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Abstract

The cellulose solutions iN-methyl-morpholineN-oxide (MMNO)/H,0 were prepared. The cellulose concentration was varied from 5 to
25 wt.%. The mole ratio of water to MMNO was fixed at 0.8 and propyl gallaté Wt.%) was added as an antioxidant. To observe the
anisotropic phase formation, polarized light microscopy, DSC, dynamic rotational rheometry and capillary rheometry experiments were
performed. Polarized light micrographs revealed anisotropy for the cellulose solutions of 20 wt.% and higher concentrations. The anisotropy
become clearer when sheared. It was difficult to detect the isotropic transition temperature and concentration from DSC and dynamic
viscosity. In capillary rheometry measurements, however, both viscosity drop at the anisotropic to isotropic transition concentration and flow
activation energy change at the transition temperature were observed. The phase transition temperature and concentrain08@ 95
and about 23 wt.%, respectively. Time—temperature superposition principle was applied successfully to the solutions below 20 wt.%
concentration but failed for the solutions above 20 wt.% concentration. The largest deviation from superposition was found at 23 wt.%
solution which was the critical concentratio®.1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction solvent. Among them, MMNO/KD system has some
advantages; easy dissolution process, non-toxicity of
Cellulose is the most abundant natural polymer source. solvent system, no necessity for metal salt recovery.
However, its use is restricted owing to poor processibility, = The dissolution of cellulose in tertiary amine oxide was
which originates from its infusibility and poor solubility. At discovered first by Graenacher et al. [9] in 1939 and redis-
present, the well known process for the production of covered by Johnson later [10]. The spinning of cellulose
viscose rayon is also the most widely used method to fiber from MMNO/H,O solution was reported by McCors-
process cellulose for fiber spinning. However, this process ley [11]. Then, the first commercialized fiber, Tencel was
is declining because of pollution problems associated with developed by Courtauls. Other processes, Lyocell by Lenz-
toxicity of solvent. Numerous researches have been carrieding, Cocel by KIST, Alceru by TITK, etc. are also being
out to develop a nontoxic and easy dissolution system of developed. As cellulose does not form any complex when
cellulose. In indirect solvent systems such as dimethyl dissolved in MMNO/HO solvent, the dissolution mechan-
formamide/pyridine [1], dimethyl formamide/®, and ism is very simple. MMNO has very strong dipole,®",
dimethyl sulfoxide/NO, [2,3]. cellulose forms derivatives  so it can directly dissolve cellulose breaking the intermole-
during dissolution. However, direct solvent systems such ascular hydrogen bonding of cellulose. MMNOJ/@ solvent
trifluoroacetic acid/dichloromethane [4], liquid ammonia/ with a high water content can not dissolve cellulose because
NH,SCN [5], dimethyl acetamide/LiCl [6], and MMNO/ the N"O™ dipoles of MMNO molecules are saturated by
H,0O [7,8] may form complexes with cellulose but the mole- excess water, whereas the solvent with a low water content
cular structure of cellulose doesn’t change during dissolu- has a high melting temperature at which MMNO and cellu-
tion. So, the processing procedures dealing with direct lose are degraded [12]. Actually, the water content must be
solvent are much simpler than those dealing with indirect 7—15 wt.% to dissolve cellulose up to a high concentration.
Cellulose solutions are known to form the anisotropic
* Corresponding author. phase in various solvent systems. For the cellulose solution
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0032-3861/99/$ - see front matt€r 1999 Elsevier Science Ltd. All rights reserved.
Pll: S0032-3861(98)00852-0



