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Effects of Coagulation Conditions on Properties of Multifilament Fibers Based on
Dissolution of Cellulose in NaOH/Urea Aqueous Solution

Yuan Mao,*"* Lina Zhang,*" Jie Cai,” Jinping Zhou,” and Tetsuo Kondo®

Department of Chemistry, Wuhan University, Wuhan 430072, China, and Biomaterial Design, Laboratory,
Bio-Architecture Center and Graduate School of Bioresource and Bioenvironmental Sciences,
Kyushu University, Japan

Effects of coagulation temperature, coagulants, and wet-spinning methods on structure and properties of novel
regenerated cellulose (RC) fibers prepared from cellulose in 7.5 wt % NaOH/11 wt % urea aqueous solution
on pilot scale spinning machine by one- and two-stage coagulation were investigated by tensile testing, optical
microscopy, scanning electron micrograph, and wide-angle X-ray diffraction. The results indicated that H,SO./
Na,SO4 and H,SO, aqueous solutions are potential coagulants for NaOH/urea system and fibers wet-spun
from the two-stage coagulation obviously exhibited the better mechanical properties than those from the
one-stage coagulation. The optimal coagulation conditions for two-stage coagulation are 10 wt % H,SO./15
wt % Na,SO, for the first coagulation bath and 5 wt % H,SO, for the second bath or 5 wt % H,SO4/15 wt
% Na,SO, for the first coagulation bath and 10 wt % H,SO, for the second bath. Moreover, the tensile
strength of novel fibers increased with a drop in coagulation temperature. The diffusion rate between the
coagulant and solvent plays a major role in determining the mechanical properties of the cellulose fibers. Our
spinning process was quite different from that of the viscose process, in which orientation and coagulation
proceed more or less simultaneously. The production method of this fiber wet-spun could be suitable in the

wide range of coagulation conditions, compared to the viscose one.

Introduction

Cellulose as an environmentally friendly material can be
widely used to yield various useful products because of its
renewability, biodegradability, and derivatizability." Utilizing
cellulose to spin fibers has a long history in the evolution of
humankind.> Nowadays, regenerated cellulose fibers have
developed a series of application for apparel, functional materi-
als, nanometer technology, microwave technology, etc.”™” Tt is
noted that yielding fibers in each application require different
physical properties such as textile fibers which should have a
low modulus and tenacity but high elongation at break and fibers
for technical applications such as tire yarns which should have
an intermediate modulus and strength.*® Usually, the physical
properties of fibers are intimately related to the coagulation
condition, spinning procedure, and the resulting morphological
characteristics such as pore sizes and cross-sectional shapes.’
Rayon fibers based on the traditional viscose method, as the
oldest regenerated cellulose (RC) man-made fibers, can be date
back to the early 1900s.'® Fibers prepared from the wet-spinning
process generally exhibit a skin—core structure with larger voids
(around 25—150 nm) in the core region and a densified skin
layer with pores of about 5—25 nm; the thickness of the skin is
mainly controlled by the concentration of Zn*".'""'* Moreover,
different physical properties and cross-sectional shapes of fibers
can be obtained by choosing the proper coagulation conditions
and wet-spinning method such as 13 wt % H,SO4/25 wt %
Na,S04/2 wt % ZnSOy4 at 50 °C for multifilaments with the
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lobulate shape and two-stage coagulation with 0.4 wt % H,SO4/
15 wt % NaSO4/5 wt % ZnSOy at 40 °C and 4 wt % H,SO4 at
70 °C for high-tenacity fibers with the near-circle shape.
Recently, an environmentally friendly process of cellulose fiber
spinning using the direct solvent system such as N-methylmor-
pholine-N-oxide (NMMO) has been rapidly developed, leading
to a new class of man-made cellulosic fiber with the generic
name lyocell.'"'* The commercial lyocell fiber can be charac-
terized by good tensile properties as compared with viscose,
by a circular cross-section, a dense structure with high crystal-
linity, and a tendency of fibrillation in the wet state. Two-stage
precipitation (alcohol—water) in dry-jet wet-spinning results in
a lyocell-type fiber with low fibrillation tendency due to a
skin—core structure with a nonfibrillating skin and the usual
high tenacity core.!' This process provides a new promising
alternative method to the viscose process with hazardous
byproducts.'*

