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ABSTRACT: Ethylene oxide was used to etherify alkali
cellulose with a low substitution degree to replace carbon
disulfide to generate cellulose xanthogenate by viscose
technology. The resultant low-substituted hydroxyethylcel-
lulose (LSHEC), with molar substitution of 0.49, was used
to attempt to spin LSHEC fibers under spinning and coag-
ulation conditions identical to those used for industrial
rayon fibers. The spinnability of LSHEC was investigated
by the variation of the storage modulus, loss modulus,
and complex viscosity with the concentration of the
LSHEC spinning solutions and temperature. It was found
that the dissolution of LSHEC in sodium hydroxide aque-
ous solutions was an exothermic process, whereas the
gelation of LSHEC was an endothermic process. Spinning

conditions, comprising the concentration of the spinning
solutions and corresponding spinning temperatures, were
derived from the gelation onset curve theoretically. More-
over, combinations of the concentration of the spinning
solution and the temperature of the coagulation bath could
be predicted by the gelation onset curve. Finally, LSHEC
fibers were prepared under the spinning conditions based
on the gelation onset curve. The as-spun LSHEC fibers had
dry and wet tensile strengths of 1.59 and 0.47 cN/dtex,
respectively, with a 0.30 ratio of the wet tensile strength to
the dry tensile strength. © 2010 Wiley Periodicals, Inc. ] Appl
Polym Sci 117: 767-774, 2010
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INTRODUCTION

Cellulose fibers, the most abundant renewable
resource in nature, are honored as some of the green
fibers of the 21st century with respect to environ-
ment protection and petroleum consumption.l’2 The
physical and chemical properties of cellulose can
be significantly tuned by derivatization. Cellulose
derivatives have actually been widely used in many
fields, such as modern coatings, biodegradable
plastics, and separation membranes. However, the
current cellulose fiber industry faces the tremen-
dous challenge of economical and environmentally
friendly chemical processing. Chemical processing of
cellulose is difficult in general because this natural
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polymer is neither meltable nor soluble in water or
most organic solvents on account of its strong inter-
molecular and intramolecular hydrogen bonding
and partially crystalline structures.” The production
of regenerated cellulose fibers is based primarily on
viscose technology established more than 100 years
ago, which applies hazardous carbon disulfide (CS,)
to generate a metastable soluble cellulose derivative,
cellulose xanthogenate, as an intermediate. Cellulose
xanthogenate is finally restored into the original cel-
lulose during spinning. It has also been reported
that cellulose fibers can be spun from a sodium
hydroxide (NaOH)/urea aqueous solution directly.*
The cuprammonium process is another classical
route for manufacturing regenerated cellulose fibers,
in which cellulose is converted into a soluble com-
pound by combination with copper and ammonia.
The cuprammonium process also faces environmen-
tal problems and therefore plays only a minor role
in the current cellulose fiber ir1dus’rry.5 Therefore,
the development of alternative economical and
environmentally friendly processes of regenerated
cellulose fibers is still extremely desirable. Much
attention has been paid to environmentally compati-
ble lyocell and carbamate processes. The lyocell pro-
cess uses N-methylmorpholine-N-oxide as the direct
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solvent of cellulose.® However, recycling this costly
solvent really presents a great burden to manufac-
turers. The carbamate process employs cellulose
carbamate for the manufacture of cellulose fibers
instead of xanthogenate in the viscose process.”®
However, the carbamate process has not yet super-
seded the viscose process because of its high energy
consumption.