6444 S.0. Kim et al. / Polymer 40 (1999) 6443—6450

phase formation at proper conditions; temperature must besolidified at room temperature and ground into fine powder
lower than 10€C, cellulose concentration higher than inthe glove box under dried nitrogen atmosphere. Then, the
20 wt.%, and the mole ratio of water to MMNO smaller powder was dried in the vacuum oven with increasing
than unity. Patel, et al. [14] reported the anisotropic phase temperature from 4C to 80C. The water content deter-
formation at the 20 wt.% cellulose concentration in trifluor- mined by NMR spectroscopy was 11 wt.% (mole ratio of
oacetic acid/chlorinated alkanes solution system. The meso-H,O to MMNO was 0.8). To prepare cellulose solutions,
phase was identified as cholesteric phase. The solventcellulose and solvent powder were sufficiently premixed at
system is very toxic and may degrade cellulose. Cuculo et room temperature with 1 wt.% propyl gallate as antioxidant.
al. [15] reported anisotropic phase formation in liquid This mixture was heated to 13D in nitrogen atmosphere
ammonia/NHSCN. An interesting result is that both choles- and stirred for about 1 h. Cellulose solutions of 5, 10, 15, 18,
teric and nematic phases were observed with varying the 20, 23 and 25 wt.% were prepared. More concentrated solu-
cellulose concentration. In the solvent of 75.5wt.% tion could not be obtained. All solutions were handled and
NH4SCN, cholesteric phase was formed at 3.5 wt.% of stored carefully under dried nitrogen atmosphere.
cellulose and nematic phase at 8—16 wt.%. The cellulose
solution in dimethyl acetamide/LiCl solvent system showed
the anisotropic phase and the critical concentration varied 2.3. Water content determination
with the content of LiCl [16]. 1
The rheological study has been a useful tool for the 900 MHz "H NMR (Bluker, AMX FT NMR spectro-
researches on cellulose solution systems. The anisotropicSCOPY) Was used to measure the water content of dried
phase formation regions and the fiber processing conditionsMMNO/H20 powder quantitatively. Deuterated DMSO
were determined for various cellulose and cellulose deriva- Was used as a solvent and the integrated areas of the water
tive solution systems by rheological measurements [17—19]. Proton peaks at 3.5-3.7 ppm was compared with those of
Narvard et al. [17] investigated the anisotropic to isotropic MMNO proton peaks to quantify the water content in the
transition temperature of cellulose MMNO/ solution ~ MMNO/ H;0O solvent.
through the flow activation energy of each phase. The
exact phase transition concentration was not determined ) ) . .
and moreover, the degradation of cellulose was pointed 2.4. quarlzed light microscopy and thermal transition
out in the absence of antioxidant [18]. The present work analysis

addresses the conditions of anisotropic phase formation Polarized light microscope (A Leitz, Model Laborlux 12

for cellulose MMNO/HO solutllon systems. The solvent Pols) with hot stage was used to observe the textures of
system had the water content fixed at 11 wt.% and the cellu- oo 0se solutions. A fragment of cellulose solution was

lose solutions Wlfch varl(_)us f:ellulos_e conqgntratlons were squeezed between two glass slides 4C88nd then sealed
prepared. The anisotropic to isotropic transition temperature ¢, o polarized optical microscopy observation. DSC (Du

and concentration were determined on rheological basis.POm model 910 analyzer) was used to study the thermal
The applicability of time temperature superposition prin- yansition behavior of cellulose solutions with increasing

ciple was also examined. temperature at the heating rate 6C#min.

2. Experimental ) ]
2.5. Rheological analysis

2.1. Materials A capillary rheometer (Rosand RH5) was used to

Cellulose was purchased from ITT Rayonier Co., whose measure the steady shear viscosity of cellulose solutions

degree of polymerization was informed to be 1180. It was in the temperaEure range O.f %_1.250 .at yarious shear
dried overnight under vacuum at T before use. Propyl rates (30-300'). The capillary die with inlet angle of
gallate and MMNO/HO (50 wt./50 wt.) mixture were 18C, diameter of 0.1 mm and the ratio of length to diameter
purchased from Aldrich Co. and used without further puri- (L/D) of 16 was used. Shear rate was corrected by Rabino-

fication. MMNO/H,0 was stored carefully in a sealed vessel witisch correction. Rotational rheometer (Physica Rheo Lab
to prevent from absorbing moisture MC120) was used to measure the dynamic viscoelastic

properties of cellulose solutions. Parallel plate geometry
2.2. Solvent and solution preparation of 25 mm diameter and 0.5 mm gap size was used for all
cases. Predetermined mass of bulk samples was loaded on
The mixture of MMNO/HO (50 wt./50 wt.) was rheometer fixture and squeezed to the gap size. To prevent
condensed to prepare the solvent with a low water content.the water evaporation during rheological measurement with
The water content was controlled as follows; as received the rotational rheometer, the edge of the sample between
MMNO/H,O (50 wt./50 wt.) solvent was distillated at plates was coated with a mineral oil after the sample loading
130°C under nitrogen atmosphere for about 10 h. It was [20].
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Fig. 1. Polarized light micrographs of cellulose MMNQ@ solutions
heated to 11T and then sheared at observed temperatures; (a) 20 wt.%
solution at 88C and (b) 25 wt.% solution at 9C.

