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The rheological properties of a-cellulose 1-allyl-3-methylimidazolium formate solutions were investi-
gated using shear viscosity and dynamic rheological measurements in a large range of concentrations
(0.1-10 wt%) at 25 °C. In steady shear measurement, the overlap concentration (¢*) and the entanglement
concentration (c.) were determined to be 0.5 and 2.0 wt% respectively, and the exponents of the specific
viscosity (nsp) versus the concentration (c) were determined as 1.0, 2.0 and 4.7 for dilute, semidilute
unentangled and entangled regimes respectively, which were in accordance with the scaling predic-
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Rheology semidilute unentangled regimes, failure of the Cox-Merz rule with steady shear viscosity larger than

Scaling predictions complex viscosity was observed; while the deviation from the Cox-Merz rule disappeared in semidilute

Viscoelasticity entangled regime.
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1. Introduction

Cellulose, an almost inexhaustible source of raw materials on
the earth, is known to have many attractive properties such as
biocompatibility, biodegradability, thermal and chemical stability
(Hans, 1993). However, processing and derivatization of cellu-
lose are difficult in general considering this natural polymer is
neither meltable nor soluble in conventional solvents due to the
numerous intermolecular and intramolecular hydrogen bonds in
cellulose chains (Wang, Gurau, & Rogers, 2012). Over the past
decades, only a limited number of solvent systems have been used
to dissolve cellulose, but these solvents have some limitations
including high cost, volatility, toxicity and instability in processing
(Zhu et al., 2008). At present, most of them are limited in a lab-
oratory scale, and only the viscose process and lyocell process
have been industrialized for manufacturing regenerated cellulose
fibers and films. However, both of them have some disadvantages
associated with their application, such as complicated technol-
ogy, generation of poisonous gas and difficulty in solvent recovery
during cellulose processing. Therefore, as a key issue for over-
coming the disadvantages of traditional processing methods, the
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development of new technology to dissolve cellulose is getting
increasingly important.

In 2002, Swatloski et al. reported that the room temperature
ionic liquids (IL) were non-derivatizing and green solvents for
cellulose, which disclosed another environmentally benign sol-
vent for cellulose (Swatloski, Spear, Holbrey, & Rogers, 2002).
Since then, the development of ILs has attracted considerable
commercial interest because of their superior dissolving capac-
ity, environmentally friendly properties, easy recycling, and good
recoverability (Pinkert, Marsh, & Pang, 2010). To date, there has
been a dramatic surge of interest from both scientific and indus-
trial communities on the application of ILs in cellulose process,
including the dissolution of cellulose in some new ILs (Heinze,
Schwikal, & Barthel, 2005; Kosan, Michels, & Meister, 2008;
Zhang, Wu, Zhang, & He, 2005), the preparation of some new
functional cellulose materials by using ILs (Bentivoglio et al.,
2006; Laus et al., 2005), and the development of cellulose com-
posite materials from ILs (Rahatekar et al., 2009; Sun et al.,
2008). Compared with traditional process, ILs provided a rel-
atively simple and environmentally friendly way to produce
cellulose regenerated fibers without chemical modification or
derivation, but with fewer processing steps. Moreover, ILs were
almost entirely recovered (>99.5%) after being used in the pro-
cess and can be reused many times (Hermanutz, Gahr, Uerdingen,
Meister, & Kosan, 2008). Nowadays, ILs, which may replace the
traditional cellulose solvents, have been providing a new and
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versatile platform for the wide utilization of cellulose resources
and preparation of novel cellulose-based materials with special
properties.