In our laboratory, another cheap and nonpolluting direct
solvent of cellulose, NaOH/urea aqueous solution, has been
developed and studied.'>™ ' Cellulose could be completely
dissolved to obtain transparent solution within 2 min in
laboratory at the ambient temperature below 20 °C when 7.5
wt % NaOH/11 wt % urea aqueous solution was precooled to
—10 to —12 °C."® In the previous work, the effects of coagulants
and coagulation conditions on physical properties and resulting
structure and morphology of RC membranes were systematically
investigated.”® The RC membranes showed the one-phase
homogeneous porous structure with better physical properties
and larger pore size than commercially available cellophane in
the wide range of the coagulation conditions.>®~** Moreover,
the RC fibers were successfully prepared by a wet-spinning
method both from a simple homemade and pilot scale spinning
machines, showing the higher tensile strength than that of the
viscose fiber and circular shape in the cross-section.'®*** In
this work, we prepared the wet-spun RC fibers from cellulose/
NaOH/urea system via pilot plant by two-stage coagulation to
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Figure 1. Effects of coagulation temperature and coagulant concentration on tensile strength of novel fibers coagulated from (a) H,SO4 aqueous solution and

(b) 10% H»SO4/Na,SO4 aqueous solution.

Table 1. Spinning Parameters and Coagulation Conditions for
Regenerated Novel Fibers by One-Stage Wet-Spinning

flow speed
coagulation T  at spinneret »1 (m/min)/ vy (m/min)/ vy (M/min)/
bath (OC) (m/min) SDR* SDRy; SDRit

15% Na,SO.4 10—50 94.8
5—20% HOAc 10 94.8 40.3/0.43
5—20% 10 94.8 40.3/0.43  42.6/1.06

(NH4)2S04
5—25% H,SO4  10—50 94.8 40.3/0.43  42.6/1.06 44.9/1.05
10% H,SO4/ 10—50 94.8 40.3/0.43  42.6/1.06 44.9/1.05

5—25% Na,SOy4

“ Spin draw ratio.

Table 2. Mechanical Properties and Spinnability of Novel Fibers
Spun from One-Stage Coagulation”

tensile
Strength elongation
(cN/dtex)/ at break
coagulation  standard dennier (e, %)/
sample bath error  (dtex) standard error DP spinnability
F-1  15% NaySO4 590 X
F-2  15% HOAc 0.71/0.010 6.23 12.2/0.915 A
F-3  12% (NH4),SO4 0.82/0.067 6.01 9.60/0.815 A
F-4  15% H,SO4 1.06/0.020 8.48  13.7/0.672 O
F-5 10% H,SO4/  1.10/0.029 4.02  10.3/0.647 @)

15% Nast4

“(O) Proper coagulation and good spinability; (A) weak coagulation
but unstable spinning fiber; (x) too slow coagulation rate with no
spinnability. The coagulation temperature is controlled at 10 °C.

drive the industrial interest. The coagulation conditions for wet-
spinning and characteristic features of the novel fibers including
structure and morphology were investigated and compared with
other commercially available regenerated cellulose fibers.

Experimental Section

Materials. The cellulose (cotton linter pulp) was provided
by Hubei Chemical Fiber Group Ltd. (Xiangfan, China), and
the o-cellulose content was more than 95%. The cellulose was
used without further purification. The viscosity-average molec-
ular weight (M) in cadoxen was determined using viscometry
to be 10.1 x 10* (degree of polymerization, DP = 620). The
sheets of cellulose were shredded and dried for 8 h in a vacuum
oven and stored in a desiccator prior to use. A small amount of
plasticizer with 5 wt % Marpol FR-700 (lipid and pharmacy
chamber) aqueous solution was used to finish the multifilament.
NaOH and urea of analytical grade were used. Unless otherwise
noted, all other chemical reagents were purchased from com-
mercial resources in China and were of industrial grade.

