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Abstract

Rheological properties of 1, 2 and 3 wt% chitin/lithium chloride (LiCl), N,N-dimethyl acetamide (DMAc) (one part of LiCl in 20 parts of
DMACc by mass) solutions were investigated using an advanced rheometric expansion system for the purpose of improving the properties of
chitin fibre. The results from steady rheological testing showed that the 1, 2 and 3 wt% chitin/LiCl,DMAc solutions were non-Newtonian
fluids with shear-thinning behaviour. The 2 wt% chitin/LiCl,DMAc solution formed lyotropic liquid crystals, as determined from the
decreased apparent viscosity in contrast to the 1 wt% chitin/LiC,DMAc common solution. The results also implied that the 2 wt%
chitin/LiCLLDMACc liquid crystals should have best spinnability and give best quality of fibre after spinning among the three solutions. The
3 wt% chitin/LiCl,DMACc solution had a similar appearance to the 2 wt% chitin/LiCl,DMAc liquid crystals. Dynamic measurements on the
3 wt% chitin/LiCl,DMAc solution showed that the changes in its viscous and elastic properties with temperature were different from
common polymer solutions, in that the first normal stress difference could be negative and higher temperature could give higher viscosity.

These findings suggested the existence of liquid crystals in the 3 wt% chitin/LiCl,DMAc solution.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Chitin is an abundant natural bio-degradable polymer,
with excellent bio-compatibility, non-toxicity and wound
healing properties, so it has been widely applied in medical
and healthcare fields for applications such as release
capsules for drugs, man-made kidney membranes, anti-
coagulants and immunity accelerants (Cho, Cho, Chung,
Yoo, & Ko, 1999; Matsuyama, Kitamura, & Naramura,
1999; Muzzarelli, 1977, 1993; Okamoto et al., 2002; Onishi,
Nagai, & Machida, 1997; Tokura et al., 1990). Also, owing
to its relatively high strength and modulus, chitin fibre has
been used as surgery sutures, wound dressings and artificial
skins (Hirano, Zhang, Chung, & Kim, 2000; Liu & Wu,
1994; Su et al., 1999; Wu & Wu, 1997).
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Fibre-reinforced polymeric composites form one of the
most important classes of composite and are applied in
many fields (Shierrdon, 1989). Our work therefore seeks to
prepare chitin fibre not only for its own medical applications
but also as a reinforcement filler for polymer matrices. The
properties of the fibre-reinforced composites are largely
dependent on the characteristics of the fibre, such as its
strength, length, the length distribution, diameter, the shape
of the interface, and irregularity of surfaces (Dong, 1981).
This work aims to enhance the properties of chitin fibre.

Since the tensile modulus of the fibre spun from liquid
crystal solutions is at least double of the fibre derived from
common wet spinning methods, the former method is often
preferable (Dong, 1981). Chitin can be dissolved in few
solvents (Austin, 1977, 1984), among which dichloroacetic
acid (DCA) was claimed to make chitin form lyotropic
liquid crystals by Dong and Wang (1999), but our
previous work (Chen, Sun, Fan, & Zhang, 2002) on DCA
did not identity this phenomenon. The mixture of lithium
chloride (LiCl) and N,N-dimethyl acetamide (DMAc)


http://www.elsevier.com/locate/carbpol

66 B. Chen et al. / Carbohydrate Polymers 58 (2004) 65-69

(one part of LiCl in 20 parts of DM Ac by mass) is one of the
best solvents for chitin and it has been extensively used in
this context (Austin; Poirier & Charlet, 2002; Striegel,
1997). Our work therefore used this solvent system with the
aim of obtaining lyotropic liquid crystals under appropriate
preparation conditions. Understanding the rheological
properties of a solution is a convenient and effective way
to gain a fundamental knowledge of the spinnability and
structure—property relationships for the spinning solution.
Thus, this work investigates the rheological properties of
chitin/LiCl,DMACc solutions in some detail.