It is well-known that rheological properties have an impor-
tant influence on many processing operations involving the rapid
change of product shape such as fiber spinning, film blowing
and nonwoven melt processing. Therefore, comprehension of the
rheological characterization of cellulose in ILs plays a signifi-
cant role in successful production of regenerated cellulose fiber,
film, nonwoven and a lot of other products. Recently, some rhe-
ological properties of cellulose have been reported in several
imidazolium-based ILs, which have been used for preparing cellu-
lose fibers (Kosan et al., 2008). Sammons et al. (Sammons, Collier,
Rials, & Petrovan, 2008a; Sammons, Collier, Rials, & Petrovan,
2008b) measured the elongational properties of concentrated
cellulose/1-butyl-3-methylimidazolium chloride ([Bmim]Cl) solu-
tions, performed dynamic shear and modulus experiments for the
solutions and used Carreau and Cross models to fit the exper-
imental data. Chen et al. (2011) carried out a complete and
comprehensive study of linear viscoelasticity and steady shear
viscosity of cellulose/[Bmim]Cl solutions from 0.1 to 10wt%,
they found that the solutions were stable super-cooled liquids
at 25°C and [Bmim]Cl was in the 6 regime for cellulose near
room temperature. Furthermore, the rheological properties of
cellulose/1-allyl-3-methylimidazolium chloride ([Amim]Cl) solu-
tion were investigated in detail from dilute to concentrated regime
(Kuang, Zhao, Niu, Zhang, & Wang, 2008; Lu, Cheng, Song, &
Liang, 2012; Song, Zhang, Niu, & Wang, 2010), and an exten-
sive study of the steady state shear rheological properties of
cellulose/1-ethyl-3-methylimidazolium acetate ([Emim]Ac) solu-
tions was also performed at a variety of concentrations and
temperatures, in which the first attempt to determine Mark-
Kuhn-Houwink constants was made (Gericke, Schlufter, Liebert,
Heinze, & Budtova, 2009). Besides those, Sescousse, Le, Ries,
and Budtova (2010) made a comparison of the viscosity prop-
erties of cellulose dissolved in two different ILs, [Bmim|Cl and
[Emim]Ac, and they reported that both solvents were of the same
thermodynamic quality by analyzing a large range of polymer con-
centrations.

It has long been recognized that most currently used ILs are solid
at room temperature, and the liquid ones usually have a high vis-
cosity that limits their use as a solvent due to the low heat and
mass transfer rate in their processing efficiency (Lv et al., 2012).
Consequently, halogen-free ILs with low viscosity that can dis-
solve cellulose are strongly desirable. Recently, Fukaya, Sugimoto,
and Ohno (2006) found a series of 1, 3-dialkylimidazolium for-
mate ILs exhibiting superior solubility for cellulose, especially
1-allyl-3-methylimidazolium formate ([Amim]COOH) which had
a significantly lower viscosity than previously reported halo-
genated imidazolium ILs. Compared with [Amim|Cl, [Amim]COOH
could dissolve cellulose at lower temperatures and obtain cellu-
lose/[Amim]COOH solutions with larger concentrations (Cao et al.,
2009). However, so far, there are few reports about the rhe-
ological properties of these newly developed solutions. In this
paper, cellulose/[Amim]COOH solutions with concentrations ran-
ging from dilute regime to semidilute entangled regime were
prepared, and the rheological behaviors of the solutions were
investigated using a rheometer. The main purpose of this paper
was to characterize the influences of cellulose concentration
on the flow behavior and linear viscoelasticity of the cellu-
lose/[Amim]COOH solutions. The concentration dependences of
specific viscosity and plateau modulus were studied and contrasted
with the results of scaling prediction. Moreover, some unique
rheological properties including intrinsic viscosity, overlap concen-
tration and entanglement concentration were also investigated in
detail.

2. Experiments
2.1. Materials

The IL of [Amim]COOH was synthesized according to the pro-
cedure described in the literature (Fukaya et al., 2006). The water
content measured with the Karl Fischer titration was about 0.2%.
The density of [Amim]COOH at 25°C was determined to be
1.05 g/mL by a pycnometer. The a-cellulose (C8002) was purchased
from Sigma Aldrich. According to literature (Chen et al., 2011), the
degree of polymerization (DP) is 850 and the molecular weight M
is 1.2 x 10° g/mol for this sample.

2.2. Sample preparation

The cellulose powder was vacuum-dried at 60°C for 24h to
remove any moisture before use. [Amim]COOH and cellulose were
mixed in an internal mixer and the mixture was stirred at 60°C
for at least 2 h to ensure complete dissolution. Cellulose solutions
with concentrations from 0.1 to 10 wt% were obtained, and a high-
vacuum pump was used to reduce the pressure of the barrel to
remove air bubbles in the solutions. Clear cellulose solutions were
obtained, and then they were sealed and stored in the desiccators
at room temperature to prevent moisture absorption.