Preparation of Concentrated Fiber Spinning Dopes. The
cellulose solution in a NaOH/urea aqueous solution was prepared
according to our innovative method.'®! The solvent, NaOH/
urea aqueous solution (7.5:11 in weight percent), was precooled
to —12 °C. Then the cellulose in dry base was immediately
dispersed in it under vigorous stirring at ambient temperature
for 5 min. The dispersed cellulose was dissolved within 5 min
with stirring at about 700 rpm to form transparent cellulose dope.
To ensure the continuity at spinning, the resulting cellulose
solution was filtered through 400 pores meshes to remove
insoluble particles and degassed in a vacuum oven under reduced
pressure for 10—25 h at 5 °C. The solution (4.0—4.8 wt %)
thus obtained was immediately employed in wet-spinning of
the cellulose fibers.

Wet-Spinning. Multifilament spinning of the cellulose solu-
tion was carried out on a pilot scale spinning apparatus (see
Figure 1 in ref 25), constructed by the Hubei Chemical Fiber
Group Ltd. Fiber extrusion proceeded by first transferring the
spinning solution to the pressure cylinder cooled at 0—5 °C.
The solution was first forced through a filtration pack and then
extruded through a platinum spinneret (30 holes, 120 ym hole
diameter) into the first coagulation bath. The coagulated
filaments were rolled up at the Nelson-type roller, passed
through the second coagulation bath, washed with a washing
roller (water, 65 °C) until the pH value of the fibers was about
7, and then dipped through the finishing oil bath. Finally, the
fibers were dried at the roller heater having a surface temperature
of 90 °C and wound on a spool. The samples of fiber for
coagulation conditions studies were obtained under the same
extrusion conditions. The extrusion velocity, Nelson-type roller
I, Nelson-type roller II, and roller heater speed were maintained
at 94.8, 40.3, 42.6, and 44.9 m/min, respectively.

In order to explore the spinnabity and select appropriate
coagulation conditions for two-stage wet-spinning on a pilot
scale, a series of aqueous solutions including H,SO4, HSO./
Na,SO4, HOAc, (NH4)>SOy4, and Na,SO4 were first examined
in a one-stage wet-spinning process. The composition and
temperature of these coagulation baths were varied from 5—25
wt % and 10—50 °C, respectively. Resulting novel fiber samples
were coded from F-1 to F-5 and stored in a desiccator until
tested. o

Characterizations. The M, values of the cellulose materials
and the fiber samples were determined in cadoxen at 25 °C using
aUbbelohde viscometer and were calculated by the Mark—Houwink
equation:*®

[7]=13.85%10"*(M,)""® (mL/g) (1)
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Table 3. Coagulation Conditions and Mechanical Properties of Novel Fibers Wet-Spun from the NaOH/Urea Solvent System on a Pilot Scale
Spinning Machine with Two Coagulation Baths

cellulose conc (wt %) first coagulation bath T (°C) second coagulation bath 7 (°C) TS (cN/dtex)/standard error ET (%)/standard error

4 10% H,S04/15% NaySO4 10

4 5% HSO04/15% NaSOy4 10 5% H,SO4 10 1.16/0.012 10.2/0.509
4 5% HySO04/15% NaSO4 10 10%H,SO04 10 1.30/0.047 10.1/0.620
4 10% H,S04/15% NaySO4 10 5% H,SO4 10 1.33/0.025 9.20/0.358
4 10% H,S04/15% NaxSO4 10 10%H,SO04 10 1.18/0.069 11.7/0.352
4.5 10% HSO4/15% NaSO4 10 5% H,SO4 10 1.49/0.041 9.70/0.374
4.5 10% H2S04/15% NaxSO4 10 10%H,SO4 10 1.22/0.037 13.4/0.431
4.5 10% H2S04/15% NaxSO4 10 15%H,S04 10 1.20/0.033 10.6/0.356
4.8 10% H2S04/15% NazSO4 10 5% H,SO4 10 2.00/0.088 9.50/0.393
4.8 10% H2SO4/15% NaxSO4 10 5% H)SO4 20 1.61/0.048 10.2/0.623
4.8 10% H2S04/15% NapSO4 10 5% H,SO4 30 1.52/0.029 11.9/0.548