Hydroxyethylcellulose is a well-known and
widely used water-soluble polymer that is generally
employed as a useful viscosifier with numerous
applications.” We are motivated to establish a new
process for cellulose fibers using low-substituted
hydroxyethylcellulose (LSHEC) as the raw material.
LSHEC is capable of fiber spinning, playing a role
similar to that of cellulose xanthogenate in the vis-
cose process, because LSHEC is soluble in NaOH
aqueous solutions. The most evident advantage of
the new process is that LSHEC fibers can be spun
from viscose spinning devices. In viscose technology,
cellulose is treated with a highly toxic chemical, CS,,
to make it soluble in alkali. CS, is known to acceler-
ate atherosclerosis and to increase the risk for cardi-
ovascular diseases.'® The new process uses ethylene
oxide to etherify alkali cellulose with a low degree
of substitution, which promotes the dissolution of
LSHEC in NaOH aqueous solutions and coagulation
from a coagulation bath. Ethylene oxide is an impor-
tant industrial chemical often used as an intermedi-
ate in the production of ethylene glycol and other
chemicals. Ethylene oxide is also widely used as a
sterilant for foodstuffs and chemical supplies. The
main difference between the viscose process and the
new LSHEC process is that ethylene oxide is used to
etherify alkali cellulose in the LSHEC process,
whereas CS; is used to esterify alkali cellulose in the
viscose process. Fortunately, the dry mechanical
properties of LSHEC fibers are comparable to those
of viscose ray0n.4’11 Therefore, the LSHEC process is
rather promising as a partial or total replacement for
the viscose process if the wet mechanical properties
of LSHEC fibers, especially the wet tensile strength,
meet those of viscose rayon via post intrafiber cross-
linking used to diminish the excessive swelling of
LSHEC fibers in water. In this research, the spinn-
ability of LSHEC was investigated to figure out
appropriate spinning and coagulation conditions as
these conditions have a significant impact on the
formation of LSHEC fibers.

EXPERIMENTAL
Materials

Alkali cellulose after ripening and cotton-type rayon
staple fibers with an average length of 38 mm and a
linear density of 1.67 dtex were kindly supplied by
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Nanjing Chemical Fiber Co., Ltd. (Nanjing, China)
and used as the starting cellulose. The composition
of the alkali cellulose was 30% oa-cellulose, 17%
NaOH, and 53% water. Ethylene oxide with a purity
of greater than 99% was provided by Shanghai Air
Water International Trade Co., Ltd. (Shanghai,
China). Acetic anhydride, pyridine, and acetone
were purchased from Shanghai Chemical Reagent
Co., Ltd. (Shanghai, China).

Preparation of LSHEC

The preparation of LSHEC was carried out as fol-
lows. Alkali cellulose [270 g with 81 g of a-cellulose
(0.5 mol)] was initially placed in a 3-L stainless steel
autoclave equipped with a vacuum and a mechanical
stirrer. Ethylene oxide (11 g, 0.25 mol) chilled with
ice was added to the autoclave under vigorous stir-
ring after a vacuum was applied, and the tempera-
ture of the autoclave was maintained at 25°C with a
constant-temperature circulator. Then, the consump-
tion of ethylene oxide was followed with a vacuome-
ter. The etherification of cellulose was stopped after
the pressure inside the autoclave resumed nearly its
original value before the addition of ethylene oxide
after the reaction was stirred and maintained at 25°C
for 1.5 h. The yield of LSHEC was 83.6%.

Acetylation of LSHEC"?

The etherified product was neutralized with a 0.1M
HCl aqueous solution and washed with deionized
water repeatedly. Then, LSHEC was collected via
filtration and dried thoroughly before acetylation.
Acetylation of LSHEC was carried out by the refluxing
of LSHEC in an acetic anhydride/pyridine mixture.
LSHEC (20 g), 100 mL of pyridine, and 50 mL of ace-
tic anhydride were placed in a 500-mL flask and
heated to reflux for 3 h. The product was isolated by
precipitation into 2.0 L of deionized water and washed
with a large amount of deionized water. Finally the
product was further purified by reprecipitation from
deionized water/acetone and then dried completely.

Preparation of the LSHEC spinning solutions

A typical preparation of the spinning solutions was
carried out as follows. The previously described
etherified product (104.92 g) was weighed to prepare
the spinning solution, which consisted of 34.21 g of
LSHEC and 1820 g of NaOH. Then, 17.80 g of
NaOH and deionized water were added up to a
total weight of 450 g. The dissolution of LSHEC was
conducted at 20°C wunder vigorous stirring for
15 min. The LSHEC concentration was 7.6 wt % in
the spinning solution, and the NaOH concentration
was 8.0 wt %.



SPINNABILITY OF LSHEC NaOH AQUEOUS SOLUTIONS

1660 c.’:f‘
O
2 | 358
=
é 3200’cm’l ‘\2890 cm’
g
£ (b)
Z
1750 cm 1240 cm™
1 1 1 1
4000 3200 2400 1600 800

4
Wavenumber (cm™)

Figure 1 FTIR spectra for (a) LSHEC and (b) acetylated
LSHEC.