2.3. Rheological measurements

Steady and dynamic rheological experiments were carried
out on an AR-2000 stress-controlled rheometer (TA Instruments,
U.S.A.) using three measurements: concentric cylinder, parallel-
plate (40 mm diameter, 2° cone angle) geometry and parallel plates
(20 mm diameter) for cellulose solution with different concentra-
tions. Steady shear experiments were carried out with the shear
rate () from 0.01 to 1000 s~! at various temperatures. In the oscil-
latory shear experiments, the values of the strain amplitude were
checked to ensure that all measurements were set as 5%, which was
in the linear viscoelastic regime. The dynamic viscoelastic functions
such as the shear storage modulus (G’) and loss modulus (G”) as a
function of angular frequency were measured. The sweep of the
angular frequency (w) was from 0.01 to 500rad/s. Each test was
repeated twice in order to reduce the testing error, and all the data
were reduced to a reference temperature at 25 °C by means of the
time-temperature superposition (TTS) principle (Ferry, 1980). To
prevent absorption of moisture, a thin film of low-viscosity silicon
oil was placed around the edges of the measuring cell, and this
method was proved efficient for stable-in-time measurements.

3. Results and discussion
3.1. Flow curves of cellulose solutions

Fig. 1 presents the flow curves in terms of shear stress (o)-shear
rate () relationships for 0.1-10 wt% cellulose/[Amim]COOH solu-
tions at 25°C. The flow curves give straight lines at low polymer
concentrations (0.1-0.5wt%), suggesting Newtonian behavior of
the cellulose solution in this concentration regime. The Ostwald-
de-Waele equation as o = k™ is used to test the deviation extent
of the cellulose solution from the Newtonian liquids (Macosko,
1994), where k is the consistency index and m is the flow behavior
index. The value of m for cellulose solutions ranging from 0.1 to
0.5 wt% was approximated to 1 (m=0.95-0.99), indicating a dilute
and Newtonian cellulose solution (Lue & Zhang, 2009). However,
with further increase of concentration (>0.5 wt%), a shear-thinning
behavior is observed at high shear rates and this shear-thinning
tendency becomes more pronounced, indicating the deviation from
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Fig. 1. Dependence of the shear stress on the shear rate for cellulose/[Amim]COOH
solution at 25°C: (a) 0.1 to 0.5 wt%, (b) 1 to 10 wt%.
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the Newtonian liquid. Thereby, the Ostwald-de-Waele equation
fitting is not always suitable for the cellulose solutions.

Similar shear behavior can be seen in Fig. 2, which shows the
dependence of the apparent viscosity (1) on the steady shear
of a-cellulose in the concentration range from 0.1 to 10wt% in
[Amim]COOH at 25°C. At very low concentrations, the apparent
viscosity of the solutions keeps constant extending nearly all mea-
surement range of shear rates, while slight shear-thinning behavior
is observed at high shear rates. Along with the concentration
increase, the apparent viscosity also increases prominently. More-
over, the critical shear rate corresponding to the transition from
Newtonian to shear-thinning behavior moves to lower values with
the increase of the concentration, which is similar to some other
cellulose solutions (Blachot, Brunet, & Navard, 1998; Chen et al.,
2011; Lue & Zhang, 2009) and some entangled polymer solutions
(Chauvelon, Doublier, Buleon, Thibault, & Saulnier, 2003; Kapoor
etal,, 1998). This means the highly entanglement network or aggre-
gate of cellulose molecules has formed in the solution. For the lower
shear rate, the Newtonian plateau region, where the viscosity has
a constant value, appears and the zero shear viscosity (7o) can be
determined by the model of Carreau (Bird, Curtiss, Armstrong, &
Hassager, 1987):
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Fig. 2. Dependence of the apparent viscosity on the shear rate for cellu-
lose/[Amim]COOH solution at 25°C: (a) 0.1 to 0.7 wt%, (b) 1 to 10 wt%.

where T is the relaxation time and n is the exponent of the power
law. Clearly, ng increases with the increase of the concentration. The
zero shear viscosity of [Amim]COOH is determined to be 68.7 mPa's
by the Carreau model. Although the value measured by viscometer
was reported as 66.0 mPas (Fukaya et al., 2006), it is not suitable
to use viscometer for ILs because they are so hygroscopic that the
measurements with the air contact are not reliable. Therefore, the
value of 68.7 mPas is used for the following analysis.