The crystalline measurement of regenerated cellulose fibers
was performed with a reflection method on a wide-angle X-ray
diffraction (WAXD) diffractmeter (D/MAX-1200, Rigaku Den-
ki, Japan). Samples were vacuum-dried for 24 h before
measurement and cut into particlelike size so as to erase the
influence from the crystalline orientation of each fiber sample.?’
The patterns with Cu Ka radiation (A = 1.5406) at 40 kV and
30 mA were recorded in the region of 26 from 4° to 40°. The
crystalline degree () was calculated by peak areas responsible
for the (110), (110), and (200) planes, separated with the
Lorentz—Gaussian peak separation method.”®

X-ray diffraction measurements were basically performed
according to a previous report.>> WAXD photographs were
taken on flat film using nickel-filtered Cu KR radiation produced
by a Rigaku RINT-2500HF X-ray generator at 40 kV and 40
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Figure 2. Effects of coagulation temperature and cellulose concentration
on the tensile strength and elongation at break of novel fibers spun from
two-stage coagulation (the first coagulation bath controlled at 10 wt %
H>S04/15 wt % NaxSOs, 10 °C).

mA. The WAXD intensity curves with a scanning speed of 0.5°/
min were measured by a transmission method using a scintil-
lation counter at 40 kV and 200 mA through the angular range
20 for the equatorial and the meridional scan to the drawing
direction; 260 = 5—35° and 10—80°, respectively. Instrumental
broadening was corrected using Si powder as a standard.

Morphology of the cross-section of the fibers was observed
on an optical polarizing microscope (Leica DMLP, Germany).
A bundle of fibers were embedded in celloidin and allowed to
harden for about 5 min at 25 °C. Cross-sections normal to the
fiber axis of about 2 mm thickness were prepared using a Struers
Accutom. The cross-sections were ground and polished down
to a thickness between 10 and 40 um and cemented to a
microscope glass side with glycerol. A commercial product of
viscose rayon provided by Hubei Chemical Fiber Co. Ltd.
(Xiangfan, China) was used in comparison with the novel fibers.
Scanning electron micrographs (SEM) were taken on a Hitachi
X-650 scanning electron microscope. The fibers on each roller
were frozen in liquid nitrogen, immediately snapped, and then
vacuum-dried. The surface and the cross-section of fibers were
sputtered with gold, then observed and photographed.

The linear density of the cellulose fibers was estimated
assuming that the cross-section of the fiber is a true circle, by
weighting the dried fiber with 90 cm in length. The weight
(milligram per meter) corresponds to 1 tex or 1/9 denier. Tensile
strength (op) and elongation at break (e,) of the dried fibers
were measured on a universal tensile tester (XQ-1, Shanghai
Textile University, China) according to ASTM method D2256-
80. The fibers were first preconditioned for one day at 21 °C
and 65% relative humidity (RH); a test length of 50 mm was
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Figure 3. Effects of coagulation time and cellulose concentration on the
tensile strength of novel fibers spun from the two-stage coagulation (the
first coagulation bath controlled at 10 wt % H>SO4/15 wt % Na>SOs, 10
°0).
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Figure 4. Cross-sectional shapes of (a) viscose filaments coagulated from H>SO4/Na,SO4/ZnSO4 aqueous solution, (b) novel fibers coagulated from 15 wt
% H,SO4 aqueous solution, (c) 10 wt % H>SO4/15 wt % Na,SO4 aqueous solution by one-stage coagulation, and (d) novel fibers coagulated from 10 wt %
H>SO4/15 wt % Na,SO4 and 5 wt % H,SO4 by two-stage coagulation observed with optical microscopy.

used for fibers at a speed of 5 mm/min. The oy and ¢, values
represented averages of the 20 strongest measurements of 50
multifilaments.