Spinning of the LSHEC fibers

The spinning of the LSHEC fibers was conducted on
a homebuilt wet-spinning machine. The spinning
solution was first filtered and then allowed to flow
into a spinneret to form filaments through control of
the flow rate with a metering pump. The as-spun
LSHEC fibers were coagulated from a coagulation
bath comprising 10.55 wt % H,SO, 20.31 wt %
Na,SO,, 1.41 wt % ZnSO,, and 67.73 wt % water,
and then they were drawn in a hot water bath with
a temperature of 50°C. Finally, the drawn fibers
were washed with water and dried.

Characterization

Dynamic rheology experiments were carried out on
an ARES RFS rheometer (TA Instruments, New Cas-
tle, DE). A pair of parallel plates with a diameter of
50 mm and a gap of 1 mm was used for monitoring
the modulus and viscosity evolution during the gela-
tion of LSHEC. The measurement temperature was
controlled within £0.5°C. The shear storage modulus
(G), loss modulus (G”), and complex viscosity (n*)
were measured as a function of temperature. A
degassed LSHEC spinning solution was heated to
the desired temperature in the rheometer without
shearing or oscillating. The dynamic temperature
sweep was performed at a shear strain amplitude of
10% with an angular frequency of 1 rad/s within a
linear viscoelastic region.

Fourier transform infrared (FTIR) spectra were
recorded on a Nicolet 20sx-B infrared spectrometer
(Nicolet Instrument Corp., Madison, WI). A total of
16 scans for each sample were taken with a resolu-
tion of 2 cm ' Potassium bromide powder was
used as a reference to produce a background spec-
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trum. '"H-NMR spectra of LSHEC in CDCl; were
recorded on a Bruker AV 400 NMR spectrometer
(Bruker Inc., Fallanden, Switzerland) in a proton
noise decoupling mode at 40°C. Acetylation of
LSHEC was accomplished before NMR analysis on
the basis of a reported method." Scanning electron
microscopy (SEM) images were obtained with a
JEOL JSM-5600 (Jeol, Ltd., Tokyo, Japan) operated at
an accelerating voltage of 10 kV. X-ray powder dif-
fraction (XRD) patterns were determined at a scan-
ning rate of 0.02°/s in a 20 range of 5-40° on a
Rigaku D/MAX 2580VB X-ray diffractometer with
high-intensity Cu Ko radiation (A = 0.154056 nm,
Rigaku Corp., Tokyo, Japan).

RESULTS AND DISCUSSION

Determination of molar substitution (MS)
for LSHEC

MS of LSHEC is the average number of moles of
substituent groups per anhydroglucose unit,'* and it
is extremely significant for LSHEC solubility and
fiber formation. MS of LSHEC was determined as
reported.’”  Acetylation of both unsubstituted
hydroxyl groups on anhydroglucose units and those
at substituent end hydroxyl groups of LSHEC can
eliminate spectral complications arising from hydro-
gen bonding. Figure 1 shows FTIR spectra of LSHEC
and acetylated LSHEC. The strong absorption located
at 3584, 3200, and 2890 cm ' for hydroxyl groups of
LSHEC disappeared along with the presence of ester
absorption at 1750 and 1240 cm ™' for acetylated
LSHEC, and this ensured nearly complete acetylation
of the hydroxyl groups in LSHEC. The 'H-NMR
spectrum of acetylated LSHEC is shown in Figure 2.
MS of LSHEC was calculated to be 0.49 by the corre-
lation of integrals of signals of anhydroglucose
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Figure 2 'H-NMR spectrum of acetylated LSHEC in
CDCl; at 40°C.
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protons (5.1-2.9 ppm) with those of acetate moieties
(2.1-1.9 ppm).”® Tt was impossible to obtain a stable
concentrated LSHEC spinning solution because of
the poor solubility of LSHEC with MS lower than 0.5
in the alkali aqueous solution. However, a higher
concentration of the spinning solution would provide
LSHEC fibers with advantageous mechanical proper-
ties because of the densely packed and homogeneous
interior fiber structures. In contrast, MS of LSHEC
greater than 0.5 really improved its solubility but
resulted in excessively swollen fibers with very low
wet tensile strength even after coagulation. LSHEC
suitable for spinning has an optimal MS value of
about 0.5 according to our experimental results. An
approximately 8.0 wt % concentration of the LSHEC
spinning solution is comparable to that of viscous
rayon, and this makes the fiber spinning of LSHEC
facile because of the use of spinning processes and
devices identical to those for viscose rayon.