3.2. Viscosity-concentration dependence

In order to eliminate the effect of solvent viscosity on the cellu-
lose/[Amim]COOH solutions, the specific viscosity nsp =(10 - 1s)/1s
(where s is the solvent viscosity) values are calculated at each
concentration (c) and shown in the form of double logarithmic
plot in Fig. 3. The cellulose solutions of different concentrations
can be separated into three regimes: dilute, semidilute unentan-
gled and semidilute entangled regime. At very low concentrations,
the cellulose molecules are dispersed separately. However, as con-
centration increases, the macromolecules of cellulose chains start
to overlap each other at the overlap concentration (c*) which
delimitates two different states of the polymer solution: dilute
and semidilute unentangled solutions (Turner, Spear, Holbrey, &
Rogers, 2004). As shown in Fig. 3, the c¢* values is 0.5wt% for
cellulose/[Amim]COOH solution at 25 °C. With further increase of
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Fig. 3. Concentration dependence of specific viscosity (ns) for cellu-
lose/[Amim]COOH solution at 25°C.

concentration, there is an abrupt change in power law exponent
for c dependence of 75, at the entanglement concentration (ce),
where the polymer chains topologically constrain each other and
begin to entangle in the solution (Krause, Bellomo, & Colby, 2001).
In other words, c. marks the distinct onset of significant cellu-
lose chain entanglements in [Amim]COOH, and the value of c, is
2.0 wt%. These results (c*, ce and ¢ dependence of 7sp) are identi-
cal to that of the a-cellulose/[Bmim]Cl solution, as reported in the
previous paper (Chen et al., 2011). This means that the conforma-
tions of the a-cellulose molecules in those two solvents are almost
equal in terms of rheological properties of the solutions. Similar val-
ues were reported for cellulose/NaOH/thiourea/H,0 (c*=0.1 wt%,
ce =0.53 wt%) solutions (Lue & Zhang, 2011), cellulose/[Amim]Cl
solutions (c*=0.5 wt%, c. =1.5wt%) and cellulose/[Amim]Cl/DMSO
solutions (c*=0.4wt%, c.=1.3wt%) (Kuang et al., 2008; Lv et al.,
2012).

As shown in Fig. 3, the curve of nsp, as a function of cel-
lulose concentration, exhibits abrupt slope changes and can be
represented approximately by three straight lines with slopes of
1.0, 2.0 and 4.7 at 25°C. Recent work of Colby and co-workers
indicated that the slopes of dilute, semidilute unentangled and
semidilute entangled regime should be 1, 2 and 14/3 for neutral
polymer in a 0 solvent, and 1, 1.3 and 3.9 for neutral polymer in
a good solvent (Colby & Rubinstein, 1990; Colby, 2010; Krause
et al., 2001; Rubinstein & Colby, 2003). According to these scal-
ing predictions, cellulose/[Amim]COOH solutions behave more like
the neutral polymer in a 6 solvent at 25°C. In such a case, the
cellulose chain adopts a conformation that is a random walk of
correlation blobs with zero excluded volume at all solution con-
centrations (Colby, 2010). Similar conclusions were reported for
a-cellulose/[Bmim]Cl solution (Chen et al., 2011). However, there
were only two regimes, dilute and semidilute regimes, for micro-
crystalline cellulose (MC) dissolved in [Emim]Ac and [Bmim]Cl
(Gericke et al., 2009; Sescousse et al., 2010), and for MC/[Emim]Ac
solutions, the slopes of semidilute regime ranged from 4.4 to
2.8 for temperature from 0 to 100°C correspondingly; while for
MC/[Bmim]Cl solutions, the slopes varied from 4.3 to 3.4 for tem-
perature from 70 to 120 °C correspondingly.