Results and Discussion

Preliminary Selection of Coagulation Conditions and Coa-
gulants. Preliminary selection of coagulation conditions and
coagulants was performed on the pilot scale spinning apparatus
by one-stage wet-spinning. Table 1 summarizes the spinning
parameters and coagulation conditions for regenerated novel
fibers. Figure 1 shows the three-dimensional plots of o,—c—T
for novel fibers wet-spun from H,SO, and 10 wt % H,SO4/
Na,SO,4 aqueous solutions, respectively. Clearly, as coagulant
concentration increases, the oy values of the fibers increase
slightly at first, but as concentration further increases, oy
decreases. The optimal coagulation conditions for the fibers are
15 wt % H,SO4 and 10 wt % H,SO4/15 wt % Na,SOy, and the
oy values achieve 1.06 and 1.10 cN/dtex, respectively. The
results may indicate that coagulant in higher concentration
increases the concentration gradient between nonsolvent and
solvent in the cellulose dope, which produces coagulation that
is too fast and thus causes serious condensing and frail, whereas
a low concentration of coagulant interferes the coagulation rate,
regeneration only occurs in the surface of the fibers, and the
internal is still a semisolid cellulose gel, which consequently
lead to a drop of the tensile strength of fibers.”® In addition,
coagulation temperature has a negative effect on the mechanical
properties of fibers. The fibers wet-spun at relatively low
temperature obviously possess higher tensile strength than that
at relatively high temperature as shown in Figure 1, which can
be explained by the fact that the higher temperature could
accelerate the mobility of all components in the coagulation
system and increase the coagulation rate. This rapid precipitation

gives the cellulose chains less time to pack themselves into an
ordered structure, resulting in the lower mechanical properties. ' >3
Therefore, highly improved fiber structure and properties could
be obtained when a lower bath temperature is applied in our
cellulose/NaOH/urea solution system. It is noted that the change
of the oy values caused by coagulant concentration is more
remarkable than that by coagulation temperature, suggesting that
the coagulant concentration is the main factor determining the
mechanical properties of the fibers.

Table 2 shows the mechanical properties and spinnability of
novel fibers spun from different coagulants at proper concentra-
tion and lower temperature. It is clear that novel fibers exhibit
different physical properties under different coagulant nature.
Fibers wet-spun from weak acidic and salt coagulants obviously
show the lower tensile strength than those from the wild acidic
aqueous solution. During the wet-spinning process, it is even
difficult to form stable fibers with 15 wt % Na,SO4 aqueous
solution at the temperature range from 10 to 50 °C. However,
the fibers through the Nelson-type roller I and II could be formed
by coagulating with 15 wt % HOAc and 12 wt % (NH4),SO4
aqueous solution, respectively, but unstable wet-spinning.
Interestingly, the stable fibers spun from 10 wt % H,SO4/15 wt
% NaySO4 and 15 wt % H,SO4 could be rolled up even on the
Nelson-type roller III easily, resulting in the better physical
properties. These results suggested that H,SO4/Na,SO4 and
H,SO4 could be used as potential coagulants for wet-spinning
in our NaOH/urea system.

Coagulation Conditions of Multidrawing Two-Stage Wet-
Spinning. Multidrawing processes with two coagulation baths
were used to further improve the mechanical properties of
regenerated cellulose fibers with compact structure (and, thus,
increase crystal orientation), and the optimal conditions of the
second coagulation bath were explored. On the basis of the
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Figure 5. SEM images of the surface (A) and cross-section (B) and enlargement of the cross-section (C) for F-1—F-5 fibers, respectively.