2. Experimental details

Chitin was kindly supplied by Dong Hua University
(Shanghai, China). Its molecular weight was deduced as
5.6 10° from the intrinsic viscosity of a chitosan solution,
as described in our previous work (Chen et al., 2002). Chitin
was purified according to established literature methods
(Lu & Cao, 1993; Wang, Qin, & Bo, 1991). The material
was immersed in 0.5 wt% aqueous potassium permanganate
solution (Shanghai Second Chemicals Company, China) for
1 h and washed with distilled water. The washed chitin was
immersed in 1 wt% aqueous oxalic acid solution (Shanghai
Fourth Chemicals Company, China) at 30 °C for 20 min.
The resulting product was washed, dried and ground. LiCl
and DMAc were from Shanghai Second and Third
Chemicals Companies (China), respectively. All the
reagents used in this work were analytical grade.

LiCl was heated to 160°C to remove its water of
crystallization completely. One part of dried LiCl was added
to 20 parts of DMAc (by mass) to prepare LiCl,DMAc
solvent system. Then known amounts of chitin were added
to the solvent system at ambient temperature (20 °C) to
produce the 1, 2 and 3 wt% chitin/LiCl,DMAc solutions.

The steady and dynamic rheological properties of the
chitin solutions were measured on an advanced rheometric
expansion system (ARES, Rheometric Scientific Inc., New
Jersey, USA). The testing configuration was concentric
cylinders. Steady measurements were carried out at 20 °C.

3. Results and discussion

Fig. 1 shows the curves of apparent viscosity (7,) against
shear rate () for the chitin/LiCl,DMAc solutions. All the
solutions containing different concentrations of chitin were
non-Newtonian fluids, showing a viscosity that decreased
with shear rate. Unlike chitin/DCA solutions in which the
viscosity increases with chitin concentration (Chen et al.,
2002), the 2 wt% chitin/LiC1,DMAc solution had lower
viscosity than the 1 wt% chitin/LiCl,DMAc solution. The
transition from the isotropic to the nematic state is marked
by a decrease in the apparent viscosity as found by Hermans
(1962). This is reasonable because molecules can slide past
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Fig. 1. Apparent viscosity 7, vs. shear rate y curves for the chitin/LiCI,D-
MAc solutions with different concentrations.

each other more readily in the nematic state than in the
isotropic state (DuPré, Samulsk, & Tobolsky, 1971; Jin &
Hua, 1999; Larson, 1999). Therefore, the decrease in the
apparent viscosity in this work initially suggested that the
2 wt% chitin/LiCl,DMAc solution formed lyotropic liquid
crystals, in which an ordered structure had been established.

The appearance and microstructure observed support this
conclusion. The 2 and 3 wt% chitin/LiCl,DMAc solutions
were light yellow, glittering and transparent, while the
1 wt% chitin/LiC1,DMAc solution did not have such an
appearance but looked like common organic solutions.
Under an optical microscope with cross polars (Leica-
DMLP, Leica Microsystems AG, Germany) the 1 wt%
chitin/LiCl, DMACc solution was dark and the other two had
bright points, shinning areas and colourful stripes. As only
anisotropic phases give images under the polarized optical
microscope, it is reasonable to conclude from these
observations and the decreased viscosity that both the 2
and 3 wt% chitin/LiC1,DMAc solutions formed lyotropic
liquid crystals.

It is not abnormal to obtain liquid crystals from chitin due
to its rigid benzene-ring backbone and rod-like morphology
(Nge, Hori, Takemura, & Ono, 2003); the rigid polymers in
suitable solvents can give rise to mesophases because they
behave as rigid rods (Barnes, Hutton, & Walters, 1989; De
Gennes & Prost, 1993; DuPré et al., 1971). Dong and Wang
(1999) claimed that chitin/DCA solutions formed choles-
teric liquid crystals. Nge et al. showed that pre-formed
chitin crystallites transformed to chiral nematic (choles-
teric) liquid crystals after suspending in acrylic acid. Li,
Revol, and Marchessault (1996) also speculated from
rheological testing that aqueous suspensions of pre-formed
chitin crystallites appeared as chiral nematic liquid crystals
and they turned to nematic phases under shear forces. With
regard to molecular structure, nematic and cholesteric liquid
crystals appear as two subclasses of the same family to some
extent (De Gennes & Prost). According to the decreased
apparent viscosity, the 2 wt% chitin/LiCl,DMAc solution
formed nematic liquid crystals under shear forces (DuPré
et al.; Larson, 1999). The ‘critical concentration’ of
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transferring a common solution of chitin/LiCl,DMAc is thus
between 1 and 2 wt%.