The influence of concentration on the relaxation time (t) for
cellulose/[Amim]COOH solution at 25°C is shown in Fig. 4. It is
found that t increases with increasing cellulose concentration, indi-
cating that the equilibrium time between the entanglement and
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Fig. 4. Concentration dependence of relaxation time () for cellulose/[Amim]COOH
solution at 25°C.

disentanglement processes with shear rate becomes longer as the
polymer concentration increases. The T dependence of ¢ can be
represented approximately by two straight lines in the double log-
arithmic plot. The concentration at the point where the abrupt
change of the slope of the straight line occurs is the entanglement
concentration c.. For semidilute unentangled cellulose solutions,
the concentration dependence of the relaxation time exhibits scal-
ing T ~c, as expected for semidilute unentangled neutral polymer
in a 4 solvent. The slope is 2.5 (7 ~c2>) for semidilute entangled
solution, which is larger than that of the neutral polymer in a  sol-
vent (T ~c23) (Colby, 2010). The larger exponent may attribute to
the strong interaction and large entanglement between cellulose
chains; hence the chain needs more time to diffuse the distance of
order of its size (Rubinstein & Colby, 2003).

3.3. Intrinsic viscosity

The intrinsic viscosity [n] is a measure of the hydrodynamic
volume occupied by a macromolecule, which is closely related
to the size and conformation of the macromolecular chains in
a given solvent (Lapasin & Pricl, 1995). The intrinsic viscosity is
determined by measuring viscosities of very dilute cellulose solu-
tions and using the Huggins and Kraemer graphical representations
(Huggins, 1942; Kraemer, 1938; Gardas, Dagade, Coutinho, & Patil,
2008):

2 — )+ Knln e )

In n;
c

= [n] - Ke[n)*c. 3)

where K}, is the Huggins coefficient, K, is the Kraemer coefficient
and n; =1no/ns is the relative viscosity. Concentrations are recalcu-
lated in mL/g, taking account of the density of [Amim]COOH at
25°C. The c dependence of nsp/c and (Inn;)/c is shown in Fig. 5
for cellulose/[Amim]COOH solution. Both plots of nsp/c and (In n;)/c
versus c give two straight lines with an identical intercept at c=0,
and the intercept corresponds to the intrinsic viscosity [n]. As
is shown, the extrapolated intercepts at c=0 of both plots agree
within experimental error, and the average of the two values
is calculated to be 198 mL/g as the intrinsic viscosity for cellu-
lose/[Amim]COOH solution at 25°C.
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Fig. 5. Intrinsic viscosity: Kraemer and Huggins plots of cellulose/[Amim]COOH
solution in dilute regime at 25°C.

The relationship between intrinsic viscosity, coil size and molar
mass is known as the Fox-Flory equation (Flory, 1953):

R3
=7, )

where @=2.5 x 1023 mol~! is a universal constant for all polymer-
solvent system, Ris the root-mean-square end-to-end distance, and
M is the molecular weight. The coil size of cellulose in [Amim]COOH
solution can be estimated as R =46 nm. If making the same estima-
tion for cellulose dissolved in other solvents, comparable values
are obtained: for example, R varies from 39 to 56nm for cot-
ton linters of M from 7.2 x 10 to 12.9 x 10* dissolved in 6 wt%
NaOH/4 wt% urea aqueous solution with [n] varying from 203 to
332ml/g at 25°C (Zhou, Zhang, & Cai, 2004), R equals 352 nm for
tunicate cellulose (TC, M=4.13 x 10%) dissolved in 8 wt% LiCl/1,3-
Dimethyl-2-imidazolidinone (DMI) solution with [n]=2645mL/g,
and R equals 217 nm for cotton linter cellulose (CC, M=1.7 x 10%)
dissolved in 8 wt% LiCl/N,N-dimethylacetamide (DMACc) solution
with [n]=1504 mL/g at 30°C (Tamai, Tatsumi, & Matsumoto, 2004).
However, the data and comparison have to be taken with care
because the determination of M and [n] strongly depends on the
approach how it is measured and calculated, and more impor-
tant, the test temperature is also a key factor which can directly
affect the [n] value. For example the end-to-end distance varies
from 18 to 27 nm for microcrystalline cellulose (MC, DP 300) at
temperatures from 0 to 100°C (Gericke et al., 2009), which sug-
gests the intrinsic viscosities decrease with temperature increase.
Similar behavior has already been elucidated in detail in the liter-
ature (Sescousse et al., 2010). In a word, a convincible comparison
can be made only for the same experimental method and measure
approach.