above results, a 10 wt % H;SO4/15 wt % Na,SO4 or 5 wt %
H,S04/15 wt % NaxSO4 aqueous solution controlled at lower
temperature 10 °C was adopted as the first coagulation bath
and H,SO4 aqueous solution as the second coagulation bath.
The composition and temperature for the second coagulation
bath were studied and varied from 5—15 wt % and 10—50 °C,
respectively. Table 3 shows the coagulation conditions and
resulting mechanical properties of novel fibers. The fibers wet-
spun by one-stage coagulation show the lower tensile strength
and hardly roll up at the take-up device. On the contrary, the
fibers wet-spun by two-stage coagulation obviously possess
much higher tensile strength in the wide range of coagulation
conditions, which lie in the range of 1.16—2.00 cN/dtex, nearly
close to that of commercial available fiber products.'>'*3!32 It
is reasonable to attribute this to the fact that the coagulation
process for only the one-stage coagulation could be not full and
fibers which emerged from the first coagulation bath could
exhibit a highly elastic gel state because of the short coagulation
time, while during the washing roller process to wash away
inorganic ions, water actually acts to promote the regeneration

of cellulose fibers and the formation of the irregular inner
structure of the fibers with the subsequently multiroller drawing.
Interestingly, we found that novel fibers wet-spun from the two-
stage coagulation with H,SO4 including the first and second
coagulation bath at the 15 wt % critical value display relatively
better mechanical properties than those wet-spun with H,SO4
concentrations higher or lower than this critical value, such that
the optimal coagulation conditions are 10 wt % H>SO4/15 wt
% Na,SOy for the first coagulation bath and 5 wt % H,SOy for
the second bath or 5 wt % H,SO4/15 wt % Na,SO, for the first
coagulation bath and 10 wt % H,SOj for the second bath.

As mentioned previously, the temperature of the coagulation
bath has the same effect on the mechanical properties of fibers.
Figure 2 shows the effects of coagulation temperature (7) and
cellulose concentration on the tensile strength and elongation
at break of novel fibers. An increase in the coagulation
temperature from 10 to 30 °C leads to a decrease in tensile
strength but an increase in breaking elongation of fibers
irrespectively of the coagulant composition and cellulose
content. It is noted that the elongation at break from 9.2% to
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Figure 6. SEM micrographs of side surface sections for novel fibers on (a) Nelson-type roller I, (b) Nelson-type roller II, (c) roller heater, (d) take-up device,
(e) cross-section for fibers, and (f) the enlargement of a cross-section.

I II I 1\

Figure 7. 2D WAXD flat plate images of novel fibers on the (I) Nelson-type roller I, (II) Nelson-type roller II, (III) roller heater, and (IV) take-up device.

Table 4. Physical Property Comparison between Novel Fibers and Other Commercial Regenerated Fibers

cross-section

crystallinity crystalline tensile strength elongation at

comparison shape morphology (%) type DP  (cN/dtex)/standard error break (%)/standard error ref
novel fibers round/oval homogeneous and dense  57—63 1I 590 1.16/0.012— 2.00/0.088 9.20/0.358— 13.4/0.431 this work
cuprammonium fiber round/oval multilayers ca. 43 I ca. 500 2.05 9.10 11, 37
viscose rayon lobuate core/skin ca. 29 11 ca. 300 2.00 15.0 11, 35
NMMO fibers round/oval homogeneous and dense ca. 42 1I ca. 600 3.15 15.4 11, 14
13.4% is closer, even larger than that of the other fibers not only on the cellulose concentration and coagulation condi-
(5.0—15.4%), indicating the dissolution and regeneration process tions, but also on the draw ratio of fibers during the spinning.*?
of cellulose in the NaOH/urea aqueous solution facilitated Therefore, the better mechanical properties of the novel fibers
retaining the elastic properties of natural cellulose fibers.'> #3233 could also be due to the significant enhancement in the two-
Figure 3 clearly shows effects of coagulation time (#) and stage wet-spinning process with multiroller drawing.
cellulose concentration on the novel fibers. As shown in Figure Coagulation/Regeneration Process during Multidrawing
3, 1.0, 1.5, 2.0 and 2.5 s time periods correspond to the time Wet Spinning. Figure 4 shows the cross-sections of fibers wet-
including the coagulation/regeneration and stretch process of spun with the different coagulation conditions and wet-spinning
the fiber from spinneret to the Nelson-type roller I, Nelson- methods observed by optical microscopy, along with that of
type roller II, heater roller, and take-up device, respectively. viscose filaments for comparison. All the novel regenerated
The results indicated that the increase of coagulation/regenera- fibers show circular cross-sections irrespective of coagulant
tion time during the spinning could be favored for the improve- nature and wet-spinning method, which are markedly different
ment of the tensile strength of novel fibers. The effect of the from the lobulate shape of the viscose rayon and similar to
cellulose concentration on the mechanical properties was also cuprammonium rayon (Bemberg) and lyocell fibers.** This could
investigated in this work, and it plays a very important role on be due to the difference in physical process and chemical
mechanical properties of novel fibers. When the cellulose reaction during the wet-spinning. The cross-sections of viscose
concentration is below 4.0 wt %, it is even hard to form a stable filaments were approximately round for the fibers straight from
wet-spinning process, but when we increased the cellulose spinneret but then shank as a result of acid—alkali neutralization
concentration from 4.0 to 4.8 wt %, mechanical properties of and the reverse xanthation reaction, leading to the lobulate
the resulting fibers also increased. Moreover, Laszkiewiz et al. skin—core structure.>® The thickness of the skin could be