The viscosity of the 3 wt% chitin/LiCl,DMAc solution
was greater than that of the 2 wt% chitin/LiCLDMAc
solution. This can be explained by the co-existence of
isotropic and anisotropic phases in the lyotropic liquid
crystals (He & Chen, 1990). Once the concentration of a
solution exceeds the °‘critical concentration’ as defined
previously, the proportion of anisotropic phases in the
solution increases with concentration until the solution
becomes uniformly anisotropic. Correspondingly, the vis-
cosity of this solution is reduced to its lowest value. After
that, the viscosity increases rapidly again with concentration
due to the formation of isotropic phases. Therefore, the
relatively high viscosity in the 3 wt% chitin/LiCl,DMAc
solution can be attributed to its higher proportion of
isotropic phases compared to that in the 2 wt% chitin/
LiCl,DMACc solution. However, it is not precluded that the
types of the liquid crystal may change with the increasing
concentration of chitin solutions (DuPré€ et al., 1971).

When the shear rate was relatively low, i.e. y<12s™ 1,
the viscosities of the 2 and 3 wt% chitin/LiCl,DMAc
solutions decreased more rapidly than that of the 1 wt%
chitin/LiCLDMACc solution, implying that the flowing units
in the liquid crystals are oriented more easily. When the
shear rate was increased, the viscosity was a function of the
concentration, i.e. all the flowing units in both liquid crystals
and the common polymer solution were oriented and hence
there was no difference between them under high shear rates
(He & Chen, 1990).

The structure viscosity index An, is defined as follows:

An, = —(dlg n,/dy'?) X 107

It can be used to characterize the structuralization of a
spinning solution (Dong, 1981). A small An, implies low
structuralization. It has been proved that the lower
structuralization of a spinning solution, the better spinn-
ability and fibre quality are achieved. Fig. 2 shows the
curves of 1g n, vs. y"/* for the chitin solutions. Their slopes
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Fig. 2. Logarithmic apparent viscosity 1g 7, vs. square root shear rate y '
for the chitin/LiCl, DMAc solutions with different concentrations.

indicate that the 2 wt% chitin/LiCl, DMAc liquid crystals
had the lowest An,, suggesting the better spinnability and
fibre quality. In contrast, the 3 wt% chitin/LiCl,DMAc
liquid crystals had the worst spinnability having the highest
viscosity among the three solutions.

Dynamic rheological testing was conducted on the
3 wt% chitin/LiC1,DMAc solution to verify the formation
of liquid crystals and to study the rheological properties
more comprehensively. The linear viscoelastic zone was
firstly investigated with frequency w set at 10 rad s~ '. Fig. 3
shows the curves of storage modulus (G') and loss modulus
(G") against strain (¢). G’, equivalent to the first normal
stress difference at steady state, was negative at 30 and
60 °C. This again implies that the 3 wt% chitin/LiCl,DMAc
solution was a lyotropic liquid crystal, because negative first
normal stress difference is one of the unusual rheological
properties shown by some liquid crystals (Barnes et al.,
1989; Larson, 1999; Wu & Wu, 1994). Larson attributed
this negative value to a consequence of the frustration of
tumbling that occurs when shearing is strong enough to
distort the molecular order parameter. G’ also reflects the
capability of storing energy during deformation and
releasing it on unloading (Young & Lovell, 1991). For
common polymer solutions, increasing temperature
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Fig. 3. Storage modulus G’ and loss modulus G” vs. strain ¢ for the 3 wt%
chitin/LiCl,DMAc solution measured at different temperatures.



68 B. Chen et al. / Carbohydrate Polymers 58 (2004) 65-69

84 | —e—60°C /
—=—40°C .

6] |—w—30°C

\.\
\

2 /_/l/v/
i _/-/;/v/ /o/./.
-IY,V/ . l././"/.
OA.-. : .l T T T 1
0 20 40 60 80 100

€/%

Fig. 4. Shear stress 7 vs. shear strain ¢ for the 3 wt% chitin/LiCl,DMAc
solution measured at different temperatures.

promotes a polymer fluid to relax and decreases the
elasticity by reducing its elastic storage energy when it
flows out of spinning orifices (Dong, 1981). However, G’ for
the 3 wt% chitin/LiCl,DMAc solution was changed in a
different way by increasing temperature, again suggesting
the existence of liquid crystals. It is important to find out an
appropriate temperature for spinning fibres from liquid
crystals.