3.4. Linear viscoelastic behaviors

The dependence of storage modulus G’ and loss modulus
G” on the angular frequency has been investigated for cellu-
lose/[Amim]COOH solutions at various concentration ranging from
0.1 to 10 wt%, and the master curves of the solutions selected from
the dilute to entangled region are shown in Fig. 6. In order to avoid
overlapping, the data are shifted along the vertical axis by 102,
For the solutions with cellulose concentration below 2 wt%, G’ is
always smaller than G” and no crossover is found within the test
frequency range. At low frequencies, the relationships of G’ ~ w?
and G”" ~w can be observed for the cellulose solutions in dilute
regime, which show a typical behavior of non-entangled polymer
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Fig. 6. Dependence of storage modulus and loss modulus on angular frequency
for cellulose/[Amim]COOH solutions at different concentrations at 25°C: (a) 0.1 to
2wt%, (b) 3 to 10 wt%. The data are shifted along the vertical axis by 10? to avoid
overlapping.

solution (Ferry, 1980). In such a situation, deformation of the cellu-
lose solution takes place so slowly that the majority of the energy is
dissipated by viscous flow, leading to the liquid state. At the entan-
glement concentration (c. =2 wt%), Rouse-like behavior has been
present apparently at high frequency (10<w<500) where both
G’ and G” show the same slope of 1/2 (Rouse, 1953), suggesting
that the cellulose chain can simply move its monomers by Rouse
motion through the [Amim]COOH solvent without dragging any of
the solvent molecules with it.

As the cellulose concentration increases from 3 to 5wt%, sol-
like (G’ < G") behavior occurs at low frequencies. Compared with G”,
the faster increase with frequency of G’ leads to the first crossover
point and the solution exhibits gel-like (G’'>G") behavior in an
intermediate frequency range. However, both G’ and G” increase
with increasing frequency and show the second crossover, and
then G’ becomes smaller than G” again at higher frequencies. The
first cross-over corresponds to the reptation disengagement time
while the second one is related to the relaxation time of a segment
between entanglements (Rubinstein & Colby, 2003). Between the
cross-over points, G’ shows a plateau-like behavior as a result of
the formation of a gel network with the junctions formed by self-
associated cellulose chains (Cai & Zhang, 2006). The height of the
plateau modules increases and its width expands with the raised
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Fig. 7. Concentration dependence of plateau modulus (G.) for cellu-
lose/[Amim]COOH solution at 25 °C.

cellulose concentration, suggesting the ability of the entanglement
networks is enhanced with the increase of polymer concentra-
tion. The first crossover evidently moves to lower values and the
second crossover slightly increases with increasing cellulose con-
centration. This can be explained by the observation that molecular
chains of cellulose are more close to each other, which reduces their
relaxation capacity and results in easy entanglement. For higher
concentration (7 and 10 wt%), the second cross-over of cellulose
solution is too high to be measured in the measured frequency
range.

For entangled polymer solution, the plateau modulus G, is an
important parameter, which can be estimated by several methods
(Colby, 2010; Liu, He, Ruymbeke, Keunings, & Bailly, 2006). Due
to the high polydispersity of cellulose sample (Chen et al., 2011),
a modification of the MIN method has been used to estimate G,
(Lomellini, 1992):

Ge = G'(®)tan 5 min (5)

where § is the phase angle. The concentration dependence of G, of
cellulose/[Amim]COOH solutions in the concentration range from
2 to 10wt% at 25°C is given in Fig. 7. In this figure, G, dependence
of c can be represented approximately by straight line in the double
logarithmic plot. The slope of the straight line is 2.2 for entangled
regimes. Based on the theories (De Gennes, 1979), the exponent 8
in the relationship of G, ~ c? usually lies between 2.25 and 2.5 for
flexible macromolecules. The exponent of 2.2 seems slightly lower
than the prediction results. However, it is probably reasonable to
regard this a-cellulose as flexible polymer because the exponent
is apt to fluctuate slightly depending on the solvent quality. It
is interesting to compare the concentration dependence of G, of
cellulose/[Amim]COOH solutions with the ones of other solvents.
For example, the exponent was 2.14 for TC in LiCl/DMI solution
(Tamaietal.,2004); while lower values of 1.9 and 2.1 were reported
for dissolving cotton pulp (DCP)/[Amim]Cl/dimethylsulfoxide
(DMSO) and DCP/[Bmim]Cl/DMSO solution respectively (Lv et al.,
2012). It can be found that, due to different solvent quality,
Ge of cellulose/[Amim]COOH solution has stronger concentra-
tion dependence than that of other solutions does. According
to the predictions (Colby, 2010), the specific viscosity nsp is
defined as: nsp~Get for semidilute polymer solutions, with 7
determined as the reciprocal of the shear rate where shear thin-
ning starts. Thereby, s ~ c>2.¢>3 ~¢*7 for semidilute entangled
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Fig. 8. Cox-Merz plot of cellulose in [Amim]COOH with various concentrations at
25°C.