have reported that the tensile strength of viscose fibers depends determined by the depth of penetration of Zn*>" into the filaments
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before the xanthate groups are split off by the acid in the
generation/coagulation bath.'> However, in the NaOH/urea
system, the diffusion rate between the coagulant and solvent
plays a major role in determining morphologies and mechanical
properties of fibers similar to those of the NH3/NH4SCN and
NMMO/H,O systems,''%*! which can be seen from the
different surface morphologies of fibers wet-spun from different
coagulants as shown in Figure 5. The SEM image of the F-1
fibers shows a rough surface without any orientation and a
porous cross-section, which could attribute to the slower
coagulated rate and incomplete regeneration of fibers in 15 wt
% Na,SO4 aqueous solution. The surface of the F-2 and F-3
fibers shows orientation along the fiber axis to some extent,
but with a loose arrangement of cellulose chains. In contrast to
the F-2 and F-3 samples, the F-4 and F-5 fibers shows more
ordered but compact arrangement on the surface and more
regular circular and dense cross-sectional structure, which is
also consistent with results of physical properties we discussed
above. In view of these results, it is reasonable to believe that
the wet-spinning is just a physical sol—gel transition process
caused by the nonsolvent diffusion into and solvent out of the
cellulose dope, and subsequently uniform physical regeneration
of the fibers directly from cellulose ‘““solution” in a quasi-gel
state formed mainly by physical cross-linking and residual
hydrogen bonds without an asymmetrical chemical reaction on
the fibers, leading to the circular cross-section.®

SEM images of the side surface sections and cross-sections
of the novel fibers on each roller wet-spun from the pilot scale
spinning machine with two-stage coagulation are shown in
Figure 6. The fibers after multidrawing process exhibit a dense
and homogeneous structure with small voids of pore size from
50 to 150 nm (see Figure 6f). Actually, this porous structure is
commonly found in wet-spun fibers.>” As reported in several
literature references, the small, submicrometer voids in the fiber
which developed during the coagulation stage are believed to
be a result of the phase separation process, valid in other wet
shaping processes.”® In this case, the wet-spun cellulose fibers
from the first coagulation bath are a kind of coagulation of gels
containing a large amount of solvent. The concentration and
composition changes of the cellulose dope caused by the
diffusion between the nonsolvent and solvent during the
coagulation lead to the two-phase separation of the cellulose-
rich phase in the gel and the cellulose-lean phase in solution.
A first nucleus of the cellulose molecules has formed for a
lamella and gradually developed the fibrillar cellulose with II
family crystal structure from the cellulose-rich phase (see Figure
6a), which is surrounded by the cellulose-lean phase composed
of the nonsolvent and solvent extracted from the cellulose dope.
The nucleus and growth of cellulose-lean phase in the second
coagulation bath lead to the cellulose gels filled with water,
resulting in the formation of the submicrometer voids spread
in the fibrillar matrix. After drawing concretric fibers during
the wet-spinning process, fibrilla of the fibers orient along the
axis of the fibers and display denser structure in the surface as
shown in Figure 6b and c. A bundle of fibers with a similar
circular shape is seen in Figure 6d and e, indicating a smooth
surface of homogeneous fibers, which further confirmed the
uniform physical coagulation process in the system. With respect
to this succession of structure formation steps, the wet-spinning
process differs considerably from the viscose process, in which
orientation and coagulation proceed more or less simultaneously.

