
GIN graphing software to fit complex viscosity data
to Carreau or Cross models.

RESULTS AND DISSCUSSION

Complex viscosity

Dynamic strain sweep test results are shown in Fig-
ure 1. Complex viscosity is constant on most of the
tested strain range so that 1% strain was chosen for
all dynamic frequency tests to measure complex vis-
cosity and dynamic moduli. Figure 2 illustrates the
effects of solution concentration on complex viscos-
ity at 908C. The results indicate that the lowering of
the solution concentration also lowers the complex
viscosity of the cellulose ionic liquid solution. Also,
all viscosity curves show a shear-thinning effect,
which is to be expected. The results for the complex

TABLE I
Thermal Properties of 1-butyl-3-methylimidizoluim

chloride, [Bmim]Cl

Melting point temperature (8C) 41
Glass transition temperature (8C) �69
Start temperature of thermal
decomposition temperature (8C) 150

Heat capacity @ 258C (J mol�1 K�1) 322.7
Heat capacity @ 508C (J mol�1 K�1) 333.7

Figure 1 Dynamic strain sweep test of 10% ionic liquid
solution at 808C.
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viscosity at 808C and 1008C are not illustrated but
they display the same pattern as the 908C solutions,
where the viscosity curves are at higher and lower
values for 808C and 1008C, respectively.

The complex viscosity of cellulose ionic liquid sol-
utions at different concentration of cellulose is com-
pared in Figure 3 with the viscosity of a lyocell
solution (cellulose dissolved in N-methyl-morpholine
oxide monohydrate) and three melt blowing grade
polypropylene melts of different viscosities, meas-
ured here by the melt flow rate (MFR in g/(10
min)). Two important features are seen by the analy-
sis of the viscosity curves from Figure 3. First, ionic
liquid solution show almost the same pattern of the
viscosity curve as that of lyocell solution at the same

concentration, suggesting similar set of processing
parameters for spinning fibers or for making other
products. Secondly, ionic liquid solution, like lyocell
solutions, might be processed by the solution blow-
ing technique to manufacture cellulosic nonwoven
products, in a similar way with melt blowing of
polypropylene or other polymeric melts. Literature
reviews, research papers, and patent applications
have already demonstrated the potential to produce,
directly from lyocell solutions by melt blowing pro-
cess, a wide range of cellulose web products.15–22

Dynamic moduli

Dynamic moduli for solutions of different concentra-
tion in cellulose at 908C are shown in Figure 4. As
expected, the viscoelastic characteristics of the ionic
liquid solutions change as the concentration changes.
At low concentration the solution behaves as a vis-
cous fluid up to the crossover point of 77 s�1, as com-
pared with solution at the highest concentration of
12%, for which the viscous domain narrowed with the
corresponding widening of the elastic domain from
high angular velocities down to as low as 14 s�1. The
viscoelastic properties are also affected by the solution
temperature. The crossover point coordinate shifts to
lower values as the temperature of the solution is low-
ered. A similar behavior of the effect of temperature
and concentration was noticed in our studies on the
shear rheology of lyocell solutions from different
lignocellulosic materials at different concentrations.23

Temperature shifting of complex viscosity and
dynamic moduli curves

The technique of reduced variables is used here to
generate master curves for shear viscosity and

Figure 3 Complex viscosity of cellulose ionic liquid solu-
tions, as compared with a lyocell solution and polypropyl-
ene melts of different melt flow rates.

Figure 4 Dynamic moduli for all solution concentrations
at 908C.

Figure 2 Complex viscosity data for all solution concen-
trations at 908C.
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dynamic moduli.24 The temperature shift factor can
be defined by the following equation

aT ¼ g0 Tð ÞT0

g0 T0ð ÞT (1)

where g0(T) and g0(T0) are zero-shear viscosities of
the cellulose/IL solutions at temperature T and ref-
erence temperature T0, respectively. Based on this
shift factor, the reduced complex viscosity and
reduced angular velocity are calculated with eqs. (2)
and (3)

g*
r ¼ g� x;Tð Þg0 T0ð Þ

g0 Tð Þ ¼ g� x;Tð Þ T0

aTT
(2)

xr ¼ xaT: (3)

Assuming that the Cox-Merz rule25 is valid for the
cellulose/IL solution rheology, the three-parameter
Carreau and Cross viscosity models24,26 are used to
predict the zero-shear viscosity from the complex
viscosity data. The three-parameter Carreau viscosity
model is given by eq. (4)

g ¼ g0 1þ k _cð Þ2
h i n�1ð Þ=2

(4)

and the three-parameter Cross model given by eq. (5)

g ¼ g0

1þ k _cð Þ1�n
(5)

where k is a time constant and n is the power-law
exponent. From the ‘‘Arrhenius type dependence’’ of
aT as a function of temperature, the activation
energy for shear flow is determined with eq. (6)

aT ¼ exp
DEa

R

1

T
� 1

T0

� �� �
(6)

where DEa is the activation energy and R is the uni-
versal gas law constant.
Figure 5 shows the complex viscosity curves for

the 10% solution at all tested temperatures and the
Carreau model fitting parameters in the inset.
Changing the testing temperature brings about

only a change in zero-shear viscosity, without modi-
fying the general pattern of shear thinning shown
for all viscosity curves. Figure 6 displays the master
curves for each concentration. These curves were
obtained by shifting the complex viscosity curves at
80 and 1008C on the reference viscosity curve at