cellulose/[Amim]COOH solution can be calculated. It is noted that
these scaling exponents are generally in good agreement with val-
ues of concentration dependence of specific viscosities from steady
shear experiment in Fig. 3. This fact suggests that the concentration
dependence for these parameters is self-consistent.

3.5. Relationship between steady and dynamic shear viscosities

The Cox-Merz rule is applied to correlate dynamic and steady
shear properties of the solutions, and the magnitude of com-
plex viscosity n* and apparent shear viscosity n are compared at
equal values of shear rate and frequency. The rule provides a sen-
sitive practical test to detect the presence of aggregates in the
solutions. Fig. 8 presents the applicability of the Cox-Merz rule
for the cellulose/[Amim]COOH solutions. At higher concentrations
(>ce), the complex viscosity n* is equal to the steady shear vis-
cosity n within the whole angular frequency or shear rate ranges.
While at lower concentrations (<ce), the values of n* are lower
than those of n at high shear rates, and they coincide only in
the Newtonian regime. The deviation from the Cox-Merz rule was
also found in other cellulose solutions (Chen et al,, 2011; Lue &
Zhang, 2009) and other polymer systems such as starch and xan-
than (Chamberlain & Rao, 1999; Rochefort & Middleman, 1987).
Kuang et al. (2008) reported that, during the steady measurement,
high shear rates may disrupt the interaction between cellulose
and ionic liquid molecules, and the cellulose molecules tend to
entangle with each other, resulting in the high shear viscosity in
dilute and semidilute unentangled regimes, and this may have
also happened to cellulose/[Amim]COOH solutions. In semidilute
entangledregime, cellulose chains fully associate and entangle with
each other, resulting in the easy formation of intra- and inter-
molecular hydrogen bonds. As the concentration further increases,
the solution system transform into a more uniform and homoge-
neous entanglement architecture. The steady shear rate can hardly
influence the entanglements architecture due to the strong hydro-
gen bond intra- and interactions between cellulose chains (Song
et al., 2010), and the departure from the Cox-Merz rule disap-
peared. To clearly understand the detailed mechanisms of such
phenomenon presented in this cellulose solution, further investi-
gation by using some more effective characterization techniques,
such as light scattering, nuclear magnetic resonance, etc., is still
needed.
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4. Conclusion

In  summary, the rheological behavior of «-
cellulose/[Amim]COOH solution was investigated via shear
flow and dynamic oscillatory measurements in a large range of
concentrations at 25°C. For all cellulose solutions, a Newtonian
plateau was observed at low shear rates while a shear-thinning
behavior was observed at high shear rates which fitted the Carreau
model. On the basis of the concentration dependences of the
specific viscosity, cellulose solutions were separated into dilute,
semidilute unentangled and entangled regimes with slopes of 1.0,
2.0 and 4.7 respectively, revealing that cellulose/[Amim]COOH
solution was in good agreement with the scaling prediction for
neutral polymer in 6 solvent. The concentration dependences of
relaxation time exhibited scaling t ~c and 7~ c2> for semidilute
unentangled and entangled cellulose solutions, and G, is expected
by scaling as G ~ c22 in the entangled regime. The relationship of
Nsp ~ GeT ~ ¢*2.¢23 ~ ¢47 indicated that the concentration depen-
dences of these parameters were self-consistent for semidilute
entangled cellulose/[Amim]COOH solution. The derivation of
shear viscosity and complex viscosity from the Cox-Merz rule
was observed in dilute and semidilute unentangled regimes;
while the Cox-Merz rule was valid in the semidilute entangled
regime.
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