X-ray diffraction has been often used to investigate the
crystalline structure and molecular orientation of fiber materials.
2D WAXD patterns of novel fibers with multidrawing process

on each roller are shown in Figure 7. With an increase of the
draw ratio, the novel fibers exhibited an increase of preferential
orientation along the fiber axis. However, the width and intensity
of the characteristic arcs in diffraction patterns tend to be broad
and weak, respectively, indicating that the orientation of the
novel fibers spun via the preliminary pilot plant is not excellent.
But we can believe that there is a potential space to further
improve the mechanical properties and final structure of our
novel fibers by redesigning the draw-processing step in the
Nelson-type rollers and the take-up device. The degree of
crystallinity (y.) of the novel fibers on each roller were
calculated to vary from 0.52 to 0.59. It is noted that despite
this increase in draw ratio and in the orientation of the chains,
the number of crystalline domains in the fibers did not increase
significantly. This may perhaps be attributed to the three-
dimensional network structure resulting from the intermolecular
hydrogen bonds between chains which are maintained through
the drawing process and which can hinder the crystallization
of cellulose.?

The comparison of the physical properties for the novel fibers
with other commercial regenerated fibers is summarized in Table
4. Novel fibers exhibit higher degree of crystallinity, DP, values
and more regular cross-sections than viscose and cuprammonium
fibers but are close to those of the NMMO fibers, owing to the
similar dissolution and regeneration nature during the wet-
spinning.'' It is worth noting that the whole production cycle
of the current process (dissolution, filtration, degassing, and
spinning) is a much shorter and easier than that of the viscose
technology and could take less than 12 h. Byproducts of Na;SO4/
urea in the coagulation bath can also be easily separated and
recycled by crystallization and flash evaporation because of the
remarkable difference in solubility between them. Therefore,
the lower cost and lesser toxicity of the NaOH/urea solvent
system, and its relative ease for the wet-spinning and recovery
process, exhibited some good promise for the development of
a more economical and environmentally friendly process for
cellulose fibers. However, after all, this solvent system is still
relatively new, the mechanical properties of novel fibers shown
in Table 4 are not excellent, and it is anticipated that the
mechanical properties will be improved significantly by decreas-
ing the molecular weight or crystallinity of cellulose to increase
the cellulose concentration further or by an improved spinning
pilot machine with special attention on a multistage draw
process.

Conclusion

Coagulation temperature and coagulants of novel fibers
prepared from NaOH/urea aqueous solution on a pilot scale
spinning machine by one-stage and two-stage wet-spinning were
studied. The fibers wet-spun from the two-stage coagulation
obviously exhibited the better mechanical properties than those
from the one-stage coagulation, which lie in the range of
1.16—2.00 cN/dtex for tensile strength and 9.2—13.4% for
elongation at break. The optimal coagulation conditions for two-
stage coagulation are 10 wt % H,SO4/15 wt % Na,SO, for the
first coagulation bath and 5 wt % H,SO, for the second bath or
5 wt % H)SO4/15 wt % Na,SOy for the first coagulation bath
and 10 wt % H,SO4 for the second bath. The cellulose
concentration plays a major role in governing the fibers’
mechanical properties. Moreover, the lower temperature is more
favorable for fibers with better mechanical properties compared
with that of relatively high temperature. The results from optical
microscopy and SEM indicated that the wet-spinning process
is just a physical sol—gel transition, and subsequently uniform



physical regeneration of the fibers directly from cellulose
“solution” in a quasi-gel state and orientation/coagulation
proceed more or less simultaneously during the multidrawing
process with two coagulation baths. This new approach offers
great potential for cellulose fiber on an industrial scale with a
cheap, nonpolluting, and shorter production cycle when com-
pared with that of the viscose technology.
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