3. Results and discussion
3.1. Polarized light microscopy

To confirm the anisotropy formation of cellulose NMMO/
H,0 solution, all prepared solutions were observed on polar-
ized light microscopy. The strong optical anisotropy was
observed for 23 and 25wt.% cellulose solutions below
10C°C. As the texture does not show distinct domains, as
already reported by Chanzy, et al. [13], it is not sure whether
the texture is the completely anisotropic or biphasic. Upon
heating anisotropy disappeared around “@0CAnisotropy
recovery was so slow that on subsequent cooling f€85
90°C the anisotropy did not recover. Even after several
hours of annealing at 9G, anisotropy was relatively
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the phase behavior with temperature variation was similar to
the higher concentration ones.

The slow anisotropy evolution is some contrary to the
earlier results by Chanzy, et al. [13], where they reported
the complete texture recovery of cellulose—MMNGIH
solution during C/min cooling. The contrary may be
attributed to the difference of degree of polymerization of
cellulose. Chanzy et al. used the cellulose with the degree of
polymerization of 35-600, half or more lower than ours.
The difference of degree of polymerization may lead to
the difference of molecular mobility and so phase transition
kinetics. Fig. 1 shows the anisotropic textures of 20 and
25 wt.% cellulose solutions at 85 and 90C respectively.
The samples were preheated above°Cl@ooled to the
observation temperature and then sheared. The solutions
with the cellulose concentration below 20 wt.% did not
show any anisotropy even when sheared.

3.2. DSC

Fig. 2 shows the results of DSC experiments conducted
for pure solvent and cellulose solutions. There are
endotherms located between°62-75C, the melting tran-
sitions of the monohydrated MMNO. In the case of pure
solvent, a sharp single endothermic peak appears at
74.5C as a single sharp peak [21]. But for the 5 wt.% cellu-
lose solution, the melting transition is divided into two
peaks, a broader one at 78C3and a sharper one at
74.5C. The peak at the higher temperature is close to the
melting temperature of pure monohydrated MMNO. With
increasing the cellulose concentration, the positions of both
peaks shift to a lower temperature and the peak areas are
reduced. Above 15 wt.% concentration, the higher tempera-
ture transition almost disappears. The reduction of the tran-
sition peaks with cellulose concentration implies that the
cellulose polymer chain disturbs the crystallization of the
monohydrated MMNO [22]. By the way, in the temperature
range between 9CQ and 110C, which involves the isotropic
transition region on polarized light microscopy observation,
no transition peak is detected in DSC heating curves. The
same results were obtained for the samples preannealed at
80°C for 10 h.

3.3. Complex viscosity change with temperature and
concentration

Whereas MMNO is very hygroscopic at room tempera-
ture, water in MMNO/HO system evaporates easily at a

weak. The recovered anisotropy disappeared again arounchigh temperature. Whatever the case is, the water content
100°C on heating. Only when the samples heat treated overin a sample may seriously affect the rheological properties.
100°C were sheared below 18D by pulling the cover glass  To keep the water content constant in the sample during
of the samples, the strong anisotropy similar to the initially dynamic rheological experiments, the edge of the sample
observed one reappeared. As the cellulose solutions experiwas covered with a mineral oil after loading on the
enced squeezing flow during sample preparation, the initial rheometer fixture. Fig. 3 (a) and (b) show the variation of
texture showed a strong anisotropy. For the case of 20 wt.%dynamic viscoelastic properties with time for 18 wt.% solu-
solutions, although relatively weaker than for the higher tion at 100C and 25 wt.% at 9, respectively. Closed
concentration solutions, anisotropy was also observed andsymbols stand for the samples covered with mineral oil
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high experimental temperature. We could observe white
anhydrous MMNO particles on the edge of the sample 10°

after the measurements, which was ascribable to water 0 1000 2000 3000 4000
evaporation on the edge of the sample geometry. When Time (sec)
the sample edge was covered with a mineral oil, the visco-
elastic properties sustained for about 1 h or more. The initial Fig. 3. Variations of viscoelastic properties with time for cellulose MMNO/
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. . . . . 18 wt.% solution at 10 and (b) 25 wt.% solution at 90. w = 10 rad/s.