Similarly G” had the greatest value at 40 °C, supporting
the existing conjecture that liquid crystals behave differently
from common polymer solutions during rheological testing
(He & Chen, 1990). The dynamic viscosity 5’ reflecting the
viscosity of a non-Newtonian fluid, can be deduced from G”
(' =G"/w, where frequency w=10rad s ).

Fig. 4 shows the shear stress 7—shear strain ¢ curves for
the 3 wt% chitin/LiCLDMAc liquid crystals measured at
different temperatures. All the three curves are linear,
showing that the applied shear stress increases with shear
strain. This also suggests that the yield stress has not been
reached within the measurement range and the liquid
crystals are in their linear viscoelastic zone. Thus when
£ <100%, the deformation of the liquid crystals caused by
the external shear stress can spring back to the original
status. Under the same deformation, the stress at 40 °C was
highest compared to that at other two temperatures,
implying that the highest stress is required to overcome
the resistance force during flowing and orientation. The
change of the curve 7 vs. ¢ with temperature is again
different from that for common polymer solutions in that the
slope of the curve often decreases with temperature
monotonically in the latter (He & Chen, 1990). The linear
relationship between 7 and ¢ suggests that these curves
follow Hooke’s law which can be presented as modulus
G=r/e. In the present work, G refers to complex modulus
G". Thus the liquid crystals at 40°C had the highest
complex modulus, suggesting the largest shear modulus
(Young & Lovell, 1991).

The frequency scanning was carried out with the strain
set at 10%, a value within the linear viscoelastic zone. Fig. 5
shows the curves of complex viscosity 7~ against frequency
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Fig. 5. Complex viscosity 7" vs. frequency w for the 3 wt% chitin/LiCl,D-
MAc solution measured at different temperatures.

w. " is a combination of two parts, contributed by the
viscous component 7’ and the elastic component n”. The
curves are nearly horizontal but when the temperature was
increased to 60 °C, the relationship presents a negative
slope. This is probably because some of the anisotropic
phases in the solution have turned to isotropic phases at this
temperature.

According to the Cox—Merz rule (1958), there is a
relationship between complex viscosity 7° (w) measured
dynamically and 1,(y) measured in steady flow wherein w is
equal to vy such that:

7*(w) = 1,(7)

Through this relationship, the dynamic curves can be
considered as corresponding to the steady curves although it
has been shown that the equation is not always valid
(Li, Jarvela, & Jarvel, 1997; Twardow & Dennin, 2003).
Within the measurement range, the liquid crystals at 30 and
40 °C were in the first Newtonian zone; however, those at
60 °C behaved as shear thinning, suggesting its inferior
processing properties (Nelson, 1983). Therefore, a
temperature >60 °C is not recommended as a spinning
temperature for the 3 wt% chitin/LiC1,DMAc solution.

4. Conclusions

The steady and dynamic rheological properties of chitin
solutions have been studied in order to guide spinning
conditions. The 2 wt% chitin/LiCl,DMAc solution formed
lyotropic liquid crystals as determined by its decreased
apparent viscosity in contrast to the 1 wt% chitin/LiCl,
DMAc solution. This is a well-known mark for the
transition of isotropic solutions to anisotropic nematic
liquid crystals. Observations from the appearances and
polarized optical microscope supported this conclusion. The
3 wt% chitin/LiCI,DMAc solution was also a lyotropic
liquid crystal as deduced from the appearance, microscope
observation, negative first normal stress differences, and
abnormal changing status with temperature.
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Apart from lower apparent viscosity, the 2 wt%
chitin/LiCI,DMACc liquid crystals had higher orientation at
the zone of low shear rates, and less structuralization as
compared with the 1 wt% chitin/LiC,DMAc common
solution. This indicates that the former had better spinn-
ability and would give higher quality of fibre after
spinning. The existence of liquid crystals solves the
problems associated with higher viscosity and more
structuralization that usually accompany common polymer
solutions. Dynamic rheological testing on the 3 wt%
chitin/LiCl,DMACc solution shows that increasing tempera-
ture did not always decrease the viscosity and elasticity,
therefore selecting a spinning temperature for lyotropic
liquid crystals needs additional caution. For the 3 wt%
chitin/LiCLDMAc liquid crystals, a temperature below
60 °C should be considered for spinning.
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