Rheology of the LSHEC spinning solutions

Dynamic rheology is a sensitive probe for studying
the gel formation of LSHEC and can provide precise
identification of the gel point during a gelation pro-
cess. G’ and G” are sensitive to the microstructures
of LSHEC in the spinning solutions. Therefore, G’
and G” can be used effectively to determine the gela-
tion mechanism and kinetics. Gelation usually origi-
nates from the occurrence of three-dimensional net-
work formation in a polymeric solution or melt. It is
taken as the instant at which a system loses fluidity
as measured by the failure of an air bubble to rise in
it. Here the gel points of the LSHEC spinning solu-
tions were defined alternatively as the crossover
points of the shear moduli, G’ and G”, based on
rheological criteria.'®™'®

100
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G’ (Pa). G” (Pa). or n* (PaS)

Temperature (°C)
Figure 3 Dependence of (A) G, (V) G, and (O) n* of a
6.0 wt % LSHEC NaOH aqueous solution on elevated tem-
peratures at a heating rate of 2°C/min.
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Figure 4 Dependence of (A) G, (V) G, and (O) n* of a
6.5 wt % LSHEC NaOH aqueous solution on elevated tem-
peratures at a heating rate of 2°C/min.

At a constant concentration of the LSHEC spin-
ning solution, the highest temperature still suitable
for conducting a spinning process is designated the
gelation onset temperature (Tge1), which is identical
to the temperature at the gel point featuring G' =
G". Figure 3-8 depict the variation of G/, G”, and n*
with temperature for spinning solutions with differ-
ent LSHEC concentrations. The viscoelastic proper-
ties of the LSHEC spinning solutions depended on
their LSHEC concentrations because the spinning
solutions exhibited an evolution from viscous prop-
erties to elastic properties with their concentrations
ranging from 6.0 to 8.8 wt %. Therefore, the concen-
trations of the LSHEC NaOH aqueous solutions
played a key role in their flow behaviors. Within the
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Figure 5 Dependence of (A) G, (V) G”, and (O) n* of a

7.07 wt % LSHEC NaOH aqueous solution on elevated
temperatures at a heating rate of 2°C/min.
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Figure 6 Dependence of (A) G, (V) G, and (O) n* of a
7.6 wt % LSHEC NaOH aqueous solution on elevated tem-
peratures at a heating rate of 2°C/min.

whole range of measurement temperatures, the
LSHEC NaOH aqueous solution with the concentra-
tion of 6.0 wt % behaved like a viscous fluid (G” >
G'), whereas the solution with the concentration of
8.8 wt % lost its fluidity (G > G”) because of the
formation of an elastic gel. Apart from these two
solutions, gel was formed at G’ = G” for the LSHEC
NaOH aqueous solutions with LSHEC concentra-
tions ranging from 6.5 to 8.2 wt %. Moreover, no
equilibrium G’ or G” was obtained during the tem-
perature sweep for each viscoelastic LSHEC NaOH
aqueous solution. The difference between G’ and G”
increased with the concentration after the gel points,
and this suggested that the LSHEC hydrogel was
reinforced at a higher concentration. At a definite
LSHEC concentration, the difference between G’ and
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Figure 7 Dependence of (A) G, (V) G”, and (O) n* of
an 8.2 wt % LSHEC NaOH aqueous solution on elevated
temperatures at a heating rate of 2°C/min.
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Figure 8 Dependence of (A) G, (V) G”, and (O) n* of
an 8.8 wt % LSHEC NaOH aqueous solution on elevated
temperatures at a heating rate of 2°C/min.

G" increased with the temperature above Tg, and
this indicated that the LSHEC hydrogel became
stronger with the elevated temperature, and hence
the hydrogel formation was an endothermic process.
No equilibrium G or G” was attained within the
range of the measurement temperatures. Therefore,
a higher temperature above T, favored the forma-
tion of a more elastic hydrogel.