To observe the complex viscosity change in the isotropic Y = 0.05.

transition region, complex viscosities of 15, 18, 20 and
25 wt.% solutions were measured by the temperature
sweep tests at a heating rate 6€Imin. The sample edge at the phase transition is not seen. The complex viscosities
was covered with oil. As shown in Fig. 4, the complex justincrease with concentration.
viscosities of all concentrations do not show any noticeable
change with temperature. It just decreases monotonically 3 4. Capillary rheometry
with temperature. Fig. 5 shows the complex viscosity
change with concentration for several frequencies. Each From the hint that cellulose shows clearer anisotropy
measurements were performed in frequency sweep modeunder shear in the polarized light microscopy observation,
and the measured temperature wa39@here anisotropy  the capillary rheometry measurements were performed,
was observed on polarized light microscopy for the solu- which was also suggested by Navard et al., as a tool to
tions over 20 wt.% concentration. As the results of tempera- determine the anisotropic—isotropic transition temperature
ture sweep tests, the abrupt increase or decrease of viscositpf a cellulose solution [17]. The experiments were done in
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Fig. 6. Concentration dependence of apparent viscosifyor cellulose
MMNO/H,0 solutions at various temperaturel) (85°C; (®) 90°C; (V)
100°C; (A) 110°C. 7 = 50 s . All viscosity values were Rabinowitisch
corrected.

shear rate sweep mode. To insure the reproducibility of monotonically with concentration. On the contrary, below
obtained data, the measurements were done four times inLOO’C the viscosity increases rapidly between 20 and
twice successive heating and cooling cycles for each 23 wt.% concentrations and then suddenly drop to a
temperature. The results showed good reproducibility for lower value between 23 and 25 wt.%. Such behavior
all cases. is a clear evidence of isotropic to anisotropic phase transi-

Fig. 6 shows the concentration dependence of apparenttion [23]. From these results the isotropic to anisotropic
viscosity. Above 10@C the apparent viscosity increases phase transition occurs around 23 wt.% concentration.
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(®) 46.5 rad/s; &) 100 rad/s.y = 0.05. 15 wt.%. 7 = 50 s *. All viscosity values were Rabinowitisch corrected.
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Meanwhile, the phase status of 25 wt.% concentration solu- po®
tion is still unknown. To know it, the experimental data for
more concentrated solutions are necessary. However, we
could not prepare higher concentration solution than
25 wt.% solution.

In order to demonstrate the isotropic transition
temperature precisely, the apparent viscosities were
plotted in Arrhenius form. Fig. 7 shows the results of
all solutions at the shear rate of 50's The 15 and
18 wt.% solutions show linear curves, which means
the invariance of the flow activation energy and thus
no phase transition. In 20 wt.% solutions, which show 10" 10° 10 102
an anisotropy, there are changes in the flow activation o (rad/sec)
energy between 9B and 100C. There are more
distinct changes for 23 and 25wt.% solution. Above Fig. 9. Angular frequency dependence of (a) storage modultian@ (b)
100°C, these high concentration solutions show almost loss modulus, & for 23 wt. % cellulose MMNO/HO solutions at various
the same temperature dependence as the low concentratemperaturesi{) 85°C; (O) 90°C; (4) 95°C; (V) 100°C; (+) 110C. y =
tion solutions. Under 9%, however, they show quite a
different temperature dependence. Fig. 8 shows the
Arrhenius type plot of apparent viscosity of 25wt.% 3.5. Time temperature superposition
solution at various shear rates. The shear rate is in

G" (Pa)

the range of 30-30074. The anisotropic to isotropic Time temperature superposition was tested around the
phase transition temperature region does not changeisotropic phase transition temperature region. It is known
with shear rate. It is in the range of 95-100C for that the polymer system in anisotropic or biphasic state does

all shear rates, which agrees well with the polarized not follow time temperature superposition principle [25—
light microscopy observation. In the isotropic phase 27]. Fig. 9(a) and (b) are the storage and loss moduli of
transition temperature region, cellulose solution does 23 wt.% solutions at various temperatures. Similar to the
not show the viscosity peak shape differently from results of the complex viscosity change with temperature,
most liquid crystalline polymers. Similar results were the moduli just decrease with temperature over the
reported for several cellulose and cellulose derivative measured frequencies. From these data, time temperature
solution systems [16,19,24]. superposition was conducted. The reference temperature
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was 100C. Both moduli and frequencies were shifted temperature determined from the changes of flow activation
empirically. As proposed by Hudson, et al. for the aniso- energy was 9% to 100C. Time temperature superposition
tropic polymers, loss moduli were superposed ahead as awas applied successfully to the solutions below 20 wt.%
standard [25,26]. concentration but failed for those solutions above

For 15 and 18 wt.% solutions the time and temperature 20 wt.%. The largest relative deviation from superposition
superpose very well for all tested temperatures as shown inwas found at 23 wt.%, which was the critical concentration
Fig. 10(a) and (b). The same result was reported for 12 wt.% as shown in the capillary rheometer experiments.
cellulose MMNO/HO solution [28]. This superposition
indicates that low concentration cellulose solutions are in
the isotropic state. However, time temperature superposition
principle fails for the solutions above 20 wt.% concentra- References
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