Figure 5 Complex viscosity curves and Carreau model
fitting results for 10% solution. Figure 6 Master curves for complex viscosity (Carreau

model parameters).

Figure 7 Master curves for the dynamic moduli of all so-
lution concentrations (Carreau model).
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908C. Similarly, master curves of dynamic moduli of
the 8, 10, and 12% solutions were also generated
using the same shift factors and shown in Figure 7.
Both complex viscosity and dynamic moduli master
curves show an excellent shifting accuracy, as seen
from the values of the coefficient of determination
R2. The Arrhenius plot of ln(aT) versus 1/T is shown
in Figure 8. From the slope of the linear fit, the acti-
vation energy for each solution concentration was
calculated and is shown in the inset of the figure.

The three-parameter Cross model, like the Carreau
model was also used to fit the complex viscosity
data of the 8, 10, and 12% solutions at each tempera-
ture. The shift factors were again calculated using
eq. (1). The fitted results are presented in Figures 9–
12 in the same way as the results from the Carreau
model. It can be seen from Figures 5 and 9 that Car-

reau model under-predict the zero-shear viscosity,
as compared with Cross model, a fact that was also
observed by Carreau et al.27 From Figures 6, 7, 10,
and 11, it can be observed that both Carreau and
Cross models yield good shifted curves for the com-
plex viscosity and dynamic moduli. This can also be
shown by the high coefficient of determination (R2)
values determined from polynomial fits of shifted
complex viscosity curves, all of which were higher
than 0.996. The results are summarized in Table II.
The shift factors also show good Arrhenius depend-
ence. From the slope of the Arrhenius plots, the acti-
vation energy for shear flow was calculated for each
solution concentration. The results are summarized
in Table III. The maxima in activation energy at 10%

Figure 8 Arrhenius plot for the shift factors of all solu-
tion concentrations (Carreau model).

Figure 9 Complex viscosity data and Cross model fitting
results for a 10% solution.

Figure 10 Shifted curves for complex viscosity for all
solution concentrations (Cross model).

Figure 11 Shifted curves for the dynamic moduli for all
solution concentrations (Cross model).
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concentration is similar with the maxima observed
by other researchers on cellulose solutions and
explained by the formation of some network
structures.28,29

The activation energy for flow of cellulose ionic
liquid solutions varies between 18.99 and 24.09
kCal/mol, being slightly higher for the Cross model.
These values are almost double the activation energy
of 12.9 kCal/mol, reported by our research group
for a lyocell solution of 14% concentration in cellu-
lose from a dissolving pulp of DP 855.30 The activa-
tion energy for shear flow for ionic liquid solutions
is even higher than the activation energy of the melt
blowing grades of polypropylenes of different melt
flow rates, given in Figure 3. We have calculated
values of activation energy of 16.88, 12.5, and 9.82
kCal/mol for the polypropylene melts of 22, 35, and
400 MFR, respectively.31 All these values can be
compared with the activation energies of 5.98, 14.35,
and 20.33 kCal/mol, reported for polyethylene, poly-
styrene, and polycarbonate.26

CONCLUSIONS

Complex viscosity and dynamic moduli were meas-
ured at temperatures of 80, 90, and 1008C for cellu-
lose solutions of 8, 10, and 12 wt % dissolved in 1-
butyl-3-methylimidazolium chloride and the results

compared with lyocell solutions and melt blow
grade polypropylene melts of different melt flow
rates. The results show that the complex viscosity is
comparable with that of lyocell solutions and melt
blowing grade polypropylene, suggesting that they
can be processed by spinning and solution blowing,
for the manufacture of fiber and nonwoven prod-
ucts. The complex viscosity curves show typical
shear thinning behavior. Good shift curves were
generated for the complex viscosity and dynamic
moduli, by using zero-shear viscosities fit with Car-
reau and Cross viscosity models. Also, activation
energy for shear flow was calculated from the
Arrhenius plots of shift factors at different tempera-
tures. Activation energies between 18.99 and 24.09
kCal/mol were obtained, depending on the solution
concentration and viscosity model used to fit experi-
mental data. These values are higher than the activa-
tion energies of lyocell solutions and different
polyolefin melts and comparable with those for
polycarbonate melts.
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