At a definite LSHEC concentration higher than
6.0 wt %, the LSHEC NaOH aqueous solutions
exhibited obvious features of a viscous fluid under a
temperature below Tg. A further increase in the
temperature above Ty led to an initial increase in
n*, which corresponded to the generation of a weak
hydrogel network without collapse, and a subse-
quent abrupt increase in n* which corresponded to
the generation of a much stronger hydrogel network
dominated by chain association that screened out
the effect of the increased temperature. Similarly, the
LSHEC concentration also had a great impact on n*.
It was demonstrated again that the hydrogel net-
works were reinforced by the enhancement of either
the temperature or the LSHEC concentration; this is
illustrated more clearly later.

Figure 9 shows that the storage and viscous mod-
uli at the gel points [the gelation modulus (Ggel)]
increased with the concentrations of the LSHEC
spinning solutions, indicating that a higher LSHEC
concentration led to a stronger hydrogel with better
mechanical properties. On the other hand, Tgq
decreased with the concentrations of the spinning
solutions, and this meant that a higher concentration
favored the onset of gelation at a lower temperature
because the dissolution of LSHEC was exothermic.
n* corresponding to the gel points increased with
the LSHEC concentration, as shown in Figure 10,

Journal of Applied Polymer Science DOI 10.1002/app
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but n* at the gel points was still very low in compar-
ison with that of the hydrogels above Ty

Spinnability of the LSHEC NaOH
aqueous solutions

From Figures 4-7, four pairs of spinning solution
concentrations and Tg. values could be made, as
depicted in Figure 11. A gelation onset curve was
thus obtained by connection of the four points, and
it denoted concentration—temperature combinations
corresponding to the onset of gelation. The gelation
onset curve could be extrapolated with more experi-
mental results. A series of horizontal isoconcentra-
tion lines intersected with the gelation onset curve.
The points at the intersections, or gelation points,
could afford various combinations of the concentra-
tions of the spinning solutions and spinning temper-
atures for the onsets of gelation or the spinnable lim-

8

n* at Tyer (PaS)
S
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oLe - . |
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Concentration of LSHEC (wt%)

Figure 10 Dependence of n* at gel points on the LSHEC
concentration for LSHEC NaOH aqueous solutions.
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Figure 11 Rheological gelation point as a function of the
concentration and temperature of the LSHEC spinning
solution.

its of the concentrations of the LSHEC spinning
solutions and corresponding spinning temperature.
At constant LSHEC concentration C, as shown in
Figure 11, the highest temperature still suitable for
conducting a spinning process is designated Tgeyc.
On the horizontal line with constant LSHEC concen-
tration C, a point away from the gelation point cor-
responds to a viscous fluid state of the LSHEC solu-
tion. When the point moves toward the gelation
point, which is equivalent to a temperature increase,
the LSHEC solution approaches its gel point, and
this confirms that the dissolution of LSHEC is an
exothermic process. The combinations of C and Tgei,c
could be used as criteria for the spinnability of
LSHEC NaOH aqueous solutions. In the rectangular
area confined by two vertical borderlines in Figure
11, each point below the gelation onset curve
denotes a combination of the LSHEC concentration
and spinning temperature, which represents a visco-
dominant LSHEC NaOH aqueous solution with G”
> G'. This region demarcates the necessary concen-
tration of the LSHEC spinning solutions and the
corresponding spinning temperature based on the
rheological results. A high LSHEC concentration of
the spinning solution is propitious for high fiber out-
put and a densely packed fiber superstructure
formed in the coagulation bath. However, it will
cause G’ to increase and the fluidity of the spinning
solution to deteriorate. To maintain good fluidity of
the LSHEC spinning solution, a combination of a high
LSHEC concentration and a low dissolution tempera-
ture is favored for fiber spinning. However, the disso-
lution of LSHEC and its fiber spinning under a low
temperature require a long time to reach the equilib-
rium because of the LSHEC dissolution dynamics.
Considering both the dissolution dynamics and ther-
modynamics, viscose fiber manufacturers generally
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Figure 12 SEM images of (a) LSHEC fibers in the direction of fiber axes, (b) cross section at the breakage of LSHEC
fibers, (c) viscose rayon fibers in the direction of fiber axes, and (d) cross section at the breakage of viscose rayon fibers.

choose dissolution and spinning temperatures rang-
ing from 20 to 25°C. Therefore, the optimal LSHEC
concentration of the spinning solution can be selected
from Figure 11 (e.g., 7.5-8.0 wt %). In contrast, each
point above the gelation onset curve represents an
elastic-dominant LSHEC gel with G’ > G”. Although
these points above the gelation onset curve are unable
to offer appropriate spinning conditions, they practi-
cally provide rheological information on the temp-
erature of the coagulation bath needed to achieve
sufficiently strong hydrogels for subsequent fiber
coagulation and multistep drawing. For the isocon-
centration line with LSHEC concentration C, the tem-
perature of the coagulation bath could be 40-60°C or,
more appropriately, 50-60°C. The composition of the
coagulation bath cannot be determined from Figure
11; it is generally determined thermodynamically
from a polymer—solvent—precipitant ternary phase
diagram.

LSHEC fibers

On the basis of the gelation onset curve in Figure 11,
the dissolution temperature of LSHEC was selected
to be 20°C. The spinning temperature for the spin-
ning solution with the LSHEC concentration of

7.6 wt % was 25°C, and the temperature of the coag-
ulation bath was 45°C. The as-spun LSHEC fibers
had smooth surfaces [Fig. 12(a)] in the direction of
the fiber axes, and they were similar to the surfaces
of the viscose rayon fibers spun under identical con-
ditions (concentration and temperature) associated
with the same coagulation conditions, as shown in
Figure 12(c). No remarkable disparity was observed
from the SEM images of the cross sections at break-
age for both the LSHEC and viscose rayon fibers.
The dry tensile strength of the LSHEC fibers was
1.59 cN/dtex, and the wet tensile strength was
0.47 cN/dtex. The ratio of the wet tensile strength to
the dry tensile strength was 0.30 for the LSHEC
fibers. However, this value was approximately
0.5 for viscose rayon fibers supplied by Nanjing
Chemical Fiber with dry and wet tensile strengths of
2.1 and 1.1 cN/dtex, respectively."" Therefore, it is
still desirable to improve both the dry and wet
tensile strengths of the LSHEC fibers (particularly
the wet tensile strength) to increase the ratio of the
wet tensile strength to the dry tensile strength to
as much as approximately 0.5 via intrafiber chem-
ical crosslinking by poly(carboxylic acid)s, as we
reported.””?® The XRD pattern of the LSHEC fibers
in Figure 13 shows the presence of a small

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 13 XRD pattern of LSHEC fibers with MS = 0.49.

diffraction peak at 20 = 11.56° and double peaks at
20 = 20.0°, corresponding to the lattice planes of
(110), (110), and (200) of cellulose II* and hydrate
cellulose, respectively. The crystallinity of the
LSHEC fibers was 57.8%, as determined from the
XRD pattern. Accordingly, the crystallization behav-
ior of the LSHEC fibers was similar to that of the
viscose rayon fibers.*!" The low substitution degree
of LSHEC did not alter the distinct crystallization
behavior of the regenerated cellulose fibers.

CONCLUSIONS

Ethylene oxide was used to etherify alkali cellulose
with a low substitution degree to generate LSHEC,
particularly for the purpose of avoiding the con-
sumption of toxic CS,. The dissolution of LSHEC in
NaOH aqueous solutions was an exothermic pro-
cess, whereas the gelation of LSHEC was an endo-
thermic process. The viscoelasticity of the LSHEC
spinning solutions depended greatly on the LSHEC
concentration and temperature. The gelation onset
curve provided significant information on the spinn-
ability of LSHEC, such as the spinning and coagula-
tion conditions and the concentration-temperature
combinations for both the spinning solutions and
coagulation bath.

The LSHEC fibers were spun under the spinning
conditions based on the rheological gelation onset

Journal of Applied Polymer Science DOI 10.1002/app
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curve. The dry tensile strength of the LSHEC fibers
was 1.59 cN/dtex, and the wet tensile strength was
0.47 cN/dtex. The ratio of the wet tensile strength to
the dry tensile strength was 0.30, lower than that of
commercially available rayon fibers. The primary
reason for the low ratio of the wet tensile strength to
the dry tensile strength was the low wet tensile
strength due to the wet, swollen LSHEC fibers.
Therefore, successive chemical crosslinking of the
LSHEC fibers can possibly solve this problem by
enhancing the wet and dry tensile strengths as well
as the ratio of the wet tensile strength to the dry ten-
sile strength to approximately 0.5 because the swol-
len degree of the LSHEC fibers could be diminished
considerably by crosslinked intrafiber structures
according to our recent research.